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Abstract

Electrospinning is a relatively simple technique for producing continuous fibers of various sizes and morphologies.

In this study, an intrinsically hydrophilic poly(3-hydroxybutarate-co-3-hydroxyvalerate) (PHBV) biopolymer strain was
electrospun from a solution under optimal processing conditions to produce bilayers of beadless micro-fibers and
beaded nano-fibers. The fibrous mats produced from the pure PHBV solution exhibited hydrophilicity with complete
wetting. Incorporation of polydimethylsiloxane (PDMS) treated silica into the electrospinning solutions resulted in

a non-wetting state with increased fiber roughness and enhanced porosity; however, the fiber mats displayed high
water droplet-adhesion. The SiO,—incorporated fibrous mats were then treated with stearic acid at an activation tem-
perature of 80 °C. This treatment caused fiber surface plasticization, creating a tertiary hierarchical roughness owing
to the interaction of PHBV chains with the polar carboxyl groups of the stearic acid. Scanning electron microscopy
was used to assess the influence of the electrospinning process parameters and the incorporation of nanoparticles
on surface morphology of the fibers; energy dispersive X-ray spectroscopy confirmed the presence of SiO, nanopar-
ticles. Fourier transform infrared spectroscopy was performed to study the incorporation of SiO, and the interaction
of stearic acid with PHBV at various concentrations. The chemical interaction between stearic acid and PHBV was con-
firmed, while SiO, nanoparticles were successfully incorporated into the PHBV fibers at concentrations up to 4.5% by
weight. The incorporation of nanoparticles and plasticization altered the thermal properties of PHBV and a decrease
in crystalline fraction was observed. The stearic acid modified bilayers produced from the micro-nano-fibrous com-
posites showed very low water droplet sticking, a roll off angle of approximately 4° and a high static contact angle of
approximately 155° were achieved.
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Introduction
The behavior of a water droplet upon interaction with
a surface reflects the material properties of that sur-
face, such as chemistry, texture/morphology and surface
energy. In general, the wetting state, static water contact
angle (WCA), and dynamic roll-off of a water droplet on
a surface are the primary indicators of the hydrophilic,
hydrophobic or superhydrophobic nature of a mate-
rial. As a rule, surfaces having a WCA > 150° and roll-off
angles <10° are considered to be superhydrophobic sur-
faces [1]. Bioinspired superhydrophobic surfaces with
hierarchical morphologies have received much attention
over the past three decades having various applications in
material science/engineering [2-9].

Polyhydroxyalkoanates (PHAs) are a broad class of
biopolymers produced by the fermentation process of
microorganisms and bacteria in the presence of a car-
bon - rich source and limiting nutrients [10]. Different
types of PHAs have been studied; each PHA is classified
according to the length of its side chain and molecular
weight. Among several studied strains, the copolymer
of polyhydroxybutyrate (PHB) and polyhydroxyvalerate
(PHV) or poly(3-hydroxybutarate-co-3-hydroxyvalerate)
labeled PHBYV is the most widely studied biocompatible
microbial polyester. PHB is the most viable industrial
type of PHA, as it has very similar physical properties to
conventional plastics, e.g., isotactic polypropylene [11].
PHYV is a variant of PHB having an ethyl group instead of
a methyl group and is usually copolymerized with PHB
in small concentrations to enhance flexibility, improve
mechanical properties and delay the biodegradation time
of PHBV [12].

The incorporation of fillers into the PHBV fiber
matrix has been extensively explored to induce extrinsic

properties. These studies include PHBV electrospun with
Zinc oxide (ZnO) for antibacterial properties [13, 14];
PHBYV incorporated with carbon nanotubes (CNTs) for
superior mechanical stability and enhanced water repel-
lence [15-17]; graphene and graphite nanosheets to
induce electrical and electromagnetic properties [18, 19];
PHBV/Titanium dioxide (TiO,) composites for improved
physio-chemical properties and cytocompatibility [20];
and PHBV/polyethylene oxide (PEO) fibrous scaffolds
[21] having superior mechanical stability for tissue engi-
neering. SiO, nanoparticles (NPs) are extensively used
as functional fillers in various applications particularly
hydrophobicity owing to superior thermal and chemical
stability along with their ability to be functionalized due
to the presence of silanol groups [22]. Additionally, SiO,—
NPs are cheap and readily available and are not hazard-
ous to environment compared to fluorinated additives.
Several works on the use SiO,—NPs as fillers in organic
polymer matrices have been carried out, e.g. Sriram
et al. [23] created porous superhydrophobic polymeth-
ylmethacrylate (PMMA)/SiO, coated filter papers for
oil-water separation, Qing et al. [24] created polyviny-
lacetate (PVA)/SiO, nanofibrous membranes with supe-
rhydrophilic/superoleophobic properties, Ji et al. [25]
used electrospinning to create ultrafine polyacrylonitrile
(PAN)/SiO, composite nanofibers while Newsome et al.
[26] electrospun polyvinylpyrrolidone (PVP)/SiO, com-
posite fibers with high NP concentration and varying
morphologies. On the other hand, the hydrophobicity of
polyurethane (PU) was enhanced using SiO,—NPs owing
to phase separation and particles aggregation on the
surface in a work by Seyfi et al. [27]. Meanwhile, SiO,—
incorporated PHBV composites have been produced
via melt-blending [28], solution casting [29], hot-press
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molding [30], and dispersion in a twin-screw extruder
[31] as means to manipulate the crystallization and
thermo-mechanical properties of the PHBV biopolymer,
and although PHBV/SiO, electrospun mats have been
recently studied for antibacterial properties [32], there
are currently no reports mentioning the electrospinning
of SiO, incorporated PHBYV fibers to create superhydro-
phobic surfaces.

The use of long-chain fatty acids as plasticizers for
PHBV to enhance ductility and induce flexibility have
been discussed by Moser et al. [33]. They investigated
the effects of chain length, blend concentration, and
the degree of saturation of different fatty acids on the
mechanical properties of PHBV. The oxygen-containing
polar functional group in stearic acid (SA) appears to
interact with PHBV, whereas the presence of any long
side chains or unsaturated bonds in other fatty acids can
hinder this interaction. Requena et al. [34] studied the
effect of different plasticizers on the thermal properties
and degree of crystallinity of PHBV films. When plasti-
cizers were added to rigid polymers, they interacted with
the polymeric backbone to form intramolecular bridges
that reduces the mechanical stiffness [35] and alters the
physical properties, e.g., roughness, by creating a "free
volume" [34, 36]. Jost et al. examined the impact of dif-
ferent plasticizers like propylene glycol, glycerol, triethyl
citrate, castor oil, epoxidized soybean oil and polyethyl-
ene glycol on crystallinity, ductility and tensile properties
of PHBYV blends [36]. They argued that substances hav-
ing polar functional groups could be used as surfactants
for plasticization and tend to interact with PHBV. They
also discussed that the presence of side chains and unsat-
urated bonds in certain plasticizers may hinder these
interactions, meanwhile low molecular-weight fatty acid
compounds may not have sufficiently strong interactions.
Relying on these previous studies, saturated linear-chain
SA was considered as being an ideal fatty acid for modi-
fying the surface of PHBYV fibers.

Electrospinning is a fast and simple technique for
producing continuous fibers of various sizes and mor-
phologies. The basis of electrospinning is the elongation
of an electrified droplet of a polymer solution extruded
through a capillary by surface tension [37]. Different
types of fibers having a high surface area and low surface
energy from a few nanometers to several micrometers in
thickness can be created. A variety of polymers, copoly-
mers, and composites have been electrospun in solution
for a range of applications [38—41].

In this study, we have adopted a fast and cheap method
to synthesize superhydrophobic PHBV/SiO, compos-
ite fibers from an intrinsically hydrophilic PHBV strain
(Supplementary Sla). The use of hydrophobic SiO, in
electrospinning solution eliminates the need for any
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surface texturing processes and enables high fiber sur-
face porosity. Meanwhile, surface plasticization using SA
treatment influences the physical and thermal proper-
ties of the composite. Electrospun PHBV has been used
in the food packaging industry, biomedical implants,
fibrous scaffolds for tissue engineering, drug delivery
systems [42—44], while superhydrophobic surfaces cre-
ated from biopolymers find potential applications which
require cytocompatibility [45-48], for oil-water sepa-
ration, in filtration systems [49], etc. The novelty of this
work revolves around the combination of the use of
hydrophobic SiO,—NPs in electrospun PHBV fibers and a
simple post treatment using SA to create superhydropho-
bic composites. Biopolymers are gradually replacing con-
ventional plastics in numerous applications, and we aim
to use our developed superhydrophobic fibrous surfaces
for these innovative applications that require enhanced
water repellence.

Experimental setup

Materials

P(HB-co-HV) with 5% PHV concentration was kindly
supplied as samples from Be-Up Biotechnology Inc.,
Quebec, Canada. PDMS-treated fumed — SiO, nano-
particles (AEROSIL R202), were supplied by EVONIK,
Germany. High purity (>95%, FCC, FG) stearic acid and
99% pure chloroform having 0.5%—1.0% ethanol as a sta-
bilizer were purchased from Sigma Aldrich. Pure acetone
was purchased from Fisher Chemicals, USA.

Sample preparation

In this study, single-needle laboratory-scale electrospin-
ning equipment was used to produce high-quality PHBV
fibrous mats. The electrospinning parameters were care-
fully controlled to obtain the optimal fiber morphologies
(Supplementary S1b). The needle that acts as a capillary,
having an inner diameter of 400 um (gauge no. 22) was
connected to a DC-power supply unit, which could gen-
erate a voltage up to 40 kV. A 20 kV voltage and a fixed
collector distance of 10 cm were determined to be suf-
ficient for obtaining consistent fiber morphologies and
successful solvent evaporation respectively. A mass flow
rate of 1 mL/h was used to minimize the formation of
fiber defects using a 5 mL syringe with the polymer solu-
tion as an extruder with fiber deposition directed toward
a grounded steel collector. PHBV solutions of different
concentrations (from 4 wt.% to 21 wt.%) in chloroform
as a solvent were prepared; the choice of chloroform was
made in accordance to the literature [50, 51].

After optimizing the electrospinning parameters for
pure PHBV fibers, PDMS-treated fumed-SiO,—NPs
were added to the electrospinning solutions to produce
PHBV/SiO, composite fibers; the NPs induced primary
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roughness and reduced wetting. Relative concentrations
of 1 wt.% to 6 wt.% SiO,—NPs were added to test the
influence of various concentrations of functionalized NPs
on wetting time delay. Relying on our observations of
solution spinnability and the resulting fiber morphology,
optimal SiO,—NP concentrations of 3 wt.% and 1.7 wt.%
were selected for the beadless microfibers and beaded
nanofibers, respectively.

In the second step, the surface of the electrospun
PHBV/SiO, composite fibrous mats were modified by
treating them with saturated linear-chain SA, thereby
creating tertiary roughness on the fiber surface (Supple-
mentary Slc). Surface modification using SA can read-
ily improve the ductility and flexibility of PHBV/SiO,
composites upon plasticization [33-36], and it can also
improve the hydrophobicity of an otherwise hydrophilic
biopolymer owing to an increased roughness and the
presence of low surface energy materials [52]. Bilayers
of beadless microfibers and beaded nanofibers produced
from the two different optimized PHBV/SiO, compos-
ite fibers were modified in a SA/acetone solution at an
elevated temperature. Different authors have discussed
the high temperature activation of SA near and above its
melting temperature of 69.5 °C [53, 54]. Therefore, a reac-
tion temperature of 80 °C was used to modify the bilay-
ers using various concentrations of SA, from 1 wt.% to 12
wt.%, dissolved in acetone solvent. The SA/acetone solu-
tions were prepared using a heated magnetic stirrer, and
the composite samples were immersed into this solution
for 1 to 3 min. SA exhibited a good dissolution in acetone
[52] whereas the PHBV/SiO, composites remained insol-
uble in acetone even at 80 °C. After their modification,
the samples were dried at 90 °C for 1 h in air to evaporate
the solvent.

Analytical characterizations

Optical/Scanning electron microscopy

Optical microscopy (Nikon Eclipse E600 Pol opti-
cal microscopy) was carried out on the fibrous mats at
200x magnification to verify fiber quality after each dep-
osition. The morphology of the electrospun PHBYV fibers
was then observed using scanning electron microscopy
(SEM, JSM-6480LV, JEOL). The samples were gold-coated
prior to SEM analysis. Pure PHBV fibers, PHBV/SiO,
composite fibers and SA modified mats were observed to
compare changes in surface morphology at each step of
the fiber surface modification process. Energy-dispersive
X-ray spectroscopy (EDX) utilizes characteristic X-rays
from backscattered electrons. Addition of a secondary
detector can enable us to identify elemental species and
EDX was used to confirm the presence of SiO,—NPs in
the PHBYV fiber composite.
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Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) was used
to analyse the effect of different concentrations of SA for
PHBV surface modification. A scan range of 650 cm™!
to 4000 cm™! was performed using an Agilent Cary
630 spectrophotometer by ATR method with a 2 cm™
resolution.

Differential scanning calorimetry

The effect of surface modifications on thermal proper-
ties was evaluated using differential scanning calorimetry
(DSC), specifically, the phase change thermodynamics of
the PHBV/SiO, composite upon modification with SA.
“Discovery model TA-DSC 25” was used to determine
melting temperature (T,,) and melting enthalpy (AH,,) of
the synthesized composite fiber mats. The change in the
degree of crystallinity was calculated using Eq. 1 (for pure
PHBYV) [55] and Eq. 2 (For PHBV/SiO, composites) [30].

m

Xe(%) = 2Hm 100
<= AR, D
where X, is the degree of crystallinity, AHy, is the meas-

ured melting enthalpy of PHBV. The theoretical enthalpy

of PHBV (AHJY,) was taken to be 109 J/g [14].

AHp

Xe¥) = T AT

x 100 2)

W is the weight fraction of inorganic SiO, incorporated
into the fiber composites. PHBV powders, as-received SA
powders, pure PHBV fibers, PHBV/SiO, composite fib-
ers, and SA modified PHBYV fibers were all investigated.
Samples were placed into a sealed aluminum pan under
a 50 mL/min nitrogen flow. The heating cycles were car-
ried out on each sample from 20 to 200 °C at a rate of
10 °C/min.

Contact angle measurements

Static water contact angles (WCAs) and wetting time
analysis were performed using a drop shape analyzer
DSA100 (Kruss GmBH, Germany). The WCA measure-
ments were done using the sessile droplet method with a
4 uL droplet of distilled water; averages of five measure-
ments for each sample were conducted (Supplementary
S1d). The dynamic roll-off angle was determined as the
angle of an inclined plane required to cause a water drop-
let to roll off from a surface.

Results and discussions

Surface morphology

Applying the electrospinning parameters discussed in the
Sample preparation section, the PHBV concentrations
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Fig. 1 SEM images of pure PHBV fibers at two magnifications (500x, 5000x). a, b Beadless microfibers from a 21 wt.% PHBV solution; ¢, d beads on
microfibers from a 12 wt.% PHBV solution; e, f beaded nanofibers produced from a 4 wt.% PHBV solution

were decreased from 21 wt.% to 4 wt.%; therefore, solu-
tion concentration was the only variable parameter to
obtain a beaded morphology. As expected, with the
decrease in PHBV concentration, the appearance of a
beaded morphology was observed along with a decreas-
ing fiber thickness.

SEM images captured at different magnifications
showed that fibers synthesized from 21 wt.% pure PHBV
solutions (Fig. 1a, b) had no beads and were character-
ized by a smooth continuous morphology. Fiber thick-
ness, calculated from 22 measurements, averaged
3.94+0.42 pm (Supplementary S2a). By decreasing the
solution concentration to 12 wt.%, the appearance of a
bead-on-fiber morphology was observed (Fig. 1c); some
intertwining at higher magnification (Fig. 1d) was also
noticed along with a decrease in fiber thickness to an
average of 2.55+0.32 um, as determined from 23 meas-
urements (Supplementary S2b).

A further reduction in the solution concentration to
4 wt.% PHBV produced a "pop-corn like" morphology,
which has been reported previously for very dilute con-
centrations [43]. The dependence of beaded morphology
on the hydrophobicity of the pure PHBV fibrous sur-
faces has been discussed by other researchers. Zuo et al.
[43] electrospun very low concentration solutions and
reported WCAs of ~110° using 4 wt.% PHBYV solution in
chloroform. In contrast, Moon et al. [56] produced bead-
less PHBYV fiber mats using 28 wt.% and observed an ini-
tial WCA of ~ 128°; they observed a high density of beads

on microfibers at their lowest concentration of 16 wt.%,
resulting in a WCA of ~ 123°. In this study, a beaded mor-
phology along with the presence of nanoscale fibers was
obtained (Fig. le, f) using a 4 wt.% PHBYV solution. The
average diameter of the beads taken from 25 measure-
ments was found to be 4.25+0.93 um (Supplementary
S2c¢). The surfaces of both the fibers and beads however,
lack porosity (Fig. 1b, d and f), in both beadless microfib-
ers and beaded nanofibers, thereby indicating an absence
of a hierarchical roughness.

PDMS-treated SiO,—NPs were incorporated into
12 wt.% and 4 wt.% PHBYV solutions and, using SEM
imaging, a change in fiber surface morphology was
observed (Fig. 2). For these composite fibers, a 12 wt.%
PHBV concentration for the microfibers was used
because a further increase in solution viscosity in the
presence of SiO,—NPs would clog the capillary due to
drag resistance [57]. Meanwhile, at concentrations less
than 4 wt.% PHBYV, there was insufficient time for the
solvent to evaporate when using the predetermined
electrospinning parameters. As anticipated, the incor-
poration of NPs created surface roughness in each case.
This roughness was, however, more pronounced in the
beaded nanofibers than the beadless microfibers. This is
because a higher concentration of PHBV was extracted
during electrospinning of 12 wt.% PHBV solutions in
contrast to 4 wt.% PHBYV solutions using the same feed
rate of 1 mL/h in both cases. Therefore, the 12 wt.%
electrospun microfibers obtained a greater coverage
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PHBV solution; ¢, d schematics of each morphology

Fig. 2 SEM images of SiO,~incorporated PHBV fibers; a beadless microfibers from a 12 wt.% PHBV solution; b beaded nanofibers from a 4 wt.%

of NPs with the PHBV matrix (Fig. 2a, ¢) compared to
much superior roughness of beaded nanofibers from 4
wt.% solutions (Fig. 2b, d).

Various authors have discussed the effect of beaded
fiber morphology on the mechanical properties of fib-
ers produced from low viscosity electrospinning solu-
tions [58-60]. Hence, increasing roughness may result
in reduced mechanical strength, abrasion resistance and
ductility due to higher defect density [61]. Therefore
bilayers of fibrous mats (at 12 wt.% and 4 wt.% PHBV
solution concentrations) were produced to observe the
synergic properties of higher fiber surface roughness
and stable fibrous membranes. The bilayer composite
mats were then observed under SEM (Fig. 3). At higher
magnifications (Fig. 3b); with the focus on the top layer
of beaded nanofibers, the beadless microfibers can be
observed in the background as the bottom layer.

The effect of SA modification on PHBV/SiO, fiber
surfaces can only be visualized clearly for microfiber
composites (Fig. 4). The SEM images show high surface
roughness upon plasticization by SA and the creation
of "free volume" as anticipated, inducing hierarchical
roughness. It was assumed that the same influence of SA
modification occurred in the case of beaded nanofiber

composites; however, this change could not be observed
under SEM due to the presence of the high density
of defects and relatively higher roughness induced in
beaded nanofibers after incorporating SiO,—NPs.

The presence of SiO,—NPs in the PHBV fiber matrix
was confirmed using EDX. Figure 5 presents the point
scans taken on fibers from pure PHBV, PHBV/SiO, com-
posites and SA modified composites. Table 1 compares
the relative change in the atomic percentages of carbon,
oxygen and silicon for unmodified and SA modified
PHBV/SiO, composites relative to pure PHBYV fibers.

EDX spectra confirm the presence of a high concentra-
tion of silicon at 1.74 keV (Fig. 5b, ¢) compared to pure
PHBYV fibers (Fig. 5a). As the point scans were ran on the
individual fibers of each sample, it was confirmed that a
successful incorporation of SiO,—NPs was carried out
within the PHBV fiber matrix during electrospinning.
Moreover, when the same sample of PHBV/SiO, com-
posite (example in Fig. 5b) was surface modified with
SA, the relative ratio of carbon to silicon was increased
(Fig. 5c). The surface modification with SA inevitably
alters the overall ratio of carbon, oxygen, and silicon in
the composites.
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18 km

Fig. 3 SEM images of bilayers of SiO, incorporated beadless microfibers (3 wt.% SiO,) and beaded nanofibers (1.7 wt.% SiO,) at different
magnifications showing micro-nano-fibers within the same sample

PO TPy YT T YTy
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Fig. 5 EDX spectra of a pure PHBV fibers, b PHBV/SiO, composite fibers, and ¢ SA modified composites

Thermal analysis incorporation of SiO,—NPs and the surface modifica-
DSC was used to study the change in melting tem- tion by SA. Solutions of varying concentrations of SA
perature and melting enthalpy of PHBV following the in acetone (e.g., 2 wt.%, 5 wt.% and 12 wt.%) were used
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Table 1 Relative change in carbon and oxygen content
following SiO, incorporation and SA modification

Sample Pure PHBV PHBV/SiO, PHBV/
(unmodified) SiO, (SA
modified)
%Carbon 73.1+1.64 5254225 66.7 +3.02
%0Oxygen 2694163 402+3.15 2854+49
%Silicon 0.01740.02 7.2840.96 48421

to modify the surface of 12 wt.% PHBV fibers in each
sample to optimize the extent of plasticization of PHBV
fibers and minimize residual SA in the resultant fibrous
mats. The thermal properties of the SA modified PHBV
fibers were compared with those of pure PHBV (Fig. 6).
The effects of SiO,—NPs and SA modification on melting
temperature and enthalpy are summarized in Table 2.
When melting at a constant rate, pure PHBV showed
a high degree of crystallinity (Sample 1 in Table 2). Add-
ing 3 wt.% SiO, (Sample 2) into the electrospinning solu-
tion did not affect the melting temperature markedly;
however, the melting enthalpy and therefore the degree
of crystallinity reduced noticeably. Several reasons could
account for the decrease in enthalpy with the addition of
SiO,—NPs. First, the difference in the respective specific
heats of NPs and the PHBV matrix could account for the
overall decrease in thermal absorbance as NP concen-
tration increased; the result is an overall decrease in the
latent heat of fusion of the PHBV/SiO, composite. Sec-
ond, the thermal conductivity of NPs can influence the
heat transfer characteristics of the composites, thereby
reducing the overall enthalpy of the composites. Finally,
the high surface area and the possibility of agglomera-
tion could cause heterogeneity in nanoparticle distribu-
tion and provoke an instability that decreases melting
enthalpy. That said, it is also evident that increasing the
SA concentration decreases both the melting tempera-
ture and melting enthalpy of the PHBV fibers (Samples
3 and 4), which indicates a chemical change to the PHBV
[36, 62]. The interaction of the polar groups of SA mol-
ecules with the PHBV fibrous mats presumably affects
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the intramolecular structures of the PHBV chains. This
altering of the PHBV structure decreases the degree of
crystallinity which can be predicted from the lowering of
melting enthalpy after surface modification of PHBV fib-
ers. The change in intramolecular forces in PHBV chains
upon plasticization with SA decreases crystallinity, as
also shown in previous literature [34].

In the final sample (Sample 5) the synergic effects of
SiO,—NPs and SA modification on the thermal prop-
erties of PHBV are evident. SiO,—NPs are assumed to
decrease melting enthalpy, whereas the SA modification
decreases the melting temperature in the same sample.
Data of the first melting enthalpy supports this hypoth-
esis, as the incorporation of SiO,—NPs sharply decreased
AH,, (Sample 2) in contrast to the pure PHBV (Sample
1), whereas relatively higher AH,, was observed in the SA
modified PHBV fibers (Sample 3 and 4). The combina-
tion of SiO, incorporation with 5 wt.% SA modification
in sample 5 therefore produced the lowest observed crys-
tallinity values. Hence, it can be anticipated that incorpo-
ration of NPs into the PHBV matrix, combined with SA
plasticization, not only induces roughness in the fibrous
membranes but also reduces PHBYV stiffness caused by a
reduced crystalline fraction.

FTIR analysis

FTIR analyses of PHBV fibrous mats modified with dif-
ferent concentrations of SA in an acetone solution are
shown in Fig. 7a; these samples are compared to pure
PBHV and pure SA. Pure PHBV produces a strong sig-
nal at 1720 cm™" corresponding to the C=0O stretching
bond, which is characteristic of ester groups. Secondly,
two weak signals at 2930 cm™' and 2974 cm™! represent
aliphatic alkyls in the functional group region originat-
ing from the C-H stretching bonds of ethyl and methyl,
respectively. For pure SA, there is an absence of absorp-
tion bands at 3009 cm™! and 1654 cm ™, which normally
correspond to unsaturated C=C deformation vibrations
and stretching vibrations respectively [33]. This absence
of C=C verifies that the SA used in this work was a satu-
rated linear-chain fatty acid which was a prerequisite for
successful molecular interaction at the polar carboxylic

Table 2 Thermal analysis results obtained from DSC measurements of various samples

# Sample Melting temperature (Tr,) °C  Melting enthalpy %(Crystallinity
1 Pure PHBV 15855 70.14 64.3
2 PHBV fibers (3 wt.% SiO,) 157.79 39.03 369
3 PHBV 2 wt.% SA modified 15543 5267 48.3
4 PHBV 12 wt.% SA modified 153.99 44.7 41
5 PHBV with 3 wt.% SiO,—NPs (5 wt.% SA 153.8 31.2 29.5
modified)
6 Pure SA 69.5 221.08 -




Rabbani et al. Functional Composite Materials (2022) 3:1

Page 9 of 15

=
=
[
o

(6)

T_ J
A
N

Heat Flow (Normalized) Q (W/g)

14— —— )
— — “4
_r o e — A3)
— —— ")
e N
El 1 )
4I0 I 8'0 I 1éO I 1E'50 l 2(I)O

Temperature (°C)

Fig. 6 DSC thermograms of the first heating cycles of (1) pure PHBV samples, (2) PHBV/SIiO, composite fibers (unmodifed), (3) PHBV fibers with 2
wt.% SA modification, (4) PHBV fibers with 12 wt.% SA modification, (5) PHBV/SIO, composite with 5 wt.% SA modification and (6) pure SA

end with PHBYV, as discussed in the literature [35, 36].
Furthermore, the C= O stretching peak for pure SA, cor-
responding to a signal at 1696 cm™! and having a rela-
tively weaker transmittance represents conjugate acids.
FTIR was also used to characterize PHBV/SiO, com-
posite fibers with increasing SiO,—NPs concentration
from 1 wt.% to 4.5 wt.% relative to a 12 wt.% PHBV/chlo-
roform solution. The spectra were compared to those
of pure PHBYV fibers and pure SiO,—NPs (Fig. 7b). The
SiO,—NPs were incorporated into the PHBV fiber matrix
and apparently did not influence the chemical structure
of the PHBV matrix. As the concentration of NPs was
increased (even as high as 4.5 wt.%), no characteristic
absorption peaks from the SiO, interaction with PHBV
were observed, thus indicating physical incorporation
into the composite. Finally, the FTIR spectra of the syn-
ergic effect of SiO,—NPs and SA modified fibers is shown
in Fig. 7c. Evidently, except for the characteristic stretch-
ing peak of SiO, at 1083 cm ™! in the fingerprint region,
no other interaction peaks are observed prior to SA
treatment which confirms the above hypothesis that the
inorganic SiO, is physically incorporated in PHBV fib-
ers. On the other hand, as concentrations of SA in PHBV
increased, a gradual shift in the characteristic signal of
PHBV at 1720 cm ™ to a lower wavenumber was observed
(Fig. 7b). This shift indicated an interaction of the PHBV

chains with the oxygen—containing polar group of SA.
Furthermore, no visible change in the FTIR spectra of
the PHBV fibers treated with 1 wt.% SA solution was
observed compared with those of the pure PHBV fib-
ers. This absence of a change could be due to a very low
concentration of SA molecules, thereby decreasing the
probability of homogeneous molecular interactions of SA
with PHBV in the sample. However, as SA concentration
increased, the C-H stretching bonds at 2915 cm™! and
2848 cm™! appeared; these are characteristic absorption
peaks of long—chain alkanes. With a gradual increase in
SA concentrations, the former peak of SA appeared to
overlap with the latter peak of pure PHBV in the func-
tional group region, which at first glance indicates an
interaction between the C-H alkyl groups. However,
given that an interaction of PHBV and SA is more prob-
able at the oxygen-containing polar groups, the overlap-
ping of saturated alkane peaks for the both components
can be considered an artifact of the final product, having
different methyl, ethyl and, stearate groups.

Wettability behavior

WCAs of the fibrous surfaces were compared with casted
films from the same solutions. Pure PHBV fibrous mats
showed complete wetting with an almost instantane-
ous droplet collapse for the 21 wt.% and 12 wt.% PHBV
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solutions (Supplementary S3a). Decreasing the concen-
tration of PHBV increases the droplet collapse time due
to the appearance of the rough beaded nanofiber mor-
phology [43, 56]. However, even at low concentrations,
pure PHBV mats showed a predominantly wetting behav-
ior and very low static contact angles were observed after
droplet collapse, the reason for this is the absence of a
secondary hierarchical roughness (Fig. 1f). The film cast

from solution in each case showed WCAs in the range of
75° to 80° (Fig. 9f), values that agree reasonably well with
those in the literature [43].

Incorporation of SiO,—NPs changes the wetting state to
a Wenzel non-wetting state caused by the partial encapsu-
lation of the NPs within the fiber morphology, which cre-
ates the required fiber surface roughness (Supplementary
S3b). Different concentrations of SiO,—NPs (from 1 wt.%
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to 6 wt.%) were added to 12 wt.% PHBV solutions prior
to electrospinning. The obtained initial WCAs for differ-
ent SiO, concentration were in the range of 125° to 141°
(Fig. 8a). The change in wettability of the fibrous mats as
a function of SiO,—NPs increased the droplet collapse
time with increasing SiO,—NPs concentration (Fig. 8b).
As mentioned above, water droplets collapsed rapidly for
the pure PHBV fibers (without SiO,—NPs) and relatively
slower at 1 wt.% SiO, because of the resistance caused by
hydrophobic NPs and hydrophilic PHBV matrix. The aver-
age time required for a droplet to collapse from its initial
WCA down to 90° was 13.6+4.5 s for pure PHBV fibers
and 49+£2.2 s for 1 wt.% SiO, incorporated fibers. When
the SiO, concentration increased to 1.7 wt.%, the wetta-
bility state changed to a non-wetting state, and the water
droplet ceased to collapse. Now in all the cases with SiO,
concentration higher than 1.7 wt.%, the time required for
the WCA to decrease by approximately 1° was determined
using a video recorder (Fig. 8b). The highest initial WCAs
of 132.8°£4.99° and 132.7°+2.28° were obtained at the
respective SiO, concentration of 2.5 wt.% and 3 wt.%. Neg-
ligible changes in WCAs were observed over an extended
period with only a 1° decrease after 164+5.92 s and
212+8.79 s, respectively (Fig. 8b). Higher SiO,—NP con-
centrations of 4.5 wt.% and 6 wt.% were discarded because
of irregular trends probably caused by the heterogeneity/
agglomeration of NPs within the fibers and the difficulty
in electrospinning as excessive NPs would clog in the cap-
illary. From these observations, it was concluded that the
optimal static WCAs and delayed wettability for micro-
fiber composites can be obtained using a 12 wt.% PHBV
solution with a 3 wt.% concentration of SiO,—NPs. On the
other hand, for beaded nanofiber composites obtained
from a 4 wt.% PHBYV solution, a concentration of 1.7 wt.%
SiO,—NPs was considered optimal. Although the wetting
state changed to a non-wetting state with the incorpora-
tion of PDMS-treated fumed SiO,—NPs, the water droplet
adhesion to the fibrous surface remained nonetheless high.
This is attributed to the intrinsically hydrophilic nature of
the PHBV matrix and the presence of a Wenzel state. The
surface therefore showed no dynamic roll-off but rather a
relatively high droplet sticking because of a lack of tertiary
hierarchical roughness (Supplementary S3b).
Superhydrophobicity on such hydrophilic surfaces
can be induced using several methods proposed in the
literature [63]; for example, researchers have modified
surfaces by plasma etching using fluorinated compounds
to reduce the surface energy [56]. Nonetheless, the use
of fluorinated compounds in a biopolymer is not ideal
because of the associated environmental hazards. Com-
plicated texturing processes are also not industrially
viable. Hence, here the SiO,-incorporated PHBV fibers
were modified using a simple thermal activation reaction
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of PHBV with SA in an acetone solvent. The surface plas-
ticization of PHBYV, using long-chain fatty acids via the
interaction of polar groups, produced the desired sub-
micron roughness and also improved ductility [36]. The
hierarchical structure markedly reduced water droplet
adhesion, resulting in a dynamic roll-off via the transfor-
mation to a Cassie—Baxter state (Supplementary S3c).

The water repellency and sliding angles of four sample
designs (Fig. 9)a were compared. In each case, SiO,—NPs
were incorporated using a concentration of 3 wt.% and 1.7
wt.% for the beadless microfibers and beaded nanofibers
respectively. Samples 1, 3 & 4 (Fig. 9b, d & e) demonstrated
much lower sliding angles owing to their higher surface
roughness because of the presence of a beaded morphol-
ogy in the top layer and high porosity fibers at the droplet-
fiber interface in comparison to that of Sample 2 (Fig. 9c).
The top layer in the case of micro-nano-fibrous (MNS)
bilayer composites from 4 wt.% PHBV solution comprises
a high density of beads and porosity compared to bead-
less microfiber composites from 12 wt.% PHBYV solutions,
which were previously used for droplet collapse measure-
ments. Therefore, MNS composites facilitated a certain
degree of dynamic roll-off even without surface modifica-
tions with SA (Sample 1). Sample 1 had, however, com-
paratively the smallest average static WCA of 142.7°+2.3%;
therefore, surface modification with SA obviously
improved the hydrophobicity of the bilayers, as illustrated
by sample 4 showing an average WCA of 151.6°+2.1°. At
the same time, the sliding angle in the case of MNS bilay-
ers also decreased from 11.4°+3.02° to 4.3°+1.08° after
treatment with SA, thereby indicating a direct influence on
dynamic superhydrophobicity. Nonetheless, surface modi-
fied beadless microfiber composites showed improved
static WCAs in the range of 145.8°+2.7°, relative to WCAs
observed during the droplet collapse measurements; how-
ever, high droplet adhesion with sliding angles greater than
47° was observed in this case. This adhesion is reflected on
the much lower surface roughness because of the higher
degree of SiO,—NPs encapsulation, the lower density of
fiber porosities, more free space in between the thicker fib-
ers enabling droplet interlocking and a hydrophilic PHBV
matrix. Lastly, SA modified beaded nanofibers in Sample
3 (Fig. 9d) exhibited high WCAs of 147.3°+1.9° and a low
droplet adhesion with sliding angles of 8.4°+1.1°. How-
ever, their use and applications are limited by the presence
of a very high roughness and a "popcorn-like" morphol-
ogy having a high defect density; these factors alter their
mechanical properties [58—60]. It is therefore concluded
that the surface modified MNS bilayer of the PHBV/SiO,
composite is therefore an ideal design for superhydropho-
bic fibrous surfaces (Supplementary Sle & S3c), character-
ized by the highest contact angle of approximately 155.3°
and roll-off angle of less than 4°.
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Conclusions

Superhydrophobic electrospun fibrous mats from PHBV/
SiO, composites were produced using the intrinsically
hydrophilic P(HB-co-HV) biopolymer. Solutions of pure
PHBYV in chloroform as solvent were prepared and electro-
spinning parameters were optimized to produce beadless
microfibers and beaded nanofibers. The solution con-
centration of pure PHBV in a chloroform solvent played
a critical role in producing the desired fiber morphology.
PDMS-treated fumed SiO,—NPs were incorporated into
the electrospinning solution to modify the static wetting
behavior of the fibrous mats owing to enhanced surface
roughness. SEM was used to observe these changes in fiber
morphology with the addition of NPs, and EDX analysis
confirmed SiO, incorporation. The composite fiber mats
were surface modified via interaction with SA to facilitate
a dynamic roll-off by inducing a tertiary roughness upon
the plasticization of PHBV/SiO, composites. The thermal
analysis demonstrated that the incorporation of SiO,—NPs
and plasticization by SA decreased the crystallinity and
altered the melting temperature of PHBV. FTIR analysis
confirmed the interaction of the polar carboxyl groups of
SA with the PHBV chains; however, the successful plas-
ticization of PHBV/SiO, composites is limited to low SA
concentrations. Superhydrophobic fibrous mats produced
from bilayers of surface modified micro-nano-fibers dem-
onstrated WCAs > 155° and sliding angles <5° without the
use of any fluorinated compounds or expensive texturing
processes. Such biocompatible superhydrophobic surfaces
offer several potential applications in, for example, bio-
medical technologies, drug delivery systems, cytocom-
patibility, water filtration, oil-water separation, and food
packaging industries.
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