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a b s t r a c t

The development of next-generation adsorption, separation, and filtration materials is growing with an
increased research focus on polymer composites. In this study, a novel blend of chitosan (CS) and
polyethylene oxide (PEO) nanofiber mats was electrospun on titanium (Ti)-coated polyethylene tere-
phthalate (PET) track-etched membranes (TMs) with after-treatment by glutaraldehyde in the vapor
phase for enhancing the nanofiber stability by crosslinking. The prepared composite, titanium-coated
track-etched nanofiber membrane (TTM-CPnf) was characterized by Fourier transform infra-red (FTIR),
water contact angle, and scanning electron microscopy (SEM) analyses. Smooth and uniform CS nano-
fibers with an average fiber diameter of 156.55 nm were produced from a 70/30 CS/PEO blend solution
prepared from 92 wt. % acetic acid and electrospun at 15 cm needle to collector distance with 0.5 mL/h
flow rate and an applied voltage of 30 kV on the TTM-CPnf. Short (15 min) and long (72 h)-term solubility
tests showed that after 3 h, crosslinked nanofibers were stable in acidic (pH ¼ 3), basic (pH ¼ 13), and
neutral (pH ¼ 7) solutions. The crosslinked TTM-CPnf material was biocompatible based on the low
mortality of freshwater crustaceans Daphnia magna. The composite membranes comprised of electro-
spun nanofiber and TMs proved to be biocompatible and may thus be suitable for diverse applications
such as dual adsorptionefiltration systems in water treatment.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Population growth and industrialization have increased the
demand for clean water [1]. Industrialization has introduced many
different chemical substances into the surrounding environment in
the form of metal ions or persistent organic compounds such as
dyes, which can compromise human health [2]. To increase the
supply of clean water, the purification of water sources is impor-
tant, but finding suitable materials for diverse water purification
applications remains a current challenge. Electrospun nanofibers
are of low cost and possess unique properties such as high porosity
with fine pores, high permeability, low basis weight, and high
specific surface area to volume ratio [3,4], and these properties
initiated the use of electrospun nanofiber membranes as novel
materials for water treatment.
).
Chitosan (CS) and some of its derivatives have been of interest
in electrospinning due to their excellent physicochemical proper-
ties. CS is the natural polymer obtained from the partial deace-
tylation of crustacean waste and has anti-algal, anti-fungal, and
anti-microbial properties [5,6]. CS can be used for the adsorption
of toxic metals because of the presence of amine and hydroxyl
functional groups [7] but the electrospinning of CS is extremely
difficult and challenging due to the low chain flexibility, low me-
chanical properties, and high viscosity [8]. The mechanical prop-
erties of CS nanofibers can be better enhanced with the blending
of CS with polymers such as nylon-6, poly(vinyl alcohol), poly(-
caprolactone), polyethylene oxide (PEO), cellulose, and poly(lactic
acid) [9]. To increase the spinnability of CS in this study, it was
blended with PEO, which is a bio/mucoadhesive, semi-crystalline,
and biocompatible synthetic polymer because of its ability to form
hydrogen bonds [10,11].

Track-etched membranes (TMs) are produced by polymer
film irradiation using highly ionizing particles and subsequent
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chemical etching. Polymers that are commonly used for membranes
include polyimide, polyvinylidene fluoride, polyethersulfone, poly-
ethylene, terephthalate, and polycarbonate [12]. Polymer films can
be irradiated by either accelerated ions or fission fragments from a
cyclotron to form the latent TM tracks. The track etching process
converts the latent tracks into hollow channels. During chemical
etching, and at a controlled pH and temperature, some chemical
etchants like an alkaline solution, hydrogen peroxide, or acetic acid
can be used to change the latent ion tracks into definite and
controlled pore sizes to produce the TM. Several developed etching
methods have allowed for the formation of cigar-like, funnel-like,
conical, cylindrical, and other track-etched pore shapes [13]. Char-
acteristics such as density, shape, and pore size can be changed in a
controllable varied manner to yield membranes with the requisite
transport and retention properties. TMs are available in the market
and are used in various applications such as porous supports, model
capillary systems, templates, and precise filters for the separation of
nano- and micro-structured materials [12].

TMs can provide very distinctive advantages over conventional
membranes because their structures can be determined precisely
[13]. The combination of TMs and nanofibers to form a composite
can become an effective way of preparing new materials with
tailored properties [14]. Electrospun nanofibers have porous
structures with good pore-interconnectivity and high surface-to-
mass (or volume) ratio while TMs contain nano- and macro-pores
of diverse structures [3,15]. The synergy of combining electrospun
nanofibers and TMs can thus offer unique properties for filtration
and adsorption-based systems [16]. In a study by Li et al. [17],
composite nanofiber membranes were obtained via electro-
spinning CS nanofibers on PET polyester scrim and were used for
Cr(VI) chemical filtration. Another study by Podg�orski et al.
[18] also showed that fibrous filters made of nanofibers can be
economic and very promising to improve filtration. However, there
is still limited published studies demonstrating the use of com-
posite electrospun nanofibers in dynamic adsorption, separation,
and application processes.

Crosslinking can improve themechanical and chemical stability of
nanofibers in composite membranes. Crosslinkers are polymer sta-
bilizing agents that act through the bonding and coupling of chains in
the functional groups and thus prevent the polymer dissolution [19].
Glutaraldehyde (GA) has successfully been used to crosslink CS
nanofibers. GA is a homo-bifunctional crosslinker that can react with
CS through a Michael-type adduct with terminal aldehydes, which
leads to the formation of carbonyl groups, or via Schiff base reaction
that leads to an imine functionality [20]. The chemical stability of
crosslinked electrospun nanofiber using GA has been reported for
metal ion adsorption from an aqueous solution [21,22].

Daphnia magna (D. magna) has been used in ecotoxicological
research and regulatory testing as a freshwater invertebrate and
several features of the planktonic crustacean make it appropriate
for testing toxicity in the laboratory [23]. Most toxicological
research has been based on acute toxicity data with these aquatic
crustaceans and based on effective concentration evaluation (EC50)
for immobilization or lethal concentration (LC50) for mortality [24].

In this work, the parameters of the electrospinning process were
optimized to achieve beadless CS nanofiber mats on the titanium-
coated TM used as the collector. A systematic investigation to un-
derstand the solubility and electro spinnability of chitosan/PEO (CS/
PEO) was performed. This study investigated the possibility of CS, a
‘green’ hydrophilic polymer, blended with PEO for electrospinning
directly on a metallized TM as a conductive cathode andmembrane
support. We demonstrated the obtained composite membrane for
biocompatibility using D. magna. Improving composite membranes
could allow their use as affinity membranes for filtration/adsorp-
tion of targeted toxic metals or organic pollutants.
2

2. Materials and methods

2.1. Materials

CS (Mw ¼ 200,000), degree of deacetylation (DDA) 80e85%, and
PEO (Mw ¼ 300,000) were used to prepare the nanofiber mats.
Glacial acetic acid (�99%) was purchased from AppliChem (Ger-
many). Commercial CS was purchased from Bioprogress (Russia).
PEO was obtained from Sigma-Aldrich (Germany). GA solution
grade II 25% w/v was obtained from Sigma Aldrich (USA). The Milli-
Q deionized water-18 U was used throughout this study from the
Brand Millipore system Milli-Q France.

2.2. Ti-thin-film track-etched membrane

The TMs used in the studywere obtained from the Joint Institute
for Nuclear Research, Dubna, Russia using a Mitsubishi PET poly-
ester film to obtain 23 mm-thick fabricated TMs having a pore
density of 2.4 � 108 cm�2 with characteristic pore diameters of
0.3 mm. Different pore sizes can be achieved with TMs and this is
just a typical example. The description of the TM fabrication pro-
cess was detailed elsewhere [25], where irradiation was done by a
cyclotron with the use of swift heavy ions (Xe, Kr) to create latent
ion tracks on a PET film. These latent ion tracks were subsequently
etched in NaOH (2 M) to produce the pores. The track-etched PET
membranes were thereafter made conductive by using a magne-
tron sputtering technique to deposit thin films of Ti on the mem-
brane. Integrating the Ti-based cathode into the TM improved the
adhesion between electrospun nanofibers and the TM substrate
and subsequently promoted larger scale electrospinning [26]. The
metallization of the TM with Ti was used to prepare the TM as a
cathode for use during electrospinning. The selection of titanium
(Ti) as the coating was due to its good electrical conductivity, ease
of production by magnetron sputtering, stability in water, and
biological inertness. Copper and silver were considered as alter-
native conductive coatings but were deemed to be less effective
based on other studies [15]. The adhesion between copper and the
TM surface reduced considerably when in contact with water and
silver was less stable and more expensive than titanium. The Ti
metallic coatings were deposited from a vertically mounted target,
which sputtered 99.7% pure titanium from an argon gas atmo-
sphere (99.99%) carried out in an industrial DC planar magnetron
sputtering vacuum unit for roll-to-roll deposition. Glow discharge
air plasma was used to clean the samples before depositing the Ti
coatings on top of the TM for about a minute to improve the thin-
film adhesion to the polymer surface [27].

2.3. CS solution preparation

The electrospinning solution was prepared by dissolving CS
(0.75 g) and PEO (0.75 g) separately using 92 wt. % acetic acid (1 M)
aqueous solution to achieve 5% (w/v) polymer concentration. Then,
an appropriate quantity of CS solution, which was prepared as
described above, was added to PEO solutions at the following
different blending ratios of 90/10, 70/30, 50/50, 30/70, and 10/90
(total volume 20 mL) at room temperature. Separate solutions of
3.5 wt. % and 7.5 wt. % of CS dissolved in acetic acid (92 wt. %) were
also prepared individually. The blended mixtures were stirred on
an IKA magnetic stirrer (RCT basic) consistently for at least 24 h for
a complete dissolution of the polymers.

2.4. Direct electrospun fibers on metallized TMs

Unlike classical electrospinning, where a needle anode and
collector-plate cathode are used [28], the collector-plate was



O. Pereao, C. Uche, P.S. Bublikov et al. Materials Today Chemistry 20 (2021) 100416
integrated into the TM membrane by sputter coating metallic Ti
onto the track membrane sheet before electrospinning. The pre-
pared CS/PEO polymer blend solutions were loaded into a plastic
5 mL syringe before a metallic needle tip was attached. The syringe
was then positioned in a ZS100 CR programmable pump to regulate
the solution flow rate. Thereafter, a high voltage of between 15 and
30 kV was applied to the metallized TM collector and the syringe
needle. The voltage was applied while maintaining a pumping
speed of 0.5 mL/h to deposit the fibers, using a needle tip to the
collector distance of 10e25 cm. The solution was electrospun for a
minimum time of 2 h. The composite nanofiber mats were then
carefully positioned above a porous Teflon plate inside an airtight
desiccator which contained 10 mL of 25% aqueous GA solution in a
petri dish beneath the Teflon plate to crosslink the fibers at 37 �C.
After the crosslinking procedure, the composite nanofiber mem-
brane samples were vented in a fume cupboard for an hour to
eliminate any residual GA andwere subsequently dried for 24 h in a
vacuum.

2.5. Solubility estimation test

A modified procedure of the stability of the nanofiber under
acidic, neutral, and basic conditions was tested as described by
Kiechel and Schauer [29] and Austero et al. [20]. The TTM-CPnf
nanofiber membranes cut into 7 mm by 7 mm square shapes were
inserted in separate 15 mL solutions of different pHs with each
containing 1 M acetic acid (AA) of pH 3, H2O of pH 7, and 1 M NaOH
of pH 13 in a centrifuge tube. The transmittance at 600 nm (T600) of
each solution was measured using a Helios Epsilon Spectrometer
from Thermo Fisher Scientific Inc., MA, USA to monitor the solu-
bility of nanofibers. Solution aliquots were removed and trans-
ferred to cuvettes for measurement after 15 min and 72 h at
ambient temperature. The sampled 1.5 mL volume previously
removed was substituted back into the solution after each mea-
surement and three trials were conducted for each sampling
regime. For the reference values, 1 M NaOH, 1 M AA, and H2O so-
lutions were used and all the different test solutions were
normalized to the corresponding reference solution. Each com-
posite nanofiber membrane condition was also visually observed
and recorded.

2.6. Swelling of the composite nanofiber membrane

The swelling ability of the crosslinked nanofiber membranes
was investigated by immersing pre-weighed (approximately
0.05 g) composite nanofiber in pH 7 (neutral), pH 10.01 (alkaline),
and pH 4.01 (acidic) solutions (10 mL volume) for 12 h and 24 h at
room temperature. Thereafter, the excess solvents were removed
by blotting on a filter paper and the samples wereweighed using an
analytical balance OHAUS Adventurer (USA). The swelling rate of
the composite nanofibers was evaluated using the following
equation

Degree of swellingð%Þ¼ ðSw � Dw

Dw
Þ � 100

where Dw is the initial dry weight of the nanofiber membrane and
Sw is the weight of the swollen nanofiber membrane.

2.7. Characterization

The infrared spectra of the nanofiber mats were measured using
a Fourier transform infrared spectrometer fitted with an attached
attenuated total reflectance (FTIR-ATR) (Thermo Scientific model,
3

Nicolet 6700). The spectra were collected in the 4000e500 cm�1

range with a 4 cm�1 resolution by the accumulation of 64 scans to
confirm the hydrogen bonding formation between CS and PEO and
to observe the chemical functional groups on the fibers. The elec-
trospun nanofiber (non-cross-linked, cross-linked electrospun CS/
PEO) mats as well as the surface layer microanalysis of the polymer
thin film TM-Ti structures was evaluated with a SU-8020 field-
emission scanning electron microscope (Hitachi-Japan) (FESEM).
The samples were coated with palladiumeplatinum for 5 s before
microscopy using a Denton vacuum desk II sputtering machine. The
average fiber diameter distribution was estimated by measuring 50
random fibers from the FESEM acquired images using an image J
software analysis (National Institute of Health, USA, Image J).
Elemental distributions were obtained by energy dispersive spec-
troscopy (EDS), performed on the FESEM with the Oxford In-
struments Aztec Energy EDS Analysis System. The different
polymer solutions’ electrical conductivity was tested using a Met-
tler Toledo (USA) Seven2Go S3-Basic conductivity portable meter
and the measurements were reported after five replications at
25 �C. A Krüss drop shape analyzerdDSA100S (KRÜSS
GmbHdGermany) was used at room temperature to measure the
water contact angle where 4 mL drop of ultra-pure water was
released over the sample from a needle and observed through a
video camera, which also allowed for the exact capturing of the
moment when the drop touched the sample surface.

2.8. Assessment of the biocompatibility potential of the composite

A 0.01 g of the composite nanofiber membrane of TTM-CPnf-2
and GA-modified TTM-CPnf-2 was weighed, immersed, and
shaken by sonication for approximately 30 min in 100 mL Milli-Q
water to achieve 100 mg/L ‘stock suspension’. The Daphnia acute
toxicity testing was carried out using the suspension (OECD
guideline 202) and ISO norm 6341 [30] as previously described by
Heinlaan et al. [31]. Hatching of the ephippia was achieved ac-
cording to the supplier's (Daphtoxkit F Magna™, MicroBioTests Inc.,
Belgium) instructions. The young daphnids were pre-fed with a
suspension of Spirulina microalgae (6.7 � 104 cells/mL) 2 h before
the commencement of experiments to prevent ‘starvation to death’.
Hatched ephippia were used for the toxicity testing as daphnid
neonates, which are <24 h old and incubated at 20 �C under the
illumination of 6000 Lux continuously for up to 96 h. A control (no
TTM-CPnf composite) and at least four technical replicates and
three independent assays were conducted for concentrations of
6.25, 12.5, 25, 50, and 100 mg/L. Testing was done in an Artificial
Freshwater (AFW) OECD 202 medium composed of 294 mg/L
CaCl2$2H2O; 67.75 mg/L NaHCO3; 123.25 mg/L MgSO4$7H2O; and
5.75 mg/L KCl at pH 7.8 ± 0.2 of ultrapure water in MicroBio Tests,
Inc. (Mariakerke-Gent, Belgium) polycarbonate 30-well test plates
with each 10 mL well containing 5 daphnids in the test wells. AFW
are synthetic solutions that emulate the major ion compositions of
natural waters that are important in experiments for the rearing of
stock cultures and have the advantages of standardization and
reproducibility [32]. The immobilization (mortality) by visual
observation of daphnids was recorded with the use of a light table
upon 24 and 48 h incubation in the dark at 20 �C. The daphnid was
considered as immobilized if swimming was not resumed after 15 s
of gentle agitation. The EC50 toxicity endpoint was considered as
the toxicant concentration that was required for immobilizing 50%
daphnids after the exposure time. The ToxRat Professional 3.2®
software was used for the determination of mortality, statistical
significance, and critical concentrations. The test was considered
valid if the control daphnids immobilization did not exceed 10%.
Low toxicity would indicate biocompatibility.



Table 1
Sample code and polymer ratio (5wt. % blend CS/PEO ratios 100/0, 90/10, 70/30, 50/50,
30/70, 10/90, and 0/100).

Sample code Polymer Polymer Ratio Polymer to solvent (%)

TTM-C-nf CS 100 5 wt.
TTM-CPnf-1 CS/PEO 90/10 5 wt.
TTM-CPnf-2 CS/PEO 70/30 5 wt.
TTM-CPnf-3 CS/PEO 50/50 5 wt.
TTM-CPnf-4 CS/PEO 30/70 5 wt.
TTM-CPnf-5 CS/PEO 10/90 5 wt.
TTM-P-nf PEO 100 5 wt.

Table 2
Energy-dispersive quantitative analysis of the elemental composition of Ti metal-
lized thin film deposited by magnetron sputtering on TM.

Element Atomic %

C 95.33
O 2.82
Al 0.34
Si 0.1
Ti 1.41
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3. Results and discussion

3.1. SEM-EDS analyses of TTM structures

The titanium-coated polyethylene terephthalate track-etched
membranes (TTM) surface structure has a typical surface for a track
membrane as shown in Fig. 1(a) and a single pore track in (1b)
while the elemental composition of a Ti film deposited by
magnetron sputtering from EDS quantitative results is shown in
Table 2 indicating the Ti peaks.

The pores of TTM have a symmetrical circular shape with a diam-
eter of 0.2 mm providing a high flow rate. Energy-dispersive micro-
analysis confirmed the titanium layer (titanium �1.41%) on the TTM
after sputtering. The presence of elements such as silicon and
aluminum can be explained as the technological feature of working
with thesample (aluminumstage,particlesof siliconandcarbon, in the
form of surface contamination) while the occurrence of oxygen indi-
cated the oxidation surface, which formed the Ti1-xOx dielectric layer.

The SEM-EDS quantitative result showed that the carbon con-
tent is due to PET while oxygen and titanium contents are due to
the TiO2 used in covering the surface of the TM from the Ti film
deposited by magnetron sputtering.
Total 100

Fig. 2. The effect of electrical conductivity on the CS/PEO composite solution blends
(blending ratiosd100/0, 90/10, 70/30, 50/50, 30/70, and 10/90 and 0/100; 5 wt. % CS/
PEO polymer solution in 92 wt. % acetic acid; temp 37 �C).
3.2. Properties of blend electrospinning solutions

3.2.1. Electrical conductivity
The polymer blends were investigated for electrical conductivity

using the conductivity portable meter and Fig. 2 shows the trend of
electrical conductivity in the different blend ratios of 5 wt.% CS/PEO
prepared using acetic acid solutions (see Table1). The electro-
spinning process can be affected by the electrical conductivity of
solutions and the conductivity of CS/PEO blended solutions
increased from 55 to 944 mS/cm with the increase of CS ratio
because PEO is a non-ionogenic polymer and CS is a polyelectrolyte.
Electrospinning CS singly was difficult because solutions of CS are
more conductive than PEO because of the positive charges and
polycationic nature of the polymer chains. The PEO addition
decreased the CS solution's electrical conductivity by the reduction
in the protonation amount due to the formation of hydrogen bonds
occurring between the ether groups of PEO and amino groups of CS,
and also by the substitution of a positively charged molecule by a
neutral one, which thus helped to obtain a stable needle jet and
prevented the jet splaying in the region of the stretch [33,34].

The hydrogen bond formation between CS amino hydrogen and
PEO polyether oxygen rendered CS more electro spinnable and
increased the solution chain entanglements [35]. Though some
Fig. 1. a) SEM micrograph of a Ti film deposited by magnetron sputtering TMs and b) typical pore track of the TMs.
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Fig. 3. Proposed schematic of the chemical structures of CS/PEO interactions.
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applications may require a CS specific property like adsorption and
filtration, the lowest added 30% ratio of PEO polymer was prefer-
able, because the PEO addition lowered the electrical conductivity
sufficiently without altering the outstanding electrospinnability.
The high CS content of CS-based nanofibers was achieved previ-
ously, but quite a lot of these studies were based on the use of other
solvents like dimethyl sulfoxide and trifluoroacetic acid [36].
However, in this study, TTM-CPnf mats with high CS content were
electrospun using acetic acid aqueous solutions, which presents a
green option.
Fig. 4. SEM micrographs of electrospun fibers at different polymer solution concentrations (w
voltage ¼ 30 kV, flow rate ¼ 0.5 mL/h, solvent ¼ 92 wt. % acetic acid; temp 37 �C).

5

CS and PEO represent a blended mixture from two structurally
different polymers that interact together without any covalent
bond formation. It was already demonstrated that after CS/PEO
electrospinning, PEO can be removed subsequently from the
nanofibers by simply incubating the CS/PEO nanofibers in water for
a few days [37,38]. Many nanofibers of PEO and CS blends have been
fabricated by electrospinning based on the interaction between
PEO moieties and CS chains [39], as shown in Fig. 3, which enabled
flexible PEO chains to easily form molecular complexes through
hydrogen bonding between CS and PEO.

Two types of hydrogen bonds can be formed between CS and
PEO from the proposed schematic: the first may occur between the
ether oxygen of PEO and the hydrogen atom of the quaternary
ammonium group, while the second type is between the hydrogen
atoms of hydroxyl groups of CS and ether oxygen of PEO [39].

3.3. Scanning electron microscopy of nanofiber structures

The SEMmicrographs of 3.5 wt. %, 5 wt. %, and 7.5 wt. % polymer
solutions of CS and 5 wt. % PEO prepared in mixed distilled water
and 92 wt.% acetic acid solution without the addition of any blend
polymers are shown in Fig. 4. The TTM-C-nf (CS only) resulted in a
very high solution viscosity and thus prevented the solution elon-
gation from the needle jet in the electrical field of the electro-
spinning unit (Fig. 4(a)) but TTM-P-nf (PEO only) solution was
electrospun (Fig. 4(b)) and produced nanofibers. It was therefore
considered as an appropriate blending polymer for the nanofiber
fabrication in this study. The results showed that TTM-C-nf
(Fig. 4(a)) and TTM-P-nf (Fig. 4(b)) have average fiber diameters
(AFDs) of 157.074 ± 12 and 181.59 ± 12 respectively, but the TTM-C-
t.%): a) 5 wt. % CS, b) 5 wt. % PEO, c) 3.5 wt. % CS, and d) 7.5 wt. % CS (distance ¼ 15 cm,
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nf in Fig. 4(a) had a substantial quantity of elongated beads
deposited on the collector. Clean PEO nanofiber was produced and
used as a control to comparewith the fibers obtained from different
CS wt % to evaluate the preliminary morphology of fabricated
nanofibers. In the case of 3.5 wt. % (Fig. 4(c)), the solution produced
blobs at the tip of the needle before being drawn out into the
nanofiber form probably due to high surface tension and lack of
chain entanglements, but when the CS content was increased to
7.5 wt. % (Fig. 4(d)), uneven beaded nanofibers were obtained,
which could be attributed to the increase in viscosity [34]. Hence,
the 5 wt. % CS content, which produced uniform electrospun
nanofibers with average diameter, can be used for creating smooth
nanofibers.

Beads were noticed in several cases despite changes in various
CS electrospinning parameters including flow rate and voltage. As
shown in Fig. 4(b), TTM-P-nf was able to form nanofibers by itself
and can thus improve the electrospinning process. Though there
was a noticeable improvement in the PEO spinning process, it
was difficult to spin for longer times beyond 1 h. This result is
similar to the electrospinning of CS using an acetic acid solution
by Geng et al. [40] who observed that when the CS concentration
was increased at the same equal molecular weight, there was a
gradual morphological change from a mixture of the droplet and
nanofiber, to uniform nanofibers to nanofibers having spindle-like
beads. Therefore, the ratios of the CS and PEO polymer solutions
were varied at different CS/PEO percentages for an improvement
in the electrospinning and mechanical properties of CS nano-
fibers. Fig. 5 shows the SEM images of 5 wt.% CS/PEO
having different blending ratios of 90/10, 70/30, 50/50, 30/70, and
10/90.

The results in Fig. 5(aee) indicate that the PEO improved the
electrospinning of CS when compared with Fig. 4(a). These results
compared favorably with results obtained by Han et al. [27], when
he used PEO as a partner polymer for the electrospinning of
methoxy poly(ethylene glycol)-grafted CS. From this investigation,
the CS/PEO ratios of 90/10 (TTM-CPnf-1) and 70/30 (TTM-CPnf-2)
were deemed feasible and spinnable.

The AFDs Fig. 5(aee) obtained are 136.12 ± 18, 156.55 ± 6,
124.61 ± 23, 121.81 ± 8, and 130.67 ± 15 for 90/10, 70/30, 50/50, 30/
70, and 10/90 respectively. There was a decrease in AFD when PEO
was initially added to the CS polymer solution but with very little
effect for TTM-CPnf-2. However, diameters decreased with further
addition until there was no significant AFD effect with additional
PEO polymer. The effect of electrospinning process parameters,
including screen distance and applied voltage, on the TTM-CPnf-2
nanofiber diameter, was further investigated to understand the
electrospinning behavior of TTM-CPnf-2 as shown in Fig. 6.

By increasing the tip-to-collector distance (Fig. 6(a)), the jet
solution stability increased and gave rise to the formation of non-
woven homogeneous nanofiber mats with higher diameters, but
an increase in applied potential (Fig. 6(b)) made the fibers more
cylindrical and reduced bead formation [41]. Moreover, while the
nanofibers’ average diameter decreased, the morphology of the
electrospun nanofibers was improved and there was no fiber
alignment due to the increased electric field strength despite
increasing the jet solution instabilities. However, nanofibers pre-
pared by Singh et al. (2020) [42] using a similar process as this
study with little modifications showed that through an increase of
voltage from 17.5 kV to 22.5 kV, the average fiber diameter of their
CS/PEO nanofibers increased from 108 nm to 149 nm. Fig. 7 depicts
the Ti-coated track-etched membrane (TTM) before electro-
spinning, after electrospinning (TTM-CPnf-2), after crosslinking
Fig. 5. SEM micrographs and size distribution of 5 wt.% CS/PEO polymer blend ratios: a
distanced15 cm, voltaged30 kV, flow rated0.5 mL/h; temp 37 �C).
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with GA (TTM-CPnf-2G), and cross-section showing the nanofiber
adhesion on the TM.

The SEM micrographs in Fig. 7(b) indicate that the CS/PEO
composite nanofibers covered the surface of the TTM in Fig. 7(a)
through the electrospinning process and the nanofibers can be
observed above the TTM pores. Fig. 7(b) and (c) also shows the
hierarchical pore structure dimensions formed by the nano-
fibereinterfiber voids on top of the TTM. Fig. 7(c) micrographs
show cross-linked fibers after the GA treatment leading to nano-
fibers with a cross-linked matrix while Fig. 7(d) shows a cross-
section of the nanofiber adhering to the top of the membrane. The
nanofibers were smooth and straight before the treatment, but
after the modification, the nanofibers became entangled and
interlocked by crosslinking. The interfiber voids in Fig. 7(b) were
quite large but the voids reduced to a smaller pore space after the
crosslinking as shown in Fig. 7(c). A contraction and consequent
thickening and increase of the fiber diameters were noticed
without losing their cylindrical shape. These mechanical interlocks
helped to prevent nanofiber delamination from the support as seen
in Fig. 7(d).

The prepared nanofibers were similar to the CS/polyethylene
oxide (PEO) electrospinning blend process reported by Spasova
et al. [43], where CS was prepared in 0.3 М acetic acid while PEO
was prepared using distilled water and the electrospinning of the
blend was only feasible in a CS/PEO mass ratio of <5, but achieved
without a membrane support. Studies by Bhattarai et al. [44] re-
ported the CS/PEO blend electrospinning, which showed that the
CS nanofibers formation was strongly dependent on the mass ratio
blend of CS/PEO. Additionally, Ignatova et al. [45], showed that the
preparation of a polyelectrolyte like CS in an aqueous solution by
electrospinning was possible in the presence of an additional sec-
ond polymer only. The formation via electrospinning of composite
CS-based nanofiber on TTM using a biodegradable polymer blend
(CS/PEO) is being reported here for the first time. The nanofibers
and TMs were combined to form a composite nanofiber TM.

3.4. Fourier transform infrared spectroscopy

The observed chemical structure and functional groups on TTM-
C-nf, TTM-P-nf, and TTM-CPnf blend in distilled water and 92 wt.%
acetic acid solution as determined by FT-IR are shown in Fig. 8. The
ether, amine (NH2), carbonyl (CO-NHR), and hydroxyl groups in CS
all form inter/intrachain hydrogen bonds [46]. The hydrogen
bonding between the amino and hydroxyl groups on the ether
groups in PEO and CS molecules is considered as part of the key
reason for the electrospinning [39,46]. The observed vibrational
peak at 1112 cm�1 is a characteristic of the adsorption vibrational
stretch of the ether group (CeOeC) [47]. This peak shifted to a
lower wavenumber gradually with an increase in the CS content in
the blended nanofibers.

The FTIR spectra obtained for TTM-C-nf and TTM-CPnfs blended
at different CS/PEO percentage ratios showed a broad vibrational
peak at 1614 cm�1 in the stretch amine (NH2) region, which can be
ascribed to the amine band in CS [48], but this peak steadily
reducedwith an increase in the PEO content towards TTM-P-nf. The
CS (Fig. 8a) broad band at 1614 cm�1 is usually ascribed to the NeH
and OeH stretching of the primary amino groups because of the
hydrogen bonds with OeH groups and NeH stretching of the sec-
ondary amides [49]. The shift in the amine peak was visible, but
after 50% PEO addition to the nanofiber blend, this peak dis-
appeared (Fig. 8(c). The FTIR absorption of PEO (Fig. 8e) showed its
featured bands, which are assigned to the CH2 stretching around
) 90/10; b) 70/30; c) 50/50; d) 30/70; and e) 10/90 (solvent ¼ 92 wt. % acetic acid,



Fig. 6. Dependence of process parameters: (a) tip-to-collector distance, (b) applied voltage on nanofiber diameter (5 wt. % CS/PEO 70/30, flow rate ¼ 0.5 mL/h, tip-to-collector
distance: (a) 10 cm, (b) 15 cm, (c) 20 cm, and (d) 25 cm; applied voltage: (a) 15 kV, (b) 20 kV, (c) 25 kV, and (d) 30 kV; solvent ¼ 92 wt. % acetic acid; temp 37 �C).
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2876 cm�1, but this band overlaps with the band observed for CS
[8]. PEO has a typical triplet (1144, 1099, and 1059 cm�1) having a
maximum at 1099 cm�1, which was ascribed to CeOeC vibration
[50], and sharp peaks at 960 and 1098 cm�1 are ascribed to the PEO
asymmetric stretching of eCeO [51]. The PEO polyether groups
form hydrogen bonds with CS and the shift in hydroxyl, amine, and
ether bonds in the CS/PEO nanofibers may be ascribed to the cre-
ation of hydrogen bonds between polyether oxygen and amino
hydrogen in CS and PEO respectively [46]. Stronger interactions
between CS/PEO bonds may prevail due to the formation and
interaction of the hydrogen bonding. The sharp transmittance
peaks (Fig. 8bed) at 1341 and 1062 cm�1 are attributed to the
stretching vibration associatedwitheCeN in the pyranose ring and
Fig. 7. The SEM micrographs of a) TM, b) TTM-CPnf-2, c) TTM-CPnf-2G, and d) cross-section
rated0.5 mL/h).
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eCeOeCe vibration in the PEO structure [52]. The absorbance in-
tensity ratio at 1466 and 1279 cm�1 can be used as an indication of
the CS/PEO ratio. Generally, before crosslinking, the bond between
the CS/PEO nanofibers and the TTMmembranewas not durable and
strong enough to allow for the application of the composite in
water-based adsorption and filtration processes, and TTM-CPnf-2
was selected to demonstrate the effect of the GA crosslinking.

3.5. Surface wettability test of crosslinked TTM-CPnf-2

Cross-linking of CS/PEO-70/30% (TTM-CPnf-2) with GA was
considered so that electrospun CS/PEO composite nanofiber mats
could be applied in a larger range of water-based applications and
of TTM-CPnf-2 (polymer - 5 wt. % CS/PEO 70/30, distanced15 cm, voltaged30 kV, flow



Fig. 8. FT-IR spectra of a) TTM-C-nf; b) TTM-CPnf-2; c) TTM-CPnf-3; d) TTM-CPnf-4; and e) TTM-P-nf (5 wt.% polymer concentration, solventd92 wt. % acetic acid).

Fig. 9. Water drop images of (a) TTM-CPnf-2, (b) TTM-CPnf-2G, and (c) TTM-CPnf-2G after 30 min (polymerd5 wt. % CS/PEO 70/30, temp 37 �C).
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to have suitable structural integrity. To render TM-CPnf-2 slightly
insoluble in water, GA vapor was investigated to crosslink the
nanofibers. GA has high reactivity toward hydroxyl and amine
groups and was chosen as the crosslinking agent [53]. GA vapor
phase crosslinking can play an important part in the formation of
water-stable nanofiber mats and thus improve their mechanical
properties. The water contact angle was used as a measure of the
wettability of electrospun TTM-CPnf-2 nanofiber mats after
crosslinking using GA (TTM-CPnf-2G). Fig. 9 shows contact angle
images of a pristine TM-CPnf-2 fabricated blend using non-
crosslinked TM-CPnf (CS/PEO 70/30%) and crosslinked TM-CPnf
(TTM-CPnf-2G).
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The surface wettability was investigated and observed with the
introduction of some water droplets on the two different nanofiber
mats. A water drop on the pristine TTM-CPnf-2 spreads immedi-
ately as shown in Fig. 8(a), demonstrating that water was imme-
diately absorbed and no contact angle was visible, which indicates
extreme hydrophilicity. Spontaneous water intrusion to the pore
occurred without extra pressure to the TTM-CPnf-2 due to the high
hydrophilic nature of the composite nanofiber membrane. GA
cross-linked fibrous membranes improved the hydrophobic prop-
erty of the TTM-CPnf-2 surface considerably to resist dissolution in
water when compared to the non-crosslinked CS nanofiber, which
dissolved in water.



Table 3
Transmittance result of the visual observations of nanofiber solubility using TTM-CPnf-2G composite membrane in different pH solutions for 15 min and 72 h.

Solution Mats Crosslink time (hr) 15 min T600 Visual observation 72 h T600 Visual observation Comments

1 M AA pH 3 100 98
TTM-CPnf-2 100.8 N 99.6 N Dissolved
TTM-CPnf-2G 1 99.6 N 96.2 N Dissolved
TTM-CPnf-2G 3 100.3 Y 95.6 Y Partially dissolved
TTM-CPnf-2G 6 100.9 Y 97.1 Y Not dissolved
TTM-CPnf-2G 12 100.1 Y 97.7 Y Not dissolved
TTM-CPnf-2G 24 101 Y 99 Y Not dissolved

H2O pH 7 99 101
TTM-CPnf-2 100.6 N 99.5 N Dissolved
TTM-CPnf-2G 1 101.2 N 99.7 N Dissolved
TTM-CPnf-2G 3 101.1 Y 99.4 Y Not dissolved
TTM-CPnf-2G 6 101.8 Y 99.5 Y Not dissolved
TTM-CPnf-2G 12 102.1 Y 99.7 Y Not dissolved
TTM-CPnf-2G 24 101.6 Y 99.8 Y Not dissolved

1 M NaOHpH 13 101 102
TTM-CPnf-2 100.5 Y 100.5 Y Not dissolved
STTM-CPnf-2G 1 100.1 Y 100.3 Y Not dissolved
TTM-CPnf-2G 3 100.2 Y 100.4 Y Not dissolved
TTM-CPnf-2G 6 100.3 Y 100.2 Y Not dissolved
TTM-CPnf-2G 12 100.4 Y 100.3 Y Not dissolved
TTM-CPnf-2G 24 100.1 Y 99.9 Y Not dissolved

N ¼ not visible; Y ¼ visible.

Table 4
Average swelling values of TM-CPnf-2G for a period of 12 and 48 h.

Water sorption (%)

t ¼ 12 h t ¼ 48 h

pH 4.01 (acidic) 85.72 82.14
pH 7 (neutral) 76.47 76.92
pH 10.01 (alkaline) 69.23 69.24
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The measured contact angle was 67� for TTM-CPnf-2G. The
crosslinked TTM-CPnf-2G was observed to be water-resistant and
maintained the fiber morphology even after contacting the water
drop for up to 30 min (Fig. 8(c)). This result showed that the
crosslinked CS/PEO nanofiber on the TTM turned out to be more
hydrophobic after incorporating the GA into the CS/PEO nanofibers
on the TTM. A moderate water-resistance of nanofiber property is
required in their use for adsorption and filtration applications
despite the typical CS biodegradability in water. This measurement
is a widely used method for evaluating the hydrophilicity/hydro-
phobicity where relatively small contact angles correspond to
moderately hydrophilic surfaces [54]. The precise crosslinking re-
action mechanism between CS and PEO blend is not well defined
and it is not known whether the polymeric chains are linked via a
chemical reaction between the two different polymers or between
the crosslinking agent and the polymer. However, this polymer can
complex with CS because of CeO bonds in the PEO structure. CS can
thus act as a proton donor while PEO can act as a proton acceptor, to
yield homogeneous polymeric blends [55].
3.6. Solubility results

The transmittance (T600) and visual observations of a GA-
modified composite nanofiber membrane, 5 wt. % CS/PEOd70/30%
blend (TTM-CPnf-2G) soluble in 1 M NaOH, 1 M Acetic acid (AA),
and H2O respectively for 15min and 72 h, were investigated and are
shown in Table 3.

The resistance to dissolution of the blended CS/PEO nanofiber
was improved over an extensive pH range by crosslinking and the
stability was tested in different pH solutions. The nanofibers were
considered partially dissolved when the transmittance of the
aliquot sample from the immersed TTM-CPnf compositemembrane
10
was greater than 50. However, when the transmittance was greater
than 90 but the nanofiber was not visually present in the solution,
the nanofiber was considered as fully dissolved, but when the T600
was greater than 90 and the nanofiber can be visually seen or
observed in the solution, then the nanofiber was considered not to
be dissolved.

An improvement in the water stability of the nanofibers on the
TTM-CPnf-2 composite membrane was visually detected after the
crosslinking procedure. From neutral to the acidic pH, CS was sol-
uble in the solution because of the amine (pKa 6.3) protonation,
until the functional groups were modified, or the polymer was
crosslinked. The composite nanofibers were not soluble in 1 M
NaOH due to the amine group neutralization at high pH in CS [56].
GA crosslinking was able to prevent the dissolution of the nano-
fibrous structures of the composite membranes at lower pH after
3 h of crosslinking. Increased time at low pH can also result in a
color change and increased brittleness of the TTM-CPnf-2 mem-
branes. The TTM-CPnf-2 membranes were partially water stable at
a neutral pH for a short time interval (Table 3). Overall, the cross-
linking step improved stability in water and retained nanofibrous
morphologies in neutral and alkaline solutions after only a short
exposure to GA. In acidic solutions, only those samples crosslinked
for 3 h and above were insoluble. Alkaline solutions gave the best
conditions to produce stable membrane mats.

3.7. Swelling behavior of the composite nanofiber membrane

The swelling behavior of TM-CPnf-2G was analyzed by
immersing in pH 7 (neutral), pH 10.01 (alkaline), and pH 4.01
(acidic) systems (Table 4). The swollen weights of CS/PEO after
immersion in the different solutions were recorded for the im-
mersion periods of 12 and 24 h time intervals. The highest swelling
rate was determined to be 85.72% for acidic solutions and the
lowest was recorded as 69.23% in basic solutions. The use of spin-
ning solvents and crosslinking of CS/PEO may have enhanced the
anti-water property of the blend [57] and moderated the water
regain ability because a typical CS/PEO fiber can attain a maximal
swelling ratio of 190% [58].

The experiment at 48 h was to investigate if the sorption equi-
librium was attained after the initial 12 h immersion time. These
results indicate that for CS/PEO nanofiber membranes, the obtained



Table 5
The lethal concentration values of TTM-CPnf-2 and TTM-CPnf-2G showing the lower and upper 95% confidence limits (CL) for D. magna neonates.

Nanofiber Hour Average LC20 (95%CL) (mg/L) Average LC50 (95%CL) (mg/L) LOEC (mg/L) NOEC (mg/L)

TTM-CPnf-2 24 nd nd >100 �100
48 nd nd >100 �100

TTM-CPnf-2G 24 18.7 53.6 100 50
48 9.83 19.4 6.25 6.25

NOEC, no observed effect concentration; nd, not detected; LOEC, low observed effect concentration.
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values are almost constant in the pH 10.01 (alkaline) and pH 7
(neutral) solutions at different times, indicating the establishment
of the equilibrium values. However, the highest swelling ratio was
achieved under acidic pH (4.01) conditions for the CS/PEO but the
water sorption in solutions after 24 h showed that the swelling
ratio of the composite nanofiber membranes decreased. This
observed weight loss could be because CS with very high DDA may
be dispersible in a slightly acidic medium (pH < 6) or due to some
small quantity of the CS/PEO becoming soluble [59].

3.8. TTM-CPnf-2G toxicity to Daphnia magna

A disadvantage of GA in its unreacted form is that it is cytotoxic
and has led to some reservations about its use in some applications
[20]. CS is generally considered as non-toxic to animals [60] but
after dissolution in acetic acid and after post-treatment by GA in the
vapor phase, the product may induce acute or chronic toxicity [57].
Understanding biocompatibility is therefore crucial for using these
nanomaterials in a way that is environmentally and biologically
benign all through the product lifecycle and for use in other ap-
plications like the biomedical fields. The toxicities of TTM-CPnf-2
and TTM-CPnf-2G were tested and evaluated using the D. magna
OECD 202 guidelines and the outcomes are shown in Table 5.
Although research is carried out using D. magnamodels for toxicity
evaluation, no studies have investigated the titanium-coated track-
etched nanofiber membrane (TTM-CPnf) toxicity using this
assessment model.

The LC 50 values of TTM-CPnf-2G are 53.6 mg/L and 19.4 mg/L at
24 h and 48 h respectively. The corresponding LC20 values were
18.7 mg/L and 9.83 mg/L. Toxicity to daphnids was not observed
with TTM-CPnf-2 due to low effect levels; the EC50 values not
determined were considered as 100% for statistical analysis [61]
and a lower EC50 value was indicative of higher toxicity to the
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tested organism. The outcome of the probit analysis with immo-
bility at 24 h, selected effective concentrations (LCx) of the test
item, and the 95%-confidence limits according to Fieller's theorem
demonstrated that TTM-CPnf-2 will not trigger acute toxicity in
D. magna. However, after 24 and 48 h exposure time using different
concentrations of TTM-CPnf-2G solution, there was increased
mortality that was concentration-dependent (Fig. 10) compared to
the control (no TTM-CPnf composite). The concentration effect
revealed that the TTM-CPnf-2G was hazardous to D. magna at
higher concentrations (100 and 50 mg/L) where 100% mortality of
D. magna neonates was observed at 48 h. This toxic effect at the
highest concentration could be explained as either due to the
release of strands of nanofiber, or an antibiotic effect induced by the
CS, or the release of Ti from the TM coating.

There was no mortality of D. magna in the control and in the
lower concentrations of TTM-CPnf-2G samples after the exposure.
Substances or materials affecting Daphnia at a 48 h LC/EC50 of less
than 1 mg/L are classified as ‘category acute 1’ to aquatic organisms
based on the globally harmonized system (GHS) of labeling and
classification of chemicals [62]. However, European Union legisla-
tion and Regulation (EC) No. 1272/2008dclassification, labeling,
and packaging of substances and mixtures (CLP) [63] classified it
otherwise as very toxic. Thus, based on these present results, the
tested TTM-CPnf-2 and TTM-CPnf-2G cannot be classified to the
‘category acute 1’ based on the probit analysis.

TTM-CPnf-2 and TTM-CPnf-2G investigated samples were less
toxic when compared to results obtained by Lv et al.[64] where the
toxicological effects of carbon nanomaterials (graphene oxide) on
D. magnawere evaluated and the results of 72-h EC50 of 44.3 mg/L
revealed non-severe acute toxicities of GO on D. magna. Zhu et al.
[65] investigated the acute toxicity (48 h) of water suspensions of
six nanomaterials (nm) using D. magna and observed that the EC50
values of 0.622 mg/L for ZnO-nm were the most toxic while
25 50 100
c (mg/l)

oncentrations of TTM-CPnf-2 and TTM-CPnf-2G.



O. Pereao, C. Uche, P.S. Bublikov et al. Materials Today Chemistry 20 (2021) 100416
114.357 mg/L for Al2O3-nm had the least toxicity but nanomaterials
from the test solutions were ingested by D. magna through feeding
activities. Hyperbranched polymeric poly-amidoamine nano-
materials (Helux-3316) toxicity to D. magna was reported to be
16.8 ± 1 mg/L and 4.69 mg/L for 24 h and 48 h EC50 values
respectively [66] and was considered toxic because of the primary
amines present in the chemical structure. The immobilization of
D. magna on hyperbranched poly(ethyleneimine) was estimated to
have 48 h EC50 values of 0.16 mg/L [67] but the toxicity of the
10 kDa polymer increased with an increase in molecular weight.
Composite CS/PEO nanofibers crosslinked with GA were deposited
on titanium alloy disks and were found to bring significant im-
provements to the surface properties inducing durability and
stronger antibacterial resistance [68]. Nevertheless, in the overall
assessment of nanofiber toxicity, the material solubility, surface
area, surface charge, exposure time, and TM coating are also
anticipated to play vital roles, which will be investigated in future
studies. The current study results showed that PEO blend and GA
crosslinking diminished toxicity and thus improved the
biocompatibility.

4. Conclusion

This study investigated composite membranes based on CS and
PEO blend fabricated by electrospinning nanofibers on a Ti metal-
lized TM as the membrane support and conductive cathode. The
metallized TMmembrane can be used as a collector in the process of
electrospinning. The CS was blended with different amounts of PEO
and electrospun effectively into nanofibers using acetic acid as the
solvent at a CS/PEO polymer ratio of 70/30. GA-crosslinked CS/PEO
70/30 (TTM-CPnf-2G) maintained the nanofiber morphologies in an
aqueous environment and therefore increased the composite
membrane’s potential to be used as filters or adsorbents in acidic,
neutral, or basic aqueous environments. The toxicity effects of TTM-
CPnf-2G indicated that it was not acutely toxic to D. magna testing
conditions. The tailoring of CS:PEO blending and GA crosslinking
was aimed at making the polymers more useful due to their
biodegradability, which led to solubility control and impacted on
toxicity. These results are significant because the titanium-coated
track-etched nanofiber membrane composite extended the poten-
tial use of CS-based electrospun nanofiber in applications such as
adsorption, separation, and filtration processes and in drug delivery
platforms. This study provided novel insights and understanding
into the biocompatibility potential of CS and PEO biodegradable
nanomaterials and contributed to the understanding of the risk the
composite nanomaterials may have on human health.
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