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The influence of nano- or micron-sized structures on polymer films as well as the impact of fiber
diameter of electrospun membranes on endothelial cell (EC) and blood response has been studied
for vascular tissue engineering applications. However, the influence of surface structures on micron-
sized fibers on endothelial cells and blood interaction is currently not known. In this work, electro-
spun membranes with distinct fiber surface structures were designed to study their influence on the
endothelial cell viability and thrombogenicity. The thermodynamically derived Hansen-solubility-
parameters model accurately predicted the formation of solvent dependent fiber surface structured
poly(caprolactone) membranes. The electrospun membranes composed of microfibers (MF) or
structured MF were of similar fiber diameter, macroscopic roughness, wettability, and elastic
modulus. /n vitro evaluation with ECs demonstrated that cell proliferation and morphology were not
affected by the fiber surface structure. Similarly, investigating the blood response to the fiber
meshes showed comparable fibrin network formation and platelet activation on MF and structured
MF. Even though the presented results provide evidence that surface structures on MF appear
neither to affect EC viability nor blood coagulation, they shed light on the complexity and chal-
lenges when studying biology-material interactions. They thereby contribute to the understanding of

EC and blood-material interaction on electrospun membranes. Published by the AVS.

https://doi.org/10.1116/1.5047668

. INTRODUCTION

Cardiovascular diseases, such as atherosclerosis and its
progressive form vascular stenosis, are the major cause of
mortality worldwide.! Cardiac and peripheral bypass
surgery, in which the blocked part of the blood vessel is
replaced by a vascular graft, is the standard treatment method
for such diseases. While autologous grafts (i.e., saphenous
veins) are still outperforming their synthetic substitutes, they
have limited availability and can cause donor site morbid-
ity.” Commercially available synthetic vascular grafts are
mainly made of nondegradable expanded poly(tetrafluoro
ethylene) (PTFE) or poly(ethylene terephthalate). Although
they perform with good patency rates for large diameter
grafts, they suffer from restenosis in small diameter vascular
grafts with a diameter of <6 mm mostly due to thrombosis
and a mismatch of compliance.>”

As an alternative approach, vascular tissue engineering
aims to create a functional endothelium on the luminal
surface of the graft that mimics the natural blood-tissue
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interface to avoid coagulation. Scaffolds for such tissue engi-
neered vascular grafts need to exhibit a variety of characteris-
tics including mechanical properties similar to those of
blood vessels, topological mimicry of the native cellular
microenvironment, and controlled biodegradability for
gradual replacement by regenerated natural tissue. In case
of local delamination of the endothelium, they additionally
have to provide low thrombogenicity.*

In order to enhance endothelialization of in vitro engi-
neered vascular grafts, tailoring surface properties and in par-
ticular topography adaption have a pivotal role. It has been
shown that different surface structures and patterns alter
endothelial cell (EC) behavior. For instance, substrates with
ridge and groove widths of 1um and ridge heights of 100,
400, or 1000 nm can modulate EC migration behavior and
adhesion force.® 2D substrates with pores in the range of
1-1.5 um in diameter enhanced aortic EC attachment and
proliferation compared to substrates with pores smaller than
15nm in diameter.” Additionally, lowered thrombogenicity
can also be achieved by implementing a surface topography
in the submicron range to decrease the adhesion and activation
of platelets.x_m For instance, in the study of Koh er al., the
lowest amount of fibrinogen adsorption and platelet activation

Published by the AVS. 051001-1
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was observed on poly(lactic-co-glycolic acid) (PLGA) sub-
micron range pillared surfaces with high aspect ratio and
reduced interspacing (<200 nm) compared to unstructured
PLGA films."

Creating micro- or nano-fibrous scaffolds by electrospin-
ning has found widespread interest in research to architectur-
ally mimic the fibrous structure of native extracellular matrix.
A key benefit of this technique is the freedom in material
choice, as many degradable or stable polymers that offer excel-
lent cytocompatibility can be processed by electrospinning.”*
Importantly, fiber diameter and 3D scaffold architecture can be
controlled by tuning the spinning parameters. Varying the
topographies of electrospun membranes caused by different
fiber diameters were previously shown to induce altered EC
fate as well as platelet activation and blood coagulation.' "' It
has been demonstrated in vitro that scaffolds with micron-
sized fibers can support human umbilical vein endothelial cell
(HUVEC) monolayer formation.'” In contrast, nanosized
fibers induced lower platelet adhesion and activation and thus
reduced coagulation after blood incubation, when compared to
micron-sized fibers. For instance, Milleret et al"! reported
increasing platelet adhesion and activation on electrospun
fibers of Degrapol® or PLGA with increasing diameters,
similar to the trend reported with nondegradable polymers,
namely, poly(vinylidene fluoride-co-hexafluoropropylene)
or poly(tetrafluoro ethylene).'>'*

Besides fiber diameter and related interfiber porosity,
surface structures on individual fibers can also steer cellular
behavior. The formation of such structures is driven by
polymer phase separation of solvent/nonsolvent mixtures or
the interaction with water vapor from the air during the
drawing and evaporation phase in the electrospinning
process. The creation of such topographical cues can thus be
steered by carefully choosing solvent mixtures and/or relative
environmental humidity settings during the processing.'>'®

The influence of such fiber surface structures has been
reported by Zhou et al. They showed that nanosized struc-
tures on micron-sized poly(-L-lactic acid) (PLLA) fibers
adsorb more proteins due to their increased surface area and
hydrophobicity and thus enhance proliferation of smooth
muscle cells (SMCs)."?

Although electrospun scaffolds with micron-sized fibers
have demonstrated endothelialization potential and elastic
behavior in vivo, they are more prone to elicit thrombogenic
events.'"!"'® Interestingly, structures generated on flat sur-
faces have the capacity not only to induce better adhesion of
EC, but also to improve hemocompatibility of a material.**
Reduced blood coagulation is potentially caused by surface
structures reducing the contact between platelets and surface
as hypothesized by Hulander er al.’ This suggests that nano-
sized structures on micron-sized fibers can enhance EC
attachment and reduce thrombogenicity of micron-sized
fibers upon blood contact due to decreased surface contact.

In this study, the behavior of HUVECs as well as platelet
activation and blood coagulation on electrospun membranes
with distinct surface structures was studied. Electrospun
poly(caprolactone) (PCL) membranes were developed with
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comparable fiber diameters but with two distinct fiber
surface structures by the use of a prediction tool utilizing
Hansen-solubility-parameters (HSP).'® PCL was chosen as
the substrate material, because it is biodegradable, possesses
favorable mechanical properties for vascular applications,
can easily be processed by electrospinning, and is widely
used in vascular tissue engineering research.'”

Il. EXPERIMENT
A. Hansen-solubility-parameters

HSP were used to assess the solubility of PCL in chloro-
form (CHCI;), dimethylformamide (DMF), dimethyl sulfox-
ide (DMSOQO), acetonitrile, or methanol as detailed in
previous work.'® Briefly, HSP construct a 3D Hansen space
with its coordinates being dispersive interactions (6D), polar
interactions (6P), and hydrogen bonding (6H) in units of
MPa”. Solvents are depicted as single points in this Hansen
space, while polymers are represented as spheres with their
interaction radius of R.?°

The interaction of PCL and solvent mixtures was evalu-
ated based on the relative energy distance (RED) between
them with respect to time [Eq. (1)]

RED — Ra/R, (M

where Ra is the distance of the solvent to the center of the
polymer solubility sphere [Eq. (2)]:

Ra = /[4(ASD)* + (ASP)* + (ASH)?]. )

If the RED value of a polymer-solvent pair is below 1.0, the
polymer can be dissolved in that solvent, whereas above 1.0,
phase separation or nonsolubility is observed.

The HSP values for PCL, solvents, or solvent mixtures
were obtained from HSP in Practice (uspip) software.”!

B. Solvent evaporation

Solvent evaporation was evaluated with Hspip software by
accounting for the relative evaporation rates (RERs) and
activity coefficients of the solvents. RERs were given in
comparison to the evaporation of standard solvent butyl
acetate, by defining that it evaporates in 100 time units.”'

If air saturated with water vapor [i.e., relative humidity
(RH) at 100%] encounters a surface that is colder than its
own temperature, water vapor condensation will occur. This
water vapor condensation condition is given in the following
equation:'®

AT = (Tap=Twp) > 0, A3)

where Ty, is the dew point (the temperature limit to which
air can be cooled down reaching full water vapor saturation)
and Ty, is the wet bulb temperature (the temperature on the
jet surface), which was calculated iteratively.'®

C. Electrospun membrane production

PCL (M,,=70000-90 000 g mol™!; Sigma-Aldrich,
Switzerland) solutions were prepared at a concentration of
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18% (w/v) by using either mixtures of CHCl; (ReagentPlus
>99.8%; Sigma-Aldrich, Switzerland): DMSO (Sigma-Aldrich,
Switzerland) or CHCl;: N,N-DMF (VWR Chemicals, France)
with a volume ratio of 9:1. All solutions were processed into
fibers at 35% RH and 20+ 0.1 °C temperature by a custom-
built electrospinning setup as described previously.”* Flow
rate was set to 30 ul min~" for both solutions and a potential
of +10kV on the needle and —5 kV on the counter electrode
with a fixed tip-to-collector distance of 25 cm was applied.

D. Characterization of electrospun membranes

Electrospun fiber diameter distribution and surface structure
were investigated using the Scanning Electron Microscope
(SEM) (Hitachi S-4800, Hitachi High-Technologies, Japan)
with a 2kV accelerating voltage and a 10 A current flow.
The samples were sputter coated with Gold/Palladium (80/20)
(45 mA, 2 x 1073 mbar; Leica EM ACE 600, Austria) of
5nm thickness to increase the electrical conductivity prior
to examination. The mean diameters of the fibers were cal-
culated based on the measurements of 100 individual fibers
from five SEM micrographs per condition performed with
IMAGE J FREE software (https:/imagej.nih.gov/ij/).

Krypton adsorption and desorption isotherms at 77 K
were collected on a Micromeritics 3flex surface area and
porosity analyzer. Each type of membrane was measured
three times independently by cutting approximately 100 mg
of membranes which were degassed at 50 °C for 20h at a
pressure of 1.3 x 1072 mbar. The total surface area was calcu-
lated by the Brunauer—Emmet—Teller (BET) method.”

To evaluate the surface morphology and roughness, a
nondestructive, confocal 3D Optical Surface Metrology
System (DCMS, Leica Microsystems AG, Switzerland) with
a Leica EPI 50x objective was used. For each sample, three
different spots with an area of 264 umx351um were
scanned and the root-mean-square roughness (S,) was calcu-
lated according to ISO 25178 (2012).

For static water contact angle (WCA) measurement, electro-
spun membranes were cut into patches of 6 mm in diameter. 2
41 of distilled water was applied on each patch (three patches
per membrane type, three drops per membrane). The WCA on
the electrospun membranes was evaluated by the use of an
optical contact meter equipment (Kriiss GmbH, Germany) and
calculated automatically by the equipment’s software.

The tensile properties of electrospun membranes were
assessed using an Instron 4500 apparatus (USA), equipped
with a 100 N load cell. Prior to mechanical testing, the thick-
ness of the samples (1 x5 cm) was measured using a profil-
ometer (Veeco, Dektak 150, USA) and the samples were
equilibrated at 23 °C and 50% relative humidity overnight to
adapt to the tensile testing environmental conditions. The
elastic modulus of three individual patches per condition was
evaluated by applying loading and unloading ramps at a rate
of 10 mm min~". Nominal stress was calculated by normaliz-
ing the measured load to the initial cross-sectional area of
the fibrous membranes, calculated by the measured sample
thickness and width.
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E. Protein adsorption

Forty-eight-well cell culture plates (TPP Omnilab,
Switzerland) were coated with a poly(dimethylsiloxane)
(Sylgard 184, Sutter Kunststoffe, Switzerland) layer prior to
fixing electrospun membranes of 6 mm in diameter with
stainless steel minutiae insect pins (EntoSPHINX, Czech
Republic).>* Membranes were prewetted in 70% ethanol sol-
ution for 3 min and subsequently washed in phosphate buff-
ered saline solution (PBS, Sigma-Aldrich, Switzerland). 200 1
of human fibrinogen (Sigma-Aldrich, Switzerland) at a
concentration of 7 ugml™" in PBS was added to each well
for 60 min before washing three times for 5 min with 500 ul
PBS. To avoid unspecific binding, membranes were blocked
for 60min in 4% (w/v) bovine serum albumin (BSA;
Sigma-Aldrich, Switzerland) in PBS.

For relative quantification of human fibrinogen adsorbed
on each membrane, an enzyme-linked immunosorbent assay
(ELISA) was performed, with the membrane as the primary
substrate. The membranes were incubated in 200 ¢l monoclo-
nal mouse anti-fibrinogen antibody solution (Sigma-Aldrich,
Switzerland; 1:1000 in PBS) for 60 min followed by the
same washing procedure. Subsequently, samples were
covered with anti-mouse horseradish peroxidase antibody-
conjugate [EnVision+Kit (HRP.Mouse); Dako, Switzerland]
solution for 30 min. After washing in 500 1 PBS three times
for 5 min each and transferring into new wells, 200 ul of
3,3,5,5 -tetramethylbenzidine substrate solution (highest sen-
sitivity; Abcam, UK) was added. The reaction was stopped
by adding an equal amount of 450 nm stop solution (Abcam,
UK), and 100ul of the supernatant was transferred into
96-well plate in triplicates per group and measured at 450 nm
excitation wavelength (Mithras2 Plate reader, Berthold
Technologies, Germany). Three independent experiments
with three replicates each were performed.

F. In vitro cytocompatibility

All cell culture experiments were performed according to
a previously developed protocol.>* Briefly, electrospun mem-
branes of 6 mm in diameter were prepared as described in
Sec. II E. Membrane-containing well plates were sterilized by
UV irradiation for 4 h. HUVECs (CRL-1730, ATCC, USA) were
expanded and used up to passage 18 on gelatin-coated culture
flasks in HAM FI12-K culture medium (Life Technologies,
Thermo Fisher Scientific, Switzerland), supplemented with
10% fetal calf serum (FCS; Life Technologies, Thermo Fisher
Scientific, Switzerland), 1% (v/v) penicillin/streptomycin/
neomycin, 1% L-glutamine, 0.03 mg ml™" endothelial cell
growth supplement (Sigma-Aldrich, Switzerland), and 17 U ml™
heparin (Sigma-Aldrich, Switzerland). HUVECs were seeded
at a density of 25 000 cells per membrane in 50 4l medium
and were allowed to adhere for 2h before adding 500 ul
medium. HUVECs were cultured for 7 days with media
change every 48 h.

Cell metabolic activity was assessed on days 1, 3, and 7
postseeding by a Prestoblue assay (Life Technologies,
Thermo Fisher Scientific, Switzerland). Cells were incubated
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for 20 min at 37 °C in 10% (v/v) Prestoblue in standard cell
culture medium. Prestoblue reduction was quantified based
on fluorescent excitation and emission at A., =547 nm and
Aem =582 nm (Mithras2 Plate reader, Berthold Technologies,
Germany).

Cell growth was assessed based on DNA quantification
with the CyQuant assay (Sigma-Aldrich, Switzerland)
according to the manufacturer’s protocol. Fluorescence inten-
sity was quantified at 1., =480 nm and A, =520 nm.

Cell morphology was investigated by SEM. Briefly, cells
were fixed in modified Karnovsky fixing solution for 1h,
dehydrated in an ascending ethanol series (30%, 50%, 70%,
80%, 90%, and 100%), and dried in hexamethyldisilazane
(Sigma-Aldrich, Switzerland) for 5 min. After overnight
drying, membranes were sputter coated and SEM micro-
graphs were acquired as described in Sec. II D.

For fluorescence imaging with a Confocal Laser
Scanning Microscopy (CLSM, LSM780, Carl Zeiss AG,
Switzerland), cells were fixed in 4% (w/v) paraformalde-
hyde (PFA, Sigma-Aldrich, Switzerland) and 0.1% (v/v)
Triton-X 100 (Sigma-Aldrich, Switzerland). Samples were
blocked for unspecific binding in 4% (w/v) BSA/PBS.
Actin was stained with Alexa-488 conjugated phalloidin
[1:200 in 4% (w/v) BSA/PBS] Life Technologies, Thermo
Fisher Scientific, Switzerland), and nuclei were counter-
stained with 4’,6-diamidino-2-phenylindole [1:1000 in 4% (w/v)
BSA/PBS; Life Technologies, Thermo Fisher Scientific,
Switzerland]. Three independent experiments with three
replicates each were performed for each assay and time points.

G. Blood-material interaction

Electrospun membranes of 20 mm in diameter were pre-
wetted in 70% ethanol solution and incubated in 1 ml PBS
overnight. Prior to blood incubation, they were placed into a
custom-built PTFE chamber. Human whole blood was
freshly taken from healthy volunteers (ethical approval
BASEC No. PB_2016-00816 from the local ethics commit-
tee, St. Gallen, Switzerland) using the standard venipuncture
technique, partially heparinized (0.43TUml™"; Carl Roth,
Germany) and used within 1h after withdrawal. The PTFE
chambers were filled with 2.8 ml of human whole blood
supplemented with Alexa Fluor 488-conjugated fibrinogen
(18 ug ml™!) (Thermo Fisher Scientific, Switzerland), closed
with a PTFE lid, sealed with parafilm and placed on an
orbital shaker (Polymax, Heidolph, Germany) at 10 rpm and
RT. After 1 h of incubation, the blood was collected and sta-
bilized with ethylene-diamine-tetra-acetic acid (Sigma-Aldrich,
Switzerland) with a final concentration of 5 mM. Blood
plasma was separated from stabilized blood samples by centri-
fugation for 10 min at 3000 g and stored at —80°C until
further analysis. Levels of platelet factor 4 (PF4) in the super-
natant were measured via PF4 Human ELISA kit (Thermo
Fisher Scientific, Switzerland). Three independent experi-
ments (accounting for three different donors) were performed
with two replicates each. After blood incubation, the scaffolds
were rinsed with PBS. One sample of each group was fixed,
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dehydrated, and sputter coated (10nm of thickness) prior to
SEM imaging as described in Sec. II F. The second sample
was fixed in an aqueous solution containing 4% (w/v) PFA,
65 mM piperazine-N,N-bis(2-ethanesulfonic-acid), 25 mM
4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic-acid, 10 mM
ethylene glycol-bis(B-aminoethyl ether)-N,N,N',N'-tetra-acetic
acid, and 3 mM MgCl, (all from Sigma-Aldrich) for 60 min
for immunofluorescence staining and CLSM imaging. After
washing with PBS, samples were blocked with 5% goat
serum and 1% FCS in PBS for 1 h. Cells were permeabi-
lized for 10 min in PBS containing 0.1% (v/v) Triton-X
100 (Sigma-Aldrich, Switzerland) and actin was stained
with Alexa Fluor 546-conjugated phalloidin [1:200 in 1%
(v/v) FCS/PBS, Thermo Fisher Scientific, Switzerland] for
1 h. All incubation steps were followed by washing in PBS.

H. Statistical analysis

All data are expressed as mean + standard deviation (SD).
Mann—Whitney Rank Sum Test was employed to compare
the groups using GRAPHPAD PRISMO software. A value of
p <0.05 was set as significance level.

lll. RESULTS

A. HSP allows prediction of solvent mixtures for PCL
electrospinning

The solubility sphere of PCL was constructed with its
center coordinate values (6D =17.7 MPa'/z, oP=5.0 MPaVZ,
and 6H =8.4 MPa”) and interaction radius (R=8) value
taken from the Hspip software. As depicted in Fig. 1(a),
CHCl;, CHCI1;:DMF, CHCl5:DMSO, CHClj:acetonitrile,
and CHCl;:methanol mixtures were all located within the
PCL solubility sphere with initial RED values of 0.41,
0.28, 0.29, 0.34, and 0.18, respectively. DMF (1.15), DMSO
(1.45), acetonitrile (1.76), or methanol (2.1) was outside
of the sphere indicating their behavior as a nonsolvent.
Subsequently, the evaporation of these solvent:nonsolvent
mixtures from PCL solutions was calculated to simulate the
jet evolution during fiber formation. CHCl; evaporation
from the solvent mixtures of CHCl;:methanol and CHCl;:
acetonitrile occurred within a timeframe of 30 a.u. whereas
from CHCI;:DMF and CHCl;:DMSO solutions within 36.7
a.u. [Fig. Sl(a)].55 Moreover, methanol, acetonitrile, or
chloroform evaporated within a comparable timeframe,
whereas both DMF and DMSO required a longer time for
evaporation [Fig. S1(b)].”

Typ at 35% RH and 20+ 0.1 °C RT was 4.1 °C, and T,
of CHCIl;:DMF and CHCIl;:DMSO solutions was 3.5 °C
and initially below this T4,. Therefore, for both solutions,
AT was higher than zero leading to water condensation on
the jet surface. After 26.7 a.u., Ty, of both solutions
rapidly increased, reaching values higher than Ty, resulting
in ceasing of water condensation [Fig. 1(b)]. The RED
value of CHCl5:DMSO reached 1.0 earlier than the one of
CHCI5:DMF [Fig. 1(c)].
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Fic. 1. (a) 3D Hansen space displaying PCL solubility sphere (green dot represents its center) and solvents: Nonsolvents for PCL, acetonitrile (1), DMSO (2),
DMF (3), and MeOH (4) are located outside of this PCL solubility sphere, whereas good solvents/solvent mixtures for PCL, CHCl; (5), CHCl;:DMF (6),
CHCl3:DMSO (7), CHCls:acetonitrile (8), and CHCl3:MeOH (9) are inside; (b) Tgp of electrospinning environment at 35% RH is 4.1 °C and this (dashed-
dotted-dotted line) is marked. 7, changes (°C) during solvent evaporation from CHCl;:DMF and CHCl;:DMSO solutions were simulated; (c) RED value
changes were calculated during solvent evaporation from CHCl;:DMF and CHCI;:DMSO solutions; (dashed-dotted line) last time point of similar amounts of
solvent (S) and nonsolvent; (round dotted line) time point S = 0; (red line) solubility limit for the polymer in the solvent system.

B. Development of PCL electrospun fibers with
controlled diameter and tailored surface structures

As predicted by the HSP model, electrospinning of two dif-
ferent PCL solutions prepared with CHCl;:DMF or CHCl;:
DMSO yielded micron-sized fibers with two distinct surface
topographies as shown in Fig. 2(a). When PCL dissolved in
CHCl;5:DMSO was electrospun, highly structured microfibers
(MF) were obtained in contrast to MF electrospun from
CHCI;:DMF at the same environmental conditions. Despite
the different surface morphology, fibers exhibited comparable

MF
(CHCI,: DMF)

Structured MF
(CHCl,: DMSO)

diameters of 3.7+ 0.3 um and 3.6 +0.4um for MF and
structured MF, respectively [Fig. 2(b)].

The different surface topography was reflected with sig-
nificantly higher specific surface area (SSA) for structured
MF samples with 2.32+0.49m? g™ as opposed to 0.76 +
0.23m? g~" for MF calculated from Kr adsorption isotherms
as shown in Fig. 3(c). The macroscopic roughness, on the
other hand, was similar for both membranes with S, values
of 13.5 + 1.4 um for MF and 14.2 + 1.5 um for structured MF
[Fig. 3(a)]. Furthermore, comparable water contact angles
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Fic. 2. (a) SEM micrographs of MF (CHCl;:DMF) and structured MF (CHCl;:DMSO) in low and high magnification, respectively. (b) Fiber diameter distribu-

tion of MF and structured MF (sMF).
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FiG. 3. (a) Elastic moduli of MF and structured MF (sMF) obtained from tensile testing and macroscopic surface roughness (S,) measured with a confocal 3D
optical surface metrology system, (b) static water contact angle analyzed based on photographs taken with optical contact meter, (c) krypton adsorption and desorp-
tion isotherms to calculate SSA by BET, and (d) protein adsorption analyzed via an ELISA based approach. (Results are presented as mean + SD of n=3.)

were observed for membranes of MF or structured MF with
131.4+£2.2° or 132.1 +£2.2°, respectively [Fig. 3(b)]. Both
membranes demonstrated ductile behavior measured by
tensile testing with a Young’s modulus of 26.9 + 1.9 kPa for
structured MF and 20.4+13kPa for MF [Fig. 3(a)].
Moreover, the relative amount of fibrinogen adsorption on
the electrospun membranes was not statistically different for
MF (0.300 +£0.071 a.u.) compared to structured MF mem-
branes (0.253 +0.075 a.u.) [Fig. 3(d)].

C. MF and structured MF are cytocompatible
independent of fiber surface structure

To evaluate the cytocompatibility of the PCL membranes,
the metabolic activity, increase in amount of DNA, and mor-
phology of HUVECs cultured on MF and structured MF
membranes were assessed 1, 3, and 7 days postseeding.

On both membranes, HUVECs adhered well and formed
a homogeneous monolayer of cells over time [Fig. 4(a)].
Cells proliferated on the scaffolds, increasing significantly in
metabolic activity and DNA amount within the culture
period [Figs. 4(b) and 4(c)]. No significant differences with
respect to DNA amount or metabolic activity were observed
between cells on MF and structured MF membranes, except
on day 7. The amount of DNA from cells on structured MF
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showed a small but significant increase when compared to
cells cultured on MF.

D. Blood-material interaction with electrospun
membranes

After membrane incubation in human whole blood, plate-
let activation was assessed by measuring the release of PF4
by ELISA in the supernatant. The results exhibited compara-
ble levels of platelet activation on MF and structured MF
[Fig. 5(b)], although with high variations between experi-
ments due to donor-to-donor variability. Neither of the mem-
brane types induced strong coagulation but in accordance
with PF4 levels, comparable areas of fibrin network forma-
tion were observed on MF and structured MF, as indicated in
SEM micrographs [Fig. 5(a)].

Visualizing the fibrin network and attachment of platelets
by CLSM imaging additionally demonstrated that MF mem-
branes caused apparent comparable degrees of fibrin network
formation and platelet attachment independent of the fiber
surface structure.

IV. DISCUSSION

It is known that EC and blood behavior can be steered by
changing substrate characteristics such as surface roughness,'"'’
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Fic. 4. (a) SEM micrographs of HUVECs on MF and structured MF 3 days postseeding. CLSM images of immunofluorescence staining of cytoskeletal actin
(green) and cell nucleus (blue) of HUVECs on MF and structured MF on day 7. CLSM images are maximum intensity projections of z-stacks. (b) Metabolic
activity of HUVECs cultured on MF and structured MF (sMF) over 7 days, (c) DNA amount on both membrane types for 7 days. *indicates statistically signifi-
cant differences with p <0.05. (Results are presented as mean + SD of n =3 independent experiments with three replicates each.)

stiffness,” 27 and wettability.'**® In order to evaluate the

influence of fiber surface structure, electrospun membranes
were fabricated possessing similar fiber diameters and thus
surface roughness, water contact angles, and mechanical prop-
erties while differing only in their fiber surface morphology.

To this end, a theoretical model was used in order to
predict solvent systems for PCL, which leads to electrospun
fibers with the aforementioned desired characteristics of
similar fiber diameter yet different fiber surface structure.
Based on the simulation, information from solvent evaporation
as well as subsequent Ty, and RED changes, which are the
driving forces leading to electrospun fiber surface structure
formation, was combined.

It was previously reported that PCL solutions electrospun
from CHCI;:DMSO solvent mixture at high RH conditions
yield fibers with structured surfaces. The fiber diameter can be
greatly affected by the solvent mixture and chosen spinning
conditions. Among our solvent mixtures evaluated for PCL,
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CHCIl;:DMF was the closest one to CHCI;:DMSO in terms of
solvent evaporation due to close water vapor pressure values
of DMF or DMSO (3.8 and 0.7 mm Hg at 21 °C, respectively)
compared to MeOH (103 mm Hg) or acetonitrile (71 mm
Hg).> Additionally, dielectric constants of DMF (36.7) and
DMSO (46.6) are in a similar range.29 Therefore, CHCl;:
DMF and CHCI3:DMSO solvent mixtures were predicted to
yield fibers with comparable diameters. This was experimen-
tally confirmed by SEM imaging of fibers spun from all four
solvent systems as shown in Fig. $2.°° To further elaborate on
the surface structure on fibers electrospun from CHCl;:DMF
and CHCI5:DMSO, solvent mixtures were evaluated in terms
of (i) surface temperature change that defines the water con-
densation on the spinning jet as well as (ii) RED change,
which indicates the phase separation. The solvent mixture
CHCI3:DMSO is reaching an RED value of 1.0 at an earlier
timepoint than the one of CHCl;:DMF. This indicates that a
CHCI;:DMSO solution is more prone to phase separation
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FiG. 5. (a) SEM micrographs show fibrin network on MF and structured MF. CLSM imaging of immunofluorescence staining of platelet cytoskeletal actin
(orange) and fibrinogen in fibrin networks (green) shown after 1 h whole blood incubation on MF and structured MF. Images are maximum intensity projec-
tions of z-stacks. (b) Concentrations of PF4 in the supernatants after incubation of the membranes in human whole blood. (n =3 donors, assessed in three inde-
pendent experiments with two replicates each. Empty arrow indicates disclike red blood cells, and filled arrow indicates platelets.)

accounting also for the water condensation at the given RH.
The water condensation can therefore enhance the increase in
RED even further for the herewith investigated PCL in
CHCI5:DMSO solution, since water is a nonsolvent for the
hydrophobic polymer PCL. According to this evaluation, this
would yield more pronounced structures on the electrospun
fiber surface compared to CHCl;:DMF solution.'® Both theo-
retical predictions of comparable fiber diameter and distinct
surface structure were seconded by experimental evidence and
confirmed by SEM micrographs.

With a similar approach, Casasola et al. used initial RED
values of solvent-polymer pairs, calculated with HSP, to
preselect solvents for poly(lactic acid) dissolution for elec-
trospinning.”® In another study by Luo ef al., binary solvent
mixtures of poly(methylsilsesquioxane) were chosen based
on predictions with a Teas graph. Teas graph is a 2D empiri-
cal solubility parameter approach derived from HSP. They
showed that the differences in solvent volatility or polymer
solubility of the solvent pairs could initiate surface structure
on electrospun fibers.>' Our prediction thus agrees with these
approaches as well as with the findings of our previous
study,'® which revealed that the interplay between the polymer
solubility changes (RED), jet surface temperature (7yy,), and
their synergistic effect, together with applied RH shaped the
surface structuring on electrospun fibers.

The solvent systems incorporating DMF or DMSO in chlo-
roform showed best comparability in terms of fiber diameters
but most pronounced differences in surface texturing. As dis-
played in Fig. 2, even smooth fibers created with CHCl;:DMF
show a slightly textured surface, which is, however, not com-
parable to the significant structures and holes observed in the
structured fibers. They were thus chosen for the investigation
of cell-surface and blood-surface interactions.
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It is known that solvent systems also have an influence on
the mechanical properties of resulting electrospun fibers.>**
However, these effects are solvent and material specific.
Since our results of stress-strain evaluation suggest very
comparable mechanical properties as shown by similar
Young’s moduli of the membrane types, the effect of CHCI;
as the main solvent component probably outweighs the
effects from the small portion (10%) of the other solvents.

Similarly to Milleret er al.,'"" overall surface roughness
of MF or structured MF values of electrospun membranes
were calculated using an image based method. The pre-
sented values reflect the comparable fiber diameter and
spacing as well as a similar fiber assembly during electro-
spinning. During imaging, steep surfaces with slopes >42°
from fiber edges and deep buried fibers gave weak signal
intensity and thus lead to a resolution limit that does not
allow for nanoscale fiber surface topography to be mea-
sured. With appropriate adjustments, images of electrospun
membranes could be acquired (Fig. S3),°° and surface
roughness of S, mp=13.5*1.4um and S, gvp=14.2=1.5um
could be calculated to give a good overall impression of the
macroscopic surface topography.

It has been shown that fiber diameter of electrospun mem-
branes can steer HUVEC attachment and morphology.'?
Besides, not only fiber diameter, but also nanosized fiber
surface structure were found to enhance the proliferation and
spreading of smooth vascular cells and mesenchymal stem
cells," 3 to improve the functionality of hepatocytes,*® and
to reduce the spreading of macrophages without changing
metabolic activity or cell number.?” Contrasting these effects
of fiber surface structure on various cell types, results pro-
vided in this study demonstrate comparable HUVEC behav-
ior on MF and structured MF membranes.
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Zhou et al. suggested that the enhanced attachment and
proliferation of SMCs is the result of increased protein
adsorption due to enlarged fiber surface structure, higher
hydrophobicity, and specific surface area on aligned PLLA
fibers.'> In contrast, in this study, PCL membranes were pro-
duced with randomly deposited fibers, which result in gener-
ally higher contact angles.*®* The similar wettability of
PCL MF and structured MF membranes is likely the result of
comparable macroscopic roughness and prominent interfiber
porosity, which outweighed the effect of fiber surface struc-
ture. This is in agreement with Ma et al. reporting contact
angles of 144 and 147 °C for poly(methyl methacrylate)
electrospun membranes with smooth or structured microfi-
bers, respectively.*’ The insensitivity of HUVECs to struc-
tures on the fiber surface might therefore be caused by
similar water contact angles and amount of protein adsorp-
tion on MF and structured MF membranes.

It is known that cellular interaction with materials is cell
type specific.**? It has even been reported that ECs show a
cell origin dependent responsiveness to substrates.*’ To
investigate if primary cells are more sensitive to structured
fibers, HUVECs from a source of pooled isolated primary
cells were cultured on MF or structured MF membranes
(Fig. S$5).5 Even though these cells showed decreased meta-
bolic activity over the culture period and a low degree of
spreading, their response was independent of fiber morphol-
ogy (MF versus structured MF). The impaired viability of
these cells on the fiber membranes could potentially be
improved by additional surface modification via biofunction-
alization by vascular endothelial growth factor or cell adhe-
sive ligand immobilization.**~*¢

It has been shown previously that platelet adhesion and
thrombus formation can be suppressed by the addition of
surface topographical features in the range of 50 nm to 2 um
due to reduced platelet-surface contact.**”*® In the case of
3D scaffolds, electrospun membranes with fibers smaller
than 1 um in diameter have been shown to induce a lower
coagulation activation cascade and less platelet adhesion in
comparison to scaffolds composed of thicker fibers.'
Interestingly, the current study shows that the herewith pre-
sented micron-sized fibers with surface structures in the
range of 100 nm to 1 um have no measurable effect on plate-
let activation and thus fibrin network formation. Fibrinogen
is a key protein of platelet adhesion and activation.*’ The
comparable amount of fibrinogen adsorbed on MF and struc-
tured MF already suggests that coagulation behavior is likely
to be similar for these fiber meshes.

Based on the literature and previously published experi-
mental evidence, the presented research was driven by the
rationale that nanostructures on micron-sized electrospun
fibers would (a) reduce platelet adhesion to provide an anti-
coagulant surface and (b) substantially influence attachment
and proliferation of HUVECs. To this end, a system was
established where only the fiber surface structure is the dis-
criminating factor between the membranes. However, with
the membranes being similar in all other aspects, i.e., water
contact angle, macroscopic roughness, and protein adsorption,
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the herewith presented experimental design could not detect
such difference in the response of HUVECs and blood to the
fiber membranes. The results thus suggest that both struc-
tured and nonstructured MF membranes are suitable sub-
strates for vascular tissue engineering. Of note, results on
blood-material interaction are greatly donor dependent, and
the inherent variability might obscure potential differences
between materials. Quantification of platelet attachment and
activation, however, necessitates further investigations,
including the development of highly sensitive methods to
elucidate more subtle changes in blood coagulation parame-
ters and platelet activation. Our results draw attention to the
continuing complexity and difficulty when interpreting results
in biology-material interaction studies. Thereby, this work
contributes toward the understanding of HUVEC and blood-
material interaction on electrospun membranes. Furthermore
such structured fibers offer additional interesting avenues for
vascular tissue engineering applications: larger surface area
provides not only enhanced loading capacity for biofunctional
molecules but also accelerates the degradation of polyesters
and increases the drug release.”™>! Hypothetically, electrospun
membranes with fiber surface structures could be exploited to
match the degradation rate of scaffolds with tissue regenera-
tion®” and to tune drug release for enhanced early endotheliali-
zation®® in small diameter vascular graft applications. This
holds true also for aforementioned protein or growth factor
immobilization, where larger surface area can contribute to
increased loading capacity.>

V. SUMMARY AND CONCLUSIONS

In summary, by using a systematic prediction approach
based on HSP, two types of electrospun membranes possess-
ing a similar fiber diameter in the micrometer range with one
exhibiting fiber surface structures in the submicrometer range
were developed. Through in vitro assessment of HUVECs and
human whole blood interaction with the generated membranes,
it was observed that structured microfibers induced similar
platelet activation and coagulation as nonstructured fibers
while also showing similar endothelialization potential. Hence,
the introduction of the fiber surface structure on electrospun
membranes cannot be used to mitigate the inferior blood coag-
ulation performance associated with micron-sized fiber mem-
branes, but can potentially be used for further chemical
functionalization, drug release, or tuning of degradation behav-
ior in order to ultimately achieve a compliant vascular graft.
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