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• Applied voltage polarity in electro-
spinning tailors surface chemistry and
potential of PCL fibers.

• Surface potential was analyzed by KPFM
and compared with zeta potential in
liquid.

• Cell adhesion, collagen formation and
mineralization are controlled with sur-
face potential.

• Surface potential on PCL fibers can
enhance the bone regeneration process.
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Surface potential of biomaterials is a key factor regulating cell responses, driving their adhesion and signaling in
tissue regeneration. In this study we compared the surface and zeta potential of smooth and porous electrospun
polycaprolactone (PCL) fibers, as well as PCL films, to evaluate their significance in bone regeneration. The ’ sur-
face potential of the fibers was controlled by applying positive and negative voltage polarities during the
electrospinning. The surface properties of the different PCL fibers and films were measured using X-ray photo-
electron spectroscopy (XPS) and Kelvin probe force microscopy (KPFM), and the zeta potential was measured
using the electrokinetic technique. The effect of surface potential on themorphology of bone cells was examined
using advancedmicrocopy, including 3D reconstruction based on a scanning electronmicroscope with a focused
ion beam (FIB-SEM). Initial cell adhesion and collagen formation were studied using fluorescence microscopy
and Sirius Red assay respectively, while calcium mineralization was confirmed with energy-dispersive x-ray
(EDX) and Alzarin Red staining. These studies revealed that cell adhesion is driven by both the surface potential
and morphology of PCL fibers. Furthermore, the ability to tune the surface potential of electrospun PCL scaffolds
provides an essential electrostatic handle to enhance cell-material interaction and cellular activity, leading to
controllable morphological changes.

© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Controlling themineralization process is crucial for bone tissue engi-
neering, as both hydroxyapatite (HAp) and collagen are key elements of
the bone matrix. Each type of cell shows an individual and unique re-
sponse to surface charge and potential, determining the adhesion, colla-
gen mineralization, and tissue formation process [1]. Positively charged
surfaces have been shown to significantly influence cell proliferation
and spreading, activate the signaling cascade of the immune system,
and accelerate the regenerative response [2,3]. Hence, understanding
the effect of surface charge is key to designing biomaterials for specific
tissue engineering applications. However, the current knowledge on
surface charge and its potential impact on cell-material interaction is
still rather limited.

Themost commonparameter describing the surface potential of bio-
materials in contact with a liquid is the zeta potential (ζ), which is the
potential developed at the material-liquid interface, and its precise
measurement is crucial for designing biomaterials interfaces. Note that
surface charge depends on the environmental conditions. Upon contact
with a liquid solution, functional groups of the material are protonated
or ionized forming the electrical double layer (Stern- Graham and
Gouy–Chapman diffuse layer), and the zeta potential is typically mea-
sured at the shear plane between the two layers [4]. The surface charge
of the biomaterials is also described by the isoelectric point (IEP), defin-
ing the pH value where the zeta potential is zero [5]. IEP influences pro-
tein adsorption, which directly affects cell responses [6]. Proteins tend
to adsorbmore readily near their IEP, due to reduced electrostatic repul-
sion with other proteins on the materials' surface. Proteins determine
the initial cellular and subsequent host responses [7]. At the same
time, cell-biomaterial electrostatic interactions are critical in the first
phase of cell adhesion [8]. Surface charge and potential determine the
amount, type, and refolding degree of proteins adsorbed on the surface,
which in turn influence the cell adhesion process, integrin bonding, and
focal adhesion formation [9]. In the case of collagen, the zeta potential is
affected by pH and it exhibits an IEP of 9.3. Importantly, it was found
that the charged groups in collagen provide nucleation sites that induce
nucleation of the apatite [10]. Other in vivo experiments demonstrated
that osteoblasts concentrate calcium phosphate within intracellular
compartments, which is then delivered to the collagen at the
bone growth front, where it infiltrates the fibrils and crystallizes into
apatite [11].

The surface charge of biomaterials, such as electrospun fibers, is
most often tuned by surface chemical modifications [12]. However, in
the present study, the surface potential of the fibers was controlled by
applying positive and negative voltage polarity to the nozzle during
the electrospinningprocess [13,14]. The changingpolarity of the applied
voltage enables control of the molecular orientation of the chemical
functional groups in the polymers chains [15]. Electrospinning with
negative polarity causes the accumulation of negative charges at the
surface of the liquid jet, leading to the dipoles within the polymer to
be orientated under the influence of the electric field [2,16]. By this pro-
cess, we have been able to tailor the surface potential of electrospun fi-
bers, and thus control the surface potential developed in contact with
physiological liquids.

PCL is one of the most widely used polymers in tissue engineering
[17], however, there is a lack of study on the effect of surface potential
and charge of PCL, and the influence of these on cell adhesion and colla-
gen mineralization. Therefore, in this study, we produced smooth and
porous PCL fibers by applying positive and negative voltage polarity to
the nozzle during electrospinning in order to investigate cell responses
in relation to surface potential. Here, we clearly show the ability to con-
trol both the surface charge and morphology of PCL fiber scaffolds in a
single-step process, without the need of surface chemicalmodifications,
for controlled cell adhesion, filopodia formation, collagen and calcium
mineralization. These processes are highly desirable in regenerative
medicine, and we demonstrate here a way to achieve these using
electrospun PCL fiberswhose surface potential can be tuned by the volt-
age polarity used during the electrospinning process.

2. Materials and methods

2.1. Materials

The smooth PCL fibers were produced from 12% solution of poly (ε-
caprolaptone) (PCL) (CAPA 6500, Mw = 50,000 g·mol−1, Perstorp, UK)
dissolved in chloroform, while the porous fibers were produced from
12% PCL solution dissolved in a mixture of chloroform and
dimethylsulfoxide (DMSO) in the ratio 90:10 v/v.

2.2. Electrospinning and spin coating

We prepared three different types of scaffolds: (1) smooth PCL fi-
bers, (2) porous PCLfibers, and (3) PCLfilms thatwere used as reference
samples. PCL fibers were produced by applying either positive or nega-
tive voltage polarities to the nozzle during the electrospinning process,
using the electrospinning apparatus EC–DIG (IME Technologies, the
Netherlands). The smooth PCL fibers (1) were electrospun by applying
a voltage of ±12 kV to the nozzle, while maintaining a solution flow
rate of 0.5 mL·h−1 and a distance of 15 cm between the nozzle and
the collector. The fibers were electrospun in a climate-control chamber
at a temperature of 25 °C and a humidity of 50%. The porous PCL fibers
(2)were electrospunby applying±14kV to the nozzle, whilemaintain-
ing a solution flow rate of 1 mL·h−1 and a distance of 20 cm between
the nozzle and the collector. The temperature was set at 25 °C, while
the humidity was increased to 70%. The PCL film (3) was prepared
from solution on a glass slide using a spin-coater (L2001A v.3, Ossila,
UK). A volume of 0.1 mL was deposited on the glass slide and spun for
60 swith a rotation speed of 6000 rpmat a temperature of 22 °C and hu-
midity of 30%. Note that for the PCL film,we used the same solution pre-
pared for the smooth PCL fibers.,

2.3. Scanning electron microscopy (SEM) and surface profilometry

The scaffolds and cell-material interactions were studied with SEM
(Merlin Gemini II, Zeiss, Germany). Prior to SEM imaging, samples
were coated with a 5 nm gold layer using rotary-pumped sputter coat-
ing (Q150RS, Quorum Technologies, UK). All of the samples were im-
aged in the SEM by applying a current of 20 pA and voltage of 3 kV.
Fiber diameters and pore sizes were measured from the SEM images
using Fiji (Life-Line Version 2.0, USA).

To verify the average surface roughness (Ra), fibers were deposited
on 16 × 16 mm glass slides. The surface profilometry was verified
based on scanning up to 640 μm2 area for all of the samples using
Laser Microscopy (Olympus OLS4000, Japan).

2.4. Contact angle measurement

The advancing contact angle was measured on PCL fibers using de-
ionized water (Spring 5UV purification system, Hydrolab, Poland),
phosphate-buffered Saline (PBS), and Dulbeccos' Modified Eagle Me-
dium (DMEM) (Sigma Aldrich, UK). The surface tension of all liquids
have been reported previously [2]. Droplets with a volume of 3 μL
were deposited onto surfaces and the images were taken using a
Canon EOS 700D camera with EF-S 60 mm f/2.8 Macro USM zoom
lens. The contact angles were measured using MB ruler 5.3 software.

2.5. X-ray photoelectron spectroscopy (XPS)

Prior to XPS analysis, PCL fibers and films were deposited onto 16 ×
16 silicon wafers and coated with approximately 20 nm gold layer. The
surface chemistry of PCL fibers and films were analyzed using angle-
resolved XPS (PHI Versa Probe II Scanning XPS system, Ulvac-Phi,
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Chigasaki, Japan) with monochromatic Al Kα (1486.6 eV) X-rays fo-
cused to a 100 μm spot. The photoelectron take-off angle was set to
15° to obtain information from the topmost layer of the material. The
pass energy in the analyzer was set to 46.95 eV to obtain high energy
resolution spectra for the C 1s and O 1s regions. A dual beam charge
compensation with 7 eV Ar + ions and 1 eV electrons were used to
maintain a constant sample surface potential regardless of the sample
conductivity. All XPS spectra were charge referenced to the un-
functionalized, saturated carbon (C\\C) C1s peak at 284.8 eV. The oper-
ating pressure in the analytical chamber was less than 4 × 10−9 mbar.
The deconvolution of the spectra was carried out using PHI MultiPak
software (v.9.8.0.19). The spectrum background was subtracted using
the Shirley method.

2.6. Kelvin probe force microscopy (KPFM)

KPFMwas used tomeasure the surface electric potential of PCL sam-
ples in ambient conditions [18]. These atomic force microscopy (AFM)
based measurements were performed using Bruker Multimode 8
(Bruker, USA). For all the measurements, conducting MESP-RC-V2
cobalt-chromium coated tips (Bruker, USA) with a nominal spring con-
stant of 5 Nm−1 were used. KPFM was performed on fibers having a
similar diameter across all PCL samples to minimize the size effect on
the measurements. Standard tapping mode AFM was used for topo-
graphic analysis. The KPFM measurements were carried out using a 2
V AC signal at 20 kHz frequency applied to the sample by the inter
lock-in amplifier in non-contact mode. The surface potential values
were determined at the top of the measured fibers as this region has
minimal height induced error.

2.7. Zeta Potential measurement

The zeta potential of the PCL samples was measured using an elec-
trokinetic analyzer for solid surfaces (SurPASS, Anton Paar, Austria)
with an adjustable gap cell [19]. Titration curves were obtained by
zeta potential measurements in a 0.001 M KCl electrolyte solution. The
pH variation from 3 to 9 was obtained with a progressive addition of
0.05 M HCl or 0.05 M NaOH to the solution for the acidic and basic re-
gions respectively. It was controlled through an automatic titration
unit. Simulated body fluid (SBF) was prepared according to Ref. [20]
and added dropwise to ultrapure water in order to reach pH 7.4 and
conductivity of 18 mS·m−1 for zeta potential measurements at physio-
logical pH (without titration).

2.8. Cell culture

Human osteoblast-like cells (MG-63) (SigmaAldrich, UK)were used
for the cell culture study at 37 °C and humidity of 95% in 5% CO2 atmo-
sphere, with a density of 2 × 104 cells. Cells were cultured in modified
eagle medium (MEM) supplemented with 10% fetal bovine serum
(FBS), 1% amino acids, 1% glutamine, 2% penicillin-streptomycin
(Sigma Aldrich, UK). Before cell seeding, samples were sterilized with
UV light for 30 min.

2.9. SEM, 3D FIB – SEM tomography and energy-dispersive
spectroscopy (EDX)

After 1, 3, and 7 days of incubation, cells were fixedwith 2.5% glutar-
aldehyde solution in PBS (Sigma Aldrich, UK) and were incubated for 2
h. Prior to FIB-SEM tomography, cells were stained with a 1% OsO4 solu-
tion in PBS (Sigma Aldrich, UK) for 30 min and rinsed in PBS afterward.
The samples were dehydrated in 50%, 70%, 96%, and 100% ethanol solu-
tions (analytical standard, Avantor, Poland) and finally with
hexamethyldisilazane (HMDS) (Sigma Aldrich, UK) overnight. Then,
they were coated with approximately 5 nm and 20 nm gold layer for
the SEM and FIB-SEM tomography respectively, using a rotary-
pumped sputter coating (Q150RS, Quorum Technologies, UK). SEM im-
agingwas carried out at a voltage of 3 kV and a current of 30 pA. The 3D
tomography of the cell interactions with the PCL fibers was achieved
with FIB-SEM (NEON CrossBeam 40EsB, ZEISS, Germany), using the
Ga+ ion beam at a current of 20 pA and voltage of 30 kV. SEM images
of the cross-sectioned samples were taken at a current of 500 pA and
voltage of 3 kV. The 3D reconstructions were obtained using Avizo 8.1
software.

To verify early collagen mineralization EDX spectra were obtained
using EDS detector Quantax 800 (Bruker, Germany), at a current of
200 pA and a voltage of 10 kV. Three pointswere analyzed for each sam-
ple, indicating collagen, cells' surface and fibers.

2.10. Tomographic microscopy

Tomographic microscopy (NanoLive 3D Cell Explorer Fluo,
Switzerland) was used for the live imaging of cells. Fibers were
electrospun onto 14mmglass cover slides for 30 s to deposit only single
fibers on the surface. Sterilized slides were placed into 35-mm Ibidi
glass bottom μ-Dish dishes (Ibidi GmbH, Germany). Next, 5000 cells
were seeded per dish and cultured for 24 h. Images were taken using
STEVE FULL software (ver. 1.6.3496, Switzerland). The movies 1 and 2
from NanoLive are available in the Supplementary files.

2.11. Cell adhesion study

Initial cell adhesion was studied after 1, 2 and 4 h of incubation. The
fixed cells were stained with 0.5 mL of 10 μg∙mL−1 Hoechst solution
(Thermo Fisher Scientific, USA) for 30min and rinsed in PBS afterwards.
Fluorescence imaging was achieved using an inverted light microscope
IB-100 (Delta Optical, Poland) with a fluorescence lamp. Cells were
counted from fluorescence microscope images using Fiji (Life-Line
Version 2.0., USA). Cell capture efficiency was calculated using the
following Eq. [21]:

Cell capture efficiency ¼ N0S
NS0

∙100% ð1Þ

where N is the number of cells seeded on the samples, N0 is the average
cell number counted from the image, S is the surface area of the sample
and S0 is the image area.

2.12. Collagen staining and imaging

Collagen formation was investigated on cells after 1, 3, and 7 days in
culture. The solution for collagen stainingwas prepared by dissolving 50
mgof Sirius Red 80 in 50ml of saturated picric acid (SigmaAldrich, UK).
A 2 ml volume of Sirius Red solution was added onto the fixed sample.
After 1 h of incubation the samples were rinsed with distilled water
and air dried. Imagingwas performed using a lightmicroscope Axio Im-
ager M1m (Zeiss, Germany). The staining solutionwas extracted with 1
ml of 0.1MNaOH (SigmaAldrich, UK) for 1 h in 25 °C, with shaking. Ab-
sorbance was measured with an automatic Microplate Reader LT-400
(Labtech, UK) with a 540 nm wavelength.

2.13. Alzarin Red S (ARS) staining

Calciummineralization was investigated on the PCL samples after 7,
14, and 21 days of cell culture. The culture medium was removed from
each sample and washed 3 times in PBS. Cells were fixed using a 4%
formaldehyde solution (Sigma Aldrich, UK), incubated for 15 min and
washed with deionized water afterward. Next, 250 μL of 40 mM ARS
(ScienCell, CA) solution was added per well and incubated for 30 min.
ARS dye was removed by rinsing 5 times in deionized water. The imag-
ing of the dried samples was achieved using light microscope Axio
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ImagerM1m (Zeiss, Germany) at a magnification of 20×with extended
focus (z-stack) mode, with 3 μm step.

2.14. Statistical analysis

The average fiber diameter and fiber porosity were calculated from
100 measurements taken from SEM images. The Ra parameter was cal-
culated as a mean of 10 independent analyses per sample, and the con-
tact angles were measured on ten droplets for each liquid. The zeta
potential was measured with four repetitions for each time and pH
point. Capture percentage was calculated from 10 images from fluores-
cence microscopy and absorbance was given as an average value calcu-
lated from six repetitions per sample. The statistical analysis was
performed in OriginPro (ver. 2020b, USA). The errors are based on the
standard deviation. A one-way ANOVA, followed by Tukey's post-hoc
test [2] was used for statistical analysis, and values were considered to
be significantly different when p b 0.05.

3. Results and discussion

3.1. Surface properties of PCL fibers

Smooth and porous PCL fibers were electrospun with positive, PCL
(+) and negative, PCL (−) voltage polarities. The smooth fibers showed
similar morphology and an average fiber diameter of 3.9 ± 1.6 μm and
3.7 ± 1.1 μm for PCL (+) and PCL (−) respectively. Porous fibers were
obtained due to the addition of DMSO to the polymer solution and in-
creasing humidity up to 70% during electrospinning [22]. Fiber pro-
duced with positive voltage polarity are usually characterized by
higher average fiber diameters [23]. The addition of DMSO lowered
the evaporation ratewhilemaintaining a high humidity in the chamber,
and this was found to affect the diameter of obtained fibers. Therefore,
the porous fibers showed fiber diameter of 1.9 ± 0.8 μm for PCL (+)
and 2.5 ± 0.5 μm for PCL (−), see Fig. 1. The surface roughness of the
PCL fibrous mats was analyzed by profilometry study using laser mi-
croscopy images (Supplementary Fig. S1) with average values of Ra =
4.8 ± 0.4 μm and Ra = 5 ± 0.8 μm for the smooth PCL (+) and the
PCL (−) fibers, whereas Ra = 1.2 ± 0.2 μm and Ra = 1.8 ± 0.1 μm for
the porous PCL (+) and PCL (−). The size of the pores on the porous
PCL fiber surface was found to be in the range from 0.2 to 2 μm. The de-
creased Ra of porous fibers was attributed both to the lower fiber diam-
eter and surface porosity. [24,25]. Thewetting properties of the PCL film
and fibers indicated hydrophobic behavior, however, the contact angle
decreased on the porous fibers, due to their lower Ra [2,25]. This is sim-
ilar to a report by Amrei et al. who found that the apparent contact angle
decreases with fiber roughness [26]. The contact angle (⊖) results for
three different probe liquids, namely water, PBS, and DMEM, measured
on porous PCL(+) and PCL(−) fibers are presented in Supplementary
Table S1.

3.2. The relation between surface and zeta potential and surface chemistry

KPFMwas used to measure the surface potential of the PCL samples
in air. The surface topography recorded with AFM (Fig. 2A–E) wasmea-
sured simultaneously with the map of the surface potential (Fig. 2F–J).
The surface potential was estimated to be 554.7 ± 12.8 mV and 574.4
± 11.2 mV for the smooth PCL (+) and the PCL (−) fibers, whereas it
was estimated to be 588.7 ± 10.2 mV and 685.9 ± 12.3 mV for the po-
rous PCL (+) and PCL (−) fibers. The PCL film used as a reference sam-
ple showed a potential of 220.6± 6.7mVwhichwas significantly lower
than the values obtained for PCL fibers. It is important to note that the
PCL film was spin-coated without an external electric field being pres-
ent, as opposed to an electric field being present during the fabrication
of the electrospun PCL fibers.

The surface chemistry of the PCL fibers and the film was examined
with ARXPS, showing an increased average O=C/O-C intensity ratio
on the smooth PCL (−), due to the repulsion of electronegative
double-bonded oxygen from the fiber surfaces (Table 1). The fitting pa-
rameters and the ARXPS details are presented in Supplementary Fig. S2.
The higher O=C/O-C intensity ratio in porous fibers can be related to
the surface roughness, as the XPS take-off angle was set to 15° to obtain
information from the topmost layer of the material. These results con-
firmed that changing voltage polarity during electrospinning allows
for polymer chain reorientation [15,18]. Additionally, it enables control-
ling the surface chemistry and the electric potential of the electrospun
fibers, as the KPFM results were found to be correlated with the
ARXPS data, showing higher surface potential for fibers produced with
negative voltage polarity due to the decreased oxygen content on the fi-
bers surface. Similarly, the two times higher surface potential of 145mV
was obtained for the PCL fibers producedwith negative polarity in com-
parison to fibers producedwith positive polarity, showing a potential of
74 mV [2]. A similar effect was observed for the PVDF fibers showing
−95mV and−173 mV, caused by increased fluorine content for the fi-
bers electrospun applying positive voltage polarity [16]. The surface po-
tential of the polarized PVDF coated titanium substrate (PTi) was
measured with KPFM showing −930 ± 12 mV and a zeta potential of
approximately−45mV. The charged PTi surfaces induced cell adhesion,
proliferation, and osteogenic differentiation [27].

Separately, the zeta potential of the PCL fibers and film were mea-
sured in contact with two diluted saline solutions: a standard KCl solu-
tion, to investigate zeta potential evolution vs pH in a solution where
adsorption of ions from the solution is minimal [24], and a diluted SBF,
to investigate surface behavior at fixed pH, in a simulated physiological
condition [19]. From the titration curves (Fig. 2L) obtained by measur-
ing zeta potential as a function of the pH in the KCl solution, the IEPs
of the PCL samples were determined (Table 1). These measurements
were considered reliable for the smooth fibers and the film, however,
in the case of porous fibers the high water uptake capability was
found to affect the obtained data. The IEP is close to 4 on a neutral sur-
face without functional groups. The IEP is shifted towards lower values
if the acidic groups are on the surface, or to higher values if basic groups
are present [24].The IEPs of the film and the PCL (+) sample are very
close (around 3.4) and this can be correlatedwith the presence of acidic
functional groups, while there is a shift towards the IEP of a neutral sur-
face (pH around 4) in the case of the PCL (−) fibers. The difference in
the IEP can be correlated to the change in O=C/O-C intensity: esters
act like a very weak Lewis acid (pKa ~ 25) when the amount of C_O
groups is reduced, as in the case of the PCL (−) fibers. It means that
some units have an ether group instead of the ester, and the ethers act
like a weak Lewis base justifying a shift of IEP towards pH 4. In KCl,
PCL(+) fibers and PCL film show a small plateau in the basic region,
which can be associatedwith the presence of functional groups (esters)
with an acidic behavior giving the ability of the groups to become neg-
atively charged in a basic environment [24]. The presence of this plateau
is in accordancewith the previously discussed IEP. The plateau is almost
absent for PCL (−) fibers, comparably with the shift of the IEP near to 4
and the reduction of acidic functional groups. This investigation is im-
portant, as the acidic or basic behavior of the surface functional groups
significantly influences the biological response to the material upon
contact with the physiological fluids [28]. Moreover, the slope of the
zeta potential titration curve in the KCl is higher in the case of the PCL
(−) smooth fibers according to a higher hydrophobicity of these sur-
faces and a lower amount of polar functional groups [24]. Comparing
the surface charge at physiological pH (7.4) measured in the KCl solu-
tion, the PCL (−) fibers have a higher absolute value of zeta potential
compared to the PCL (+), analogously to KPFM data. The increase of
the zeta potential on the fibers produced with negative voltage polarity
is related to the higher O=C/O-C intensity ratio (see Fig. 2N). The PCL
film was used as a reference sample, showing the zeta potential of
−64± 1mV. Previous studies showed that in physiological conditions,
electrospun PCL fibers have a negative zeta potential of −52.7 mV and
IEP of 3.0 [29], whereas the PCL film measured in the KNO3 solution



Fig. 1. SEM micrographs of A) and B) smooth, C) and D) porous PCL (+) and PCL (−) respectively, E) PCL film, and F) histogram of PCL fiber diameter distribution.
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shown IEP of 4.0 [30]. The above cited difference among the smooth PCL
(+) and PCL (−)fibers, in terms of IEP and the absolute value of the sur-
face charge at the physiological pH (in KCl solution), have not been ob-
served for the porous fibers. Since in the literature there is no evidence
for surface roughness influence on surface charge [31], this behavior can
be associated with the water uptake capability of these fibers (corre-
lated with their high porosity). This phenomenon can affect the bulk
material conductance and consequently the measured zeta potential.
In the materials which expose acidic groups, the zeta potential curve
is often shifted to less negative values [31]. The adsorption of the elec-
trolyte in porous materials during zeta potential measurements and
the consequent variation of the material conductance, which affect the
zeta potential result, are widely discussed in the literature and should
be taken into account in the interpretation of the results [32,33]. For
this reason, zeta potential measurements on porous fibers give impor-
tant information about their behavior in contact with fluids, but cannot
be considered completely reliable froma quantitative standpoint, due to
the experimental setup used.

When analyzing surface charge at the physiological pH, asmeasured
in the diluted SBF, in the case of smooth PCL fibers, the behavior seems
opposite to the one observed in KCl (the absolute value of the surface
charge is higher for the PCL (+) than for the PCL (−)). In this case,
the result can be considered reliable and attributed to the adsorption
of ions (mainly Ca2+ ions onto the negatively charged PCL surfaces)
from the electrolyte (SBF), which is particularly pronounced on the fi-
bers with a higher negative surface charge. Ion adsorption phenomena
are normally negligible in KCl media, which are designed to avoid
electrolyte-surface interactions [31]. In the SBF environment a rapid
Ca2+ adsorption at the beginning of themeasurement can be supposed,
without significant variation in time (Fig. 2M).In the case of porous fi-
bers the values of the surface charge at the physiological pH, measured
in the diluted SBF, are almost equal for both types of fibers. This behav-
ior can be attributed to the effect of the electrolyte uptake discussed
above.

With KPFM, we measured the direct electric potential of the fiber
surface in air, confirming the molecular reorientation inside the fiber
when a negative voltage polarity is applied during electrospinning.
However, surface potential does not remain static under physiological
conditions, thus it must be correlated with the zeta potential formed
upon the materials' contact with a liquid environment. In this case,
zeta potentialmeasurements are found in correlationwith the KPFM re-
sults showing higher absolute values of surface electrical and zeta po-
tential for the fibers produced with negative voltage polarity, when
measured in an electrolyte solution which does not interact with the fi-
bers surface. In SBF environment a rapid Ca2+ adsorption at the begin-
ning of the measurement can be assumed, without significant



Fig. 2. KPFM results showing A–E) surface topography, F–J) map of the surface potential for the smooth PCL (+) and PCL (−)the porous PCL (+) and the PCL (−) fibers and the PCL film,
K) the graph of the surface potential measuredwith the KPFM L) titration curvesmeasured in the function of pH in KCL solution M) ζ in the function of time in the SBF solution in pH 7.4,
and N) ARXPS surface chemistry showing close to the linear relation of the O=C/O-C intensity ratio and the measured zeta potential.

Table 1
A summary of the isoelectric point (IEP) and the XPS results showing the surface chemis-
try averaged O=C/O-C intensity ratio.

Sample IEP XPS -surface chemistry averaged
O=C/O-C intensity ratio

Smooth PCL (+) 3.45 0.91
Smooth PCL (−) 3.91 0.66
Porous PCL (+) 4.41 1.11
Porous PCL (−) 3.18 1.22
PCL film 3.38 1.03
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variation in time (Fig. 2M). On the other hand, an evolution of
surface charge due to Ca2+ adsorption from diluted SBF during the
measurements was previously observed by the authors for bioactive
materials [19].

3.3. Cell – material interaction

Cell morphology was investigated with SEM, following cell culture
on the surface of smooth, porous PCL fibers and on PCL film for 1, 3,
and 7 days (see Fig. 3). From the first day itself, cells were found to pro-
liferate on the smooth fibers, attaching to the scaffold surface via
filopodia. These were significantly longer in the case of cells growing



Fig. 3. SEMmicrographs of cells growing on smooth, porous PCL fibers and after: A–E) 1, F–J) 3 and K\\O) 7 days of culture (red arrows indicate collagen fibrils), P) Graph of the capture
percentage of the cells adhered after 1, 2, and 4 h andQ) Sirius Red absorbance indicating collagen formation after 1, 3 and 7 days of cell culture on the smooth PCL (+), PCL (−), the porous
PCL (+) and the PCL (−) and the PCLfilm. Statistical significancewas calculatedwith a one-way ANOVA followedby a post – hoc Tukey testwith a significance level p b 0.05. In Panel Q the
significant difference presented among all the tested groups.

7S. Metwally et al. / Materials and Design 194 (2020) 108915
on the scaffolds with a higher potential, PCL (−) (see Fig. 3B, D). With
increasing culture time, we observed cell migration inside the scaffolds
(Fig. 3F–G, K–L). In the case of the PCL fibers with higher surface poten-
tial, cell filopodia were often found to be overlapping the fiber surface,
thus increasing their attachment points. Additionally, the cells growing
on the porous scaffolds formed a greater number of filopodia preferring
rough surfaces (see Fig. 3C–D) for their attachment [34,35]. The cells on
the smooth and porous PCL (−) scaffolds were found to be more likely
to migrate inside the scaffolds (Fig. 3L–N). On the porous PCL fibers, the
cells formed not only extended filopodia to attach the surface, but also
many supporting lamellipodia to adhere to the pores. However, on the
PCLfilms, cellsweremostly spheroid, showingpoor filopodia formation,
thus suggesting weak adhesion to the flat surface, as shown in Fig. 3E.

With 3D FIB-SEM tomography we showed in great detail the cell-
material integration at a submicron level, surpassing the resolution of
other microscopy and tomography techniques [36]. The 3D visualiza-
tion of cell integration with individual fibers produced with negative
voltage polarities during electrospinning indicated that on smooth fi-
bers, cells adapted the space between the fibers, forming long filopodia
to attach and overlap the fiber surface (Fig. 4A). Cells on the porous PCL
(−) fibers internalized the open pores on the surface, forming
supporting lamellipodia integrating with the pores, thus suggesting



Fig. 4. 3D reconstructions from FIB-SEM tomography of cell interaction with the scaffolds after 3 days of culture: A) cell attached to the smooth PCL (−) scaffold, growing between the
fibers with zoom in on long filopodia overlapping the fibers and B) cell growing on top of the fibers with zoom in on cell internalizing the pores on the surface of the porous PCL (−)
scaffold. The voxel size of the 3D reconstructions was 10 × 10 × 30 nm and 5 × 5 × 15 nm for the smooth and the porous PCL (−) scaffolds, respectively. Cells in red and fibers in
blue. See the animation with the reconstructions in the Movie 3 and 4 in the Supplementary files.
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better cell adhesion in this 3D environment (Fig. 4B). Similar behavior
was confirmed with the live imaging of the cells (see Supplementary
Fig. S3). On the smooth PCL (−), cells grew along the fibers forming
elongated filopodia to attach the surface, whereas on the porous PCL
(−)we observed a greater number of formedfilopodia and lamellipodia
internalizing the pores on the fiber surfaces.

The initial cell adhesion was examined measuring the cell capture
efficiency at early time points. After 1 h, the greatest cell number ad-
hered to the surface of the porous PCL (−) fibers whereas for other fi-
bers the results were lower. Additionally, the number of cells that
were adhered to the porous PCL (−) fibers was similar to that observed
on the surface of tissue culture polystyrene (TCPS). Increasing the cell
incubation time resulted in increased cell adhesion and after 2 h the
highest cell number was again found on the porous PCL (−) fibers
and TCPS, with a capture efficiency of approximately 50%. After 4 h we
noticed a similar cell adhesion on both the smooth and the porous PCL
(−) fibers and the TCPS (see Fig. 3P). The lowest cell adhesionwas indi-
cated on the flat PCL film surfaces at all of the tested time points,
confirming that the 3D structure of the electrospun fiber scaffolds favors
osteoblast-like cell adhesion. The fluorescence microscopy images used
for the adhesionmeasurements are presented in Supplementary Fig. S4.
The high standard deviation in Fig. 3P, can be explainedwith the limited
time for cells to uniformly spread throughout the samples.

Initial cell adhesion plays a critical role in cell communication, tissue
development, and is determined by electrostatic forces [37]. Our results
demonstrate that initial cell adhesion was determined both by surface
charge and surface topography, as more cells adhered to the fibers
with higher surface potential and a higher capture percentage of cells
was observed on the porous scaffolds (see Fig. 3P). In the study of Xu
et al. NIH-3T3 fibroblasts were incubated from 15 to 120 min on the
positively and negatively charged silica biointerfaces with the same to-
pography [38]. The results showed higher initial cell adhesion on the
positive surfaces, due to the electrostatic attraction between the nega-
tively charged cells and thepositive surface. In our study, greater cell ad-
hesion was observed on scaffolds with higher absolute value of surface
potential, as all the PCL surfaces were negatively charged [38]. This was
also confirmed with other studies for rat marrow stromal cells [39].
Higher pre-osteoblastic cell adhesion was reported on porous
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electroactive micropatterned PVDF scaffolds, promoting their growth
and regeneration of bone tissue [40]. Other groups examined the
PVDF –(trifluoroethylene) (PVDF-TrFE) membranes modified with
BaTiO3 nanoparticles, that were poled to reach the natural endogenous
biopotential of−76.9 mV. The result showed that maintaining the elec-
tric bioenvironment encouraged the osteogenic behavior of the BM-
MSCs in vitro and enhanced bone defect healing in vivo [41].

A key factor in bone regeneration is the collagenmineralization pro-
cess, crucial for further apatite formation [42] and osteointegration [34].
To study the influence of surface potential on the collagen formation,we
increased the culture time up to 7 days. The formation of collagen fibrils
on the cell surfaceswas indicated already after thefirst day of culture, as
analyzed with SEM (see Fig. 3). Collagen was present on the surface of
the smooth and porous PCL fibers and the film. We confirmed the colla-
gen formation with Sirius Red staining, showing higher absorbance on
the porous compared to the smooth PCL fibers already on the first day
of culture (see Fig. 3Q). As expected, with increasing culture time,
more collagen was formed on the cell surfaces, as was observed in the
lightmicroscopy images (Fig. 5). Higher collagen formationwas noticed
for the porous fibers after the first and third day of culture. The lower
absorbance value for the porous PCL (+) on the third day was due to
Fig. 5. Lightmicroscopy images of the collagen stainedwith Sirius Red assay (indicated in red) A
(+), the smooth PCL (−), the porous PCL (+), and the porous PCL (−) fibers and PCL film.
sample folding what was limiting the rinsing step of the stained sample
in the standard protocol. On day 7, the collagen formation increased and
significantly higher absorbance was observed on the porous PCL (−)
comparing to other samples. The low absorbance observed for the PCL
film in comparison confirmed the great impact of the 3D architecture
of the electrospun fibers, as well as their surface charge and fiber poros-
ity on collagen formation. Statistical significance occurred in all of the
tested groups (Fig. 3Q), however, it was not indicated on the graph, as
it made it illegible. Light microscopy images showed higher intensity
of red, indicating collagen, for the fibers with higher surface potential
(PCL (-)). Additionally, enhanced red coloring on cells was noticed for
the porous PCL fibers.

3.4. Calcium mineralization

Biomineralization is a natural, biological process of apatite formation
that can be mimicked in vitro, involving the controlled calcium phos-
phates nucleation from the solution [43]. After 7 days of culture, the
mineral accumulation was formed on the cell surfaces (see Supplemen-
tary Fig. S5). The EDX analysis confirmed the Ca and the P presence in
the mineral depositions, suggesting collagen mineralization [44]. The
–E) after 1 day, F–J) 3 days, and K–O) 7 days of cell culture on the surface of the smooth PCL
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Au in the EDX spectra arises due to the coating on the samples,while the
appearance of Si is an artefact. In our study we also used ARS staining to
evaluate calcium-rich deposits by cells in culture after 7, 14, and 21
days. The lightmicroscopy images of the PCL samples after ARS staining
are shown in Supplementary Fig. S6. The red color corresponds to the
presence of calcium and was observed on the PCL scaffolds already
after 7 days of cell culture.With increasing culture time higher intensity
of red was noticed, suggesting greater calcium mineralization. The
quantitative measurement of calcium mineralization on PCL scaffolds
was not provided due to the difficulties in ARS extraction from the 3D
fibrous constructs. The stained PCL samples after 7, 14 and 21 days are
presented in Supplementary Fig. S7. Calcium mineralization was ob-
served both on the smooth, the porous PCL fibers, and the film. Compar-
atively higher mineralization was noticed on the porous than on the
smooth PCL scaffolds, as surface porosity encourages themineral nucle-
ation [45]. The rapid and high calcium mineralization throughout the
cell culture time was promoted by the negative zeta potential of the
PCL samples in the physiological conditions (see Fig. 2 M). Biominerals
form calcium ions within proteinaceous matrices containing negatively
charged functional groups, attracting the positive, Ca2+. This interaction
immobilizes the ions, causing nucleation of the minerals [46]. As the
Ca2+ ions accumulate the surface becomes positive and combines
with the negatively charged phosphate ions, formingmetastable, amor-
phous calcium phosphate, that next transforms into stable, crystalline
apatite [47]. The higher the negative surface charge, and hence zeta po-
tential, the greater mineralization in vitro [47]. The electrostatic accu-
mulation of Ca2+ ions near the negative surface promotes HAp
nucleation in the SBF and in the cell culture media, which is crucial for
further tissue formation and bone regeneration [43,48].

4. Conclusions

In our study, we successfully produced scaffolds with different mor-
phologies constructed from smooth and porous PCL fibers using a
single-step approach of electrospinning. A novel approach of changing
voltage polarity during electrospinning allowed control of surface
charge, zeta potential and the surface chemistry of the PCL fibers. We
showed that the surface potential of the PCL fibers together with the
surface topography determine the initial cell adhesion, as a greater cell
number was observed on the porous fibers with the higher surface po-
tential. The higher surface potential enhanced the collagen mineraliza-
tion that was observed after 7 days of culture. The negative zeta
potential of the PCL samples in the physiological conditions (pH 7.4),
promoted calcium mineralization, indispensable for HAp nucleation
and further tissue formation in the regeneration process. This study
has a great impact on the development of charged scaffolds for en-
hanced bone mineralization in tissue engineering. Our results show
that determination of surface roughness and potential are key in con-
trolling cell function and behavior in physiological conditions, and
must be considered in designing biomaterials for specific applications.
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