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A series of poly(vinyl alcohol) (PVA) nanocomposite films containing quaternized hyperbra-
nched polyethyleneimine (PEI) functionalized multi-walled carbon nanotubes (ox-CNTs@
QPEI) are prepared by solvent casting technique. The modified carbon-based material
exhibits high aqueous solubility, due to the hydrophilic character of the functionalized
hyperbranched dendritic polymer. The quaternized PEI successfully wraps around nano-
tube walls as polycations provide electrostatic repulsion. Various contents of ox-CNTs@
QPEI ranging from 0.05 to 1.0% w/w were employed to prepare functionalized PVA
nanocomposites. The developed films exhibit adequate optical transparency, improved
mechanical properties and extremely high antibacterial behavior due to the excellent
dispersion of the functionalized CNTs into the PVA matrix.

Keywords: poly(vinyl alcohol), carbon-based nanofillers, nanocomposites, carbon nanotube, quaternized
hyperbranched polyethyleneimine, antibacterial properties

INTRODUCTION

The use of carbon nanotubes (CNTs) as fillers in polymer nanocomposites development is in the
focus of research, since their discovery in the early 1990s aiming at the enhancement of the mechani-
cal and electrical properties on a vast array of polymeric matrices (Breuer and Sundararaj, 2004).
The reason behind this extensive interest is the unique properties that CNTs exhibit, mainly their
high tensile strength, originating from the perfect axial alignment of carbon-carbon covalent bonds,
which ranges approximately from 11 to 63 GPa, for multi-walled CNTs (MWCNT'Ts) (Yu et al., 2000).
This value, an order on magnitude higher than that of carbon fibers, is accompanied also by higher
aspect ratios (typically in the range of 100-10,000) and lower density (7 g cm™ for the CNTs with
regards to 9 g cm™ for the carbon fibers). On the other hand for the single wall carbon nanotubes
(SWCNTs), the tensile strength is in the range of 50-500 GPa, once again significantly higher than
that of carbon fibers (Al-Saleh and Sundararaj, 2011). Apart from the improvement in mechanical
strength, the unique electrical and thermal properties of CN'Ts make them ideal nanofillers for the
development of conductive nanocomposites.

For such applications, dispersibility is a crucial parameter that determines their potential uti-
lization: CNTs should be able to effectively disperse in a uniform fashion throughout the matrix,
while maintaining their integrity and aspect ratio. Moreover, in order for load transfer across the
CNT-matrix interface to be achieved, good interfacial bonding is necessary. However, CNTs tend to
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aggregate severely, due to their high surface energy, minimizing
their dispersability in solvents. To this end, several modification
techniques have been proposed to achieve high CNTs disper-
sion in polymeric matrices. The most widely used approach
is their surface modification by macromolecules. Polymeric
chains, having good affinity with the carbon’s surface groups,
can wrap around the nanotube, altering completely the chemical
compatibility of the hybrid increasing their dispersion in various
solvents. The modification involves covalent (grafting) or non-
covalent bonding (physical interactions) using either hydrophilic
or hydrophobic polymers (Spitalsky et al., 2010). In the first case,
the attachment of the macromolecules involves one or more
chemical steps, while the second approach is carried out simply
by mixing the CNTs with the appropriate polymer.

Poly(vinyl alcohol) (PVA) is a water-soluble synthetic polymer
used in many applications extending from biomedical, such as
orthopedic (Kobayashi and Hyu, 2010; Baker et al., 2012) and
tissue engineering (Kumar and Han, 2017) to everyday uses, such
as in the paper industry (Xu et al., 2006; Awada et al., 2015), elec-
tronics (Bettinger and Bao, 2010; Van Etten et al.,, 2014), textiles
(Halima, 2016), and printing (Angjellari et al., 2017). All these
sectors benefit from PVA’s unique properties, including excellent
film formation, resistance to organic solvents, gas barrier proper-
ties, especially to oxygen, adhesive properties, biocompatibility,
and to some extent, biodegradability (Chiellini et al., 2003). PVA-
based composites have been developed in the past using various
fillers like inorganic oxides (Yang, 2007; Dodda et al., 2015), clays
(Strawhecker and Manias, 2000; Podsiadlo et al., 2007; Sapalidis
et al., 2012), CNTs (Shaffer and Windle, 1999; Paiva et al., 2004;
Ciambelli et al., 2005; Liu et al., 2005; Bhattacharya et al., 2006;
Miaudet et al., 2007; Minus et al.,, 2010; Surdo et al., 2011; Li
et al, 2013), graphene oxide (Salavagione et al., 2009a; Zhao
etal., 2010; Swati et al., 2015; Ma et al., 2016), reduced graphene
oxide (Salavagione et al., 2009b; Pourjavadi et al., 2015; Manna
et al., 2016), or biomaterials (Sapalidis et al., 2007), all targeting
to significantly improve the mechanical and thermal stability
along with gas permeability, while trying to preserve the excellent
optical transparency of PVA. As mentioned previously, the key
parameter for successful preparation of polymer nanocomposites
is the effective filler dispersion.

Regarding the preparation of PVA/CNTs composites several
studies have been reported. Shaffer and Windle fabricated a series
of PVA/CNTs nanocomposites (10-60%), and measured the ther-
momechanical and electrical properties of the developed films
(Shaffer and Windle, 1999). Paiva et al. (2004) prepared function-
alized CNTs/PVA composites, with nanotubes well dispersed into
the PVA matrix affording films with higher strength compared
to parent PVA films. Liu et al. (2005) prepared PVA films with
functionalized SWCNTs with excellent optical transparency due
to enhanced CNTs-polymer interactions. Ciambelli et al. (2005)
examined the properties of PVA/CNTs and noticed a shift in the
glass transition temperature (T,) followed by a delay in the ther-
mal oxidation of PVA. Bhattacharya et al. (2006) used denatured
collagen in order to increase the dispersion of SWCNTs in a PVA
matrix. The developed composites exhibited increased crystallin-
ity and enhanced mechanical properties. Miaudet et al. (2007)
developed PVA/CNTs fibers for conductive and multifunctional

textile applications. Minus et al. (2010) studied the crystallization
of PVA in the presence of SWCNTs and they suggested that PVA
molecules are aligned parallel to the SWNT axis. Surdo et al.
(2011) studied the gas barrier properties of PVA/SWCNTs films
for both hydrophobic organic and heavy metal pollutants.

More recently, PVA/CNTs nanocomposites were introduced
in a variety of applications, such as bio-inspired composite yarns
(Beese et al., 2013), dye sensitized solar cells (Nath et al., 2014),
polymer electrolyte fuel cells (Sayeed et al., 2014), electroactive
shape memory polymers (Du et al., 2015), and humidity sensors
(Manohara et al., 2016). However, despite the well reported
antibacterial activity of CNTs and the vast variety of their
applicability (Kang et al., 2008; Liu et al., 2009; Dizaj et al., 2015),
there has been a limited number of literature reports regarding
the potential use of PVA/CNTs composites, as antibacterial films.

In this study, oxidized multi-walled nanotubes were functional-
ized with quaternized hyperbranched polyethyleneimine (QPEI)
through non-covalent interactions affording a hydrophilic hybrid
material—ox-CNTs@QPEI—compatible with hydrophilic PVA.
Subsequently, a series of PVA nanocomposite films containing
0x-CNTs@QPEI up to 1% were prepared by solvent casting tech-
nique. The average sample thickness was 120 + 15 pm. The nano-
composite films were thoroughly investigated employing X-ray
diffraction, electron microscopy, thermogravimetric analysis,
mechanical properties, differential scanning calorimetry (DSC),
and UV-vis spectroscopy. All applied techniques revealed the
excellent dispersion of the functionalized CNTs into PVA matrix.
Additionally, the antibacterial activities of the as-prepared films
were assessed against Gram-negative bacteria displaying excep-
tional antibacterial properties.

MATERIALS AND METHODS

Materials

Hyperbranched polyethyleneimine (PEI) having a molecular
weight of 25,000 Da (Lupasol® WE, water-free, 99%), was kindly
provided by BASF (Ludwigshafen, Germany). Low viscosity, par-
tially hydrolyzed atactic PVA Mowiol 8-88 with an average molec-
ular weight 67,000 g mol™' was purchased by Fluka Analytical.
Glycidyltrimethylammonium chloride, triethylamine, and dialy-
sis tubes (molecular weight cut-off: 1,200) were purchased from
Sigma-Aldrich Ltd. (Poole, UK). Oxidized multi-walled CNTs
containing carboxyl groups >8% w/w (0x-CNTs) with mean
diameter X mean length: 9.5 nm X 1.5 pm were purchased from
Sigma-Aldrich. Ultra-pure water was used for all preparations.
A 10% w/w PVA stock solution in water was prepared by stirring
the appropriate polymer amount for 6 h at 90°C and used for the
preparation of all composites.

Synthesis of QPEI

A quaternized derivative of hyperbranched PEI with 50% degree
of substitution was prepared by an analogous method previously
described (Sideratou et al., 2000). Briefly, an aqueous solution
(10 mL) containing 24 mmol glycidyltrimethylammonium
chloride and 48 mmol triethylamine, was added to 0.2 mmol PEI
with molecular weight 25,000 Da dissolved in 40 mL water. The
mixture was stirred for several hours, and purified by dialysis
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against deionized water, using a 1,200 cut-off membrane. The final
product, QPEIL, was received after lyophilization and its structure
was confirmed by NMR spectroscopy. The degree of quaternization
was calculated by "H-NMR spectrum and it was found to be 50%.

Preparation of QPEI-Functionalized
ox-CNTs

In a typical experiment, 50 mg of ox-CNTs were dispersed in
50 mL QPEI aqueous solution (3 mg mL™). The mixture was
ultasonicated for 15 min using a standard sonotrode (3 mm
tip-diameter), in a Hielscher UP200S high intensity ultrasonic
processor, at 50% amplitude, and 0.5 cycles and left to stir for
further 12 h, at room temperature. The final product was received
after ultracentrifugation at 45,000 rpm, followed by lyophiliza-
tion affording the hybrid ox-CNTs@QPEI material.

Preparation of PVA/ox-CNTs@QPEI

Nanocomposites

The samples were prepared by simple mixing of a stock ox-
CNTs@QPEI dispersion (10 mg mL™") with PVA stock solution
(10% w/w) at various ratios, in order to obtain dry PVA films
with 0.05, 0.10, 0.25, 0.5, and 1.0% w/w functionalized nanotubes
loading. The mixtures were ultrasonicated for 30 min and then
stirred for 24 h at room temperature. The as-prepared suspen-
sions (15-25 mL with regards to the final film thickness) were
transferred to square polystyrene Petri dishes (120 X 120 mm),
and the dry films were obtained after slow water evaporation at
22-25°C, for 15 days. The resulting dry nanocomposite films had
an average thickness of 120 + 15 pm and were used without any
further treatment for all characterization methods.

Physicochemical Characterization of
ox-CNTs@QPEI and PVA/ox-CNTs@QPEI

Nanocomposite Films

Raman spectra were recorded with a micro-Raman system RM
1000 Renishaw, employing a laser excitation line at 532 nm
(Nd-YAG), in the range of 400-2,000 cm™'. Thermogravimetric
analysis (TGA) was performed on a Setaram SETSYS Evolution 17
instrument, ata 5°C min™ heating rate under oxygen atmosphere.
The thermal properties of the films were measured employing
a modulated DSC model 2920 TA instrument. Heating scans
were carried out from 25 to 250°C at a rate of 5°C min~'. Prior
the first heating cycle, a pretreatment up to 120°C was carried
out, to remove the weakly adsorbed water. In order to avoid any
thermal memory of the samples and to minimize the effect of
strongly adsorbed water, after the first heating, a cooling cycle
was performed, followed by a second heating cycle up to 250°C.
Heating at higher temperatures led to the decomposition of the
PVA nanocomposites in agreement with previous studies (Yang,
2007; Mohsin et al., 2011). The thermodynamic parameters T,
T, and AH,, were calculated from both heating cycles. Scanning
Electron Microscopy (SEM) images were obtained by a Jeol JSM
7401 F Field Emission Scanning Electron Microscope with
Gentle Beam mode. Gentle Beam reduces charging, resulting
in improved resolution, signal-to-noise, and beam brightness,
especially at low beam voltages (down to 0.1 kV). Transmission

electron micrographs were obtained using a Philips C20 TEM
instrument operating at an accelerating voltage of 200 kV. For the
preparation of TEM samples, a drop of 1% PVA/ox-CNTs@QPEI
aqueous solution was casted on a PELCO® Formvar grid and was
left to evaporate. {-potential measurements of the aqueous ox-
CNTs@QPEI dispersion (0.05 mg mL™") were conducted using a
ZetaPlus —Brookhaven Instruments Corp. UV-vis spectra of the
aqueous ox-CNTs@QPEI dispersion (1 mg mL™") were recorded
by a Cary 100 Conc UV-visible spectrophotometer (Varian Inc.)
operating in the range of 200-800 nm. Additionally, the colloid
stability of the aqueous dispersion was evaluated at static condi-
tion for 1, 6, and 12 months. Specifically, the dispersions obtained
as mentioned previously and stored at room temperature. At each
time point, an aliquot of 200 uL was taken from the upper part of
the dispersions, diluted to 1 mL water, and their optical density
(OD) was measured using UV-vis spectroscopy.

Tensile tests were performed using a Thumler GmbH Tensile
Tester Model equipped with a PA 6110 Nordic Transducer load
cell at room temperature with a maximum force of 250 N. For
all samples, a crosshead speed of 50 mm min~' was used. The
specimens’ length was 12 cm, the effective length (i.e., distance
between the grips) was 8 cm, while their width was 1 cm. Before
the measurements, the samples were pre-equilibrated for 48 h at
ambient temperature and humidity. A Siemens XD-500 diffrac-
tometer with a CuK.; radiation source was employed to record
X-ray diffraction patterns of the samples, with a scan rate of
0.03 s7', using background-free holders.

Antibacterial Assessment Assay

The in vitro antibacterial activity of PVA/ox-CNTs@QPEI nano-
composites was screened against the Gram-negative Escherichi
Coli bacteria. E. coli was cultured in lambda broth (LB) medium
containing tryptone 10 g L', yeast extract 5 g L™, and NaCl
10g L™ (pH =7.5) at 37°C for 16 h, on a rotary shaker at approxi-
mately 200 rpm shaking speed. The E. coli bacteria were harvested
at the mid-exponential growth and centrifuged at 1,500 g for
5 min. Then, the pellet was washed twice and re-suspended in
LB medium. Bacterial suspensions were obtained after dilution
to an OD of 0.4 recorded at 500 nm, corresponding to final cells
concentration of 10* colony forming units per mL (CFU mL™).
E. coli inoculums were incubated for 30 min in the presence of
various PVA/ox-CNTs@QPEI dispersions containing 10% PVA
and 0.05, 0.1, 0.25, 0.5, or 1% w/w ox-CNTs@QPEI with respect
to PVA. The bacterial growth was monitored by measuring the
OD values at 500 nm every 2 h on a Cary 100 Conc UV-visible
spectrophotometer (Varian Inc.). For comparison, the antibacte-
rial activity of pure PVA was studied under the same conditions
with the nanocomposites. All experiments were performed in
triplicates.

RESULTS AND DISCUSSION

Water soluble dendritic polymer functionalized CNTs, ox-CNTs@
QPEI, was developed by physical (non-covalent) interactions
between the oxidized CNTs and the QPEI, in aqueous media.
This hybrid nanomaterial was characterized by Raman, TGA,
and SEM. Specifically, the typical graphite bands at 1,585 cm™
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(G band), 1,345 cm™ (D band), and ~2,700 cm™ (“G” band)
ascribed to the in-plane vibration of the sp?>-bonded carbon atoms
in the graphite layers, to the presence of defects in carbon systems,
and to the overtone of the D band, respectively, are shown in the
RAMAN spectra of ox-CNTs and QPEI-functionalized ox-CNTs
(Figure 1). Comparing the RAMAN shifts of functionalized
0x-CNTs with those of 0x-CNTs, no significant changes can be
noticed, which signifies that only limited changes on the ox-CNTs
structure occurred during functionalization. The only change
that can be observed relates to the intensity ratio value of G- to
D-bands (I¢/Ip) that increases from 1.04 to 1.13, indicating suc-
cessful polymer wrapping around CNTs (Wepasnick et al., 2010).

The TGA graphs are presented in Figure 2. In the case of ox-
CNTs, the low temperature (below 300°C) weight loss is a result

ox-CNTs
ox-CNTs@QPEI
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FIGURE 1 | Raman spectra of ox-carbon nanotubes (ox-CNTs) (black) and
ox-CNTs@QPE! (red).
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FIGURE 2 | Thermogravimetric profiles of oxidised-carbon nanotubes
(ox-CNTs) (black), quaternized hyperbranched polyethyleneimine (QPEI)

(blue), and ox-CNTs@QPEI (red) measured in air.

of the decomposition of the oxygen containing groups, while
at high temperatures (>500°C), thermal destruction of the
graphitic framework is observed. The QPEI shows a significant
mass loss in the range between 200 and 400°C, followed by a
second decomposition region around 450°C. Regarding the ox-
CNTs@QPEI curve, two main distinct decomposition regions
are observed. The first one (below 400°C) can be attributed
to the QPEI degradation together with the removal of CNTs’
oxygen groups, while the second (above 400°C) is related to
the damage of the graphitic framework. At higher temperatures
(above 600°C), all organic components are fully decomposed,
while the residual mass can be attributed to the metal catalyst
used for CNTs production, as well as the oxidation products
of these catalysts (Lehman et al., 2011). Based on the analysis
in this region, the polymer loading on CNTs was found to
be 21.4%.

Further direct evidence for the functionalization of ox-CNTs
can be obtained by SEM. As revealed by SEM images, the surface
of ox-CNTs is quite smooth (Figure 3, left image), while after
functionalization with QPEI, the surface of the hybrid appears to
be rougher, exhibiting a debundled structure (Figure 3, middle
and right). It is obvious that the functionalized CNTs are less
prone to aggregation and they seem to be well-dispersed and
isolated.

Furthermore, the evaluation of CNTs” aqueous colloidal stabil-
ity was achieved by UV-vis spectroscopy. It is known that only
individual CNTs are absorbed in the UV-vis region, while the bun-
dled CNTs are not active in this region (Yu et al., 2007). Figure 4
shows the UV-vis spectra of the aqueous dispersions of ox-CNTs
and ox-CNTs@QPEI recorded in the region of 200-800 nm. The
higher absorption of the characteristic peak at 263 nm attributed
to the p-plasmon absorption of carbon nanomaterials, confirms
the efficient de-bundling of ox-CNTs by QPEL Additionally, the
de-bundling of ox-CNTs was also corroborated by the presence
of scattering in the UV spectra (Yu et al., 2007). Stable disper-
sions of 0x-CNTs@QPEI were obtained for at least 12 months
(Figure 5), due to the presence of positively charged quaternary
ammonium groups, at the external surface of CNTs. These groups
increase the CNTs compatibility to aqueous media due to their
strong hydrophilicity and also prevent CNTs” aggregation owing
to electrostatic repulsion.

Surface net charge for ox-CNTs and ox-CNTs@QPEI aqueous
dispersions was determined at pH = 7.0. The obtained {-potential
values are —34 mV and +52 mV, respectively. The change of the
C-potential values suggests that the positive charged QPEI was
successfully attached onto the graphitic framework. It is known
that colloidal systems with a {-potential value greater than
+30 mV are quite stable due to efficient electrostatic repulsions
(Schierz and Zanker, 2009; Bhattacharjee, 2016). In the case of
0x-CNTs@QPE]L, this value is much higher than +30 mV signify-
ing stable aqueous CNTs dispersion, in agreement with the results
of UV-vis measurements (see above).

Poly(vinyl alcohol) nanocomposites films were prepared with
various ox-CNTs@QPEI content ranging from 0.05 to 1% w/w
by employing the common solvent-casting technique. Films of
ca. 120 + 15 pm thickness were obtained and used for further
characterization.
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FIGURE 3 | Scanning electron microscopy images of oxidised-carbon nanotubes (ox-CNTs) (left) and ox-CNTs@QPEI (middle and right).
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FIGURE 4 | UV-vis absorption spectra of oxidised-carbon nanotubes
(0x-CNTs) (black) and ox-CNTs@QPEI (red), in aqueous solution
(1 mg mL™).
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FIGURE 5 | Sedimentation behavior of oxidised-carbon nanotubes (ox-CNTs)
and ox-CNTs@QPEI at different aging time.

Transmission electron microscopy is one of the most exten-
sively used method to identify the polymer nanocomposite struc-
ture and the dispersion of the nanofillers. Figure 6 shows TEM
micrographs of the PVA/ox-CNTs@QPEI 1% nanocomposite
film. It can be noticed that the functionalized nanotubes are well
dispersed in the PVA matrix, since individual ox-CNTs@QPEI
can be clearly observed with dimensions ranging from 1 to 8 um
in length and ~30 nm in width.

The optical clarity of the nanocomposites can be used to indi-
rectly evaluate the dispersion of CNTs into transparent polymer
matrices, like PVA, as the high optical clarity of the nanocompos-
ites, indicates the excellent dispersion in nanoscale. As shown in
the transmittance spectra, Figure 7, at higher wavenumbers, the
nanocomposite films with CNTs loading up to 0.1% retain almost
75% of the optical transparency of the pure PVA, revealing an
effective dispersion of nanotubes into the PVA matrix. Increase
in the CNTs loading (up to 0.25%) causes further reduction in
optical clarity. Finally, at higher CNTs loading (up to 1%) a sig-
nificant decrease in transmittance is observed. It should be noted
that even at 120 um film thicknesses, the optical transparency is
highly retained (47% transmission reduction in the case of 0.5%
loading) in contrast to a previous study, where PVA composites
films containing 0.5% SWCNTs exhibited transmission reduction
around 78% with a film thickness of only 50 pm (Li et al., 2013).
These results are in line with the results derived from TEM analy-
sis. The absorbance observed at 284 and 327 nm can be assigned
to m—n* transitions of the unsaturated bonds C=0 and C=C
bonds located at the tail head of the PVA (El-Kader, 2003). As the
0x-CNTs@QPEI concentration increases, these features almost
disappeared, since CNTs are known to exhibit strong absorption
in this region (Zhang et al., 2016).

The decreased UV transmittance for all samples, in the region
below 420 nm, demonstrates that the addition of functionalized
CNTs improves the UV blocking properties of the nanocompos-
ites. This can be attributed to both the increased absorbance of
CNTs in the region, due to t—=x* transition, and the good disper-
sion of the nanofillers into PVA (Hu et al., 2017).

Differential scanning calorimetry along with wide angle X-ray
diffraction can reveal crucial information about the structure and
quality of crystals in semicrystalline polymers. It is known that
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FIGURE 6 | TEM micrographs of PVA/ox-CNTs@QPEI 1.0% nanocomposite film.
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FIGURE 7 | UV-vis spectra of pure poly(vinyl alcohol) (PVA) film and PVA/
ox-CNTs@QPEI nanocomposite films.

the crystal formation in PVA is a result of the intermolecular
hydrogen bonding between the hydroxyl groups of PVA chains
(Hodge et al., 1996). Therefore, hydrogen bonds between poly-
mer and fillers can affect PVA crystallinity, as fillers can act as
nucleation points for crystal formation. The thermal properties
of PVA/ox-CNTs@QPEI nanocomposite films were studied by
DSC to investigate the effect of functionalized carbon filler on
melting temperature (T,,), melting enthalpy (AH), and degree of
crystallinity (% X.) of PVA. DSC diagrams of pure PVA and PVA/
0x-CNTs@QPEI nanocomposites are shown in Figure 8 and the
results are summarized in Table 1.

During the first heating cycle only minor changes were observed
in T,, values, while the crystallinity of PVA in nanocomposites
is slightly reduced. In the second heating, the nanocomposite
films exhibited higher melting temperatures (T,,), together with
increased melting AH. In the latter case, the removal of water
molecules that participate to PVA crystals causes a decrease in the
crystallinity of pure PVA sample. In the case of nanocomposites,

a slight increase in both melting temperatures and enthalpies is
observed, indicating only a slight effect of functionalized CNTs
on crystal structure of PVA. Similarly, the (T,)s are more pro-
nounced in second heating cycle (Table 1). The small decrease in
T, that it is observed for the nanocomposites implies rather weak
polymer-functionalized CNTs interactions (Bhattacharya, 2016).

The synergy between the functionalized CNTs and the PVA,
in nanoscale, is governed by the extent of the interfacial area and
the strength of the interactions between the available functional
groups. In the case of ox-CNTs@QPEI the type of available exter-
nal groups (primary amines and quaternary groups) together
with the small surface area, limit the effect of CNTs on PVA
crystallization. This result is in line with the conclusions derived
for PVA nanocomposites with low graphene oxide content
(Hu et al., 2017). On the contrary, the fillers can affect the
PVA crystallization in the case of clay/PVA composites, due to
enhanced interaction area and increased density of functional
groups on inorganic platelets (Sapalidis et al., 2011).

Similarly, no significant alterations are observed in X-ray
diffractograms of the pure PVA and PVA/ox-CNTs@QPEI
nanocomposite films (Figure 9). Specifically, the X-ray patterns
of PVA/ox-CNTs@QPEI nanocomposites are the same with that
of pure PVA, since only the characteristic broad peaks of PVA at
20 =19.4°,22.5° and 40.8° attributed to the (1,0,1), (1,0,—1), and
(2,2,0) crystal planes are shown (Singhal et al., 2012). Hence, the
results from both techniques are in line indicating that the inter-
action between the functionalized CNTs and PVA is relatively
weak, retaining the crystal structure of PVA almost unaffected.

The effect of functionalized nanotubes on the PVA thermal
decomposition and stability was investigated via thermogravi-
metric analysis of PVA and all functionalized nanocomposite
films. Three distinct decomposition steps are observed in the
TGA profile of pure PVA (Figure 10), in the 40-110, 240-390,
and 390-480°C ranges, attributed to the removal of physically
absorbed water, the decomposition of hydroxyl groups of PVA,
and the decomposition of the polymeric backbone, respectively
(Hodge et al., 1996). Analogous decomposition steps are observed
in the TGA profile of PVA/ox-CNTs@QPEI nanocomposite
films (Figure 10). In general only small changes are observed.
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FIGURE 8 | Differential scanning calorimetry curves of the pure poly(vinyl alcohol) (PVA) and the PVA/ox-CNTs@QPEI nanocomposite films (A) first heating cycle
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TABLE 1 | Melting temperature (Tm), glass transition temperature (T4), enthalpy
(AH), and degree of crystallinity (X)* of the developed nanocomposite films.

1st heating 2nd heating

Sample Tw/°C  AH/J g' %X:2 To°C Tn/°C AH/Jg' %X
PVA 191.24  34.93 2518 71.70 179.25 16.87 1214
PVA/ox-CNTs@ 190.83  31.89 2294 67.84 176.92 24.64 17.73
QPEI 0.05%

PVA/ox-CNTs@ 190.00 30.08 21.64 63.15 183.33 29.89 21.50
QPEI 0.10%

PVA/ox-CNTs@ 189.97 29.24 21.04 67.76 184.07 20.08 14.45
QPEI 0.25%

PVA/ox-CNTs@ 190.32 32.89 23.66 67.36 18522 23.00 16.55
QPEI 0.50%

PVA/ox-CNTs@ 192.22  28.93 20.81 63.57 191.22 1851 13.32
QPEI' 1.0%

aX.100% = 139.00 J g~ (Peresin et al., 2010).

Specifically, the weight loss slightly decreases with increasing
content of the functionalized CNTs into the PVA matrix, while
the thermal decomposition temperatures are shifted to margin-
ally higher values.

Furthermore, the analysis of the tensile properties can reveal
structural information in nanoscale. Poorly dispersed fillers will
result in deterioration of both tensile strength and modulus of
elasticity. In principle, the overall behavior is governed by the
weakest structural point, which in the case of composites, is
the interface between filler and polymer. The obtained results
of materials’ mechanical testing show a 50.67% improvement

400000 — PVA
q —— PVA/ox-CNTs@QPEI 0.05%
_ —— PVA/ox-CNTs@QPEI 0.10%
350000 —— PVA/ox-CNTs@QPEI 0.25%
7 —— PVA/ox-CNTs@QPEI 0.5%
300000 + —— PVA/Ox-CNTs@QPEI 1%
S 250000 -
8 ]
> 200000
7 ]
fe
S 150000
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0 -
T T T T T
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20(%)

FIGURE 9 | X-ray diffractograms of the functionalized poly(vinyl alcohol)
nanocomposite films.

on the Young’s modulus for the sample with 0.25% ox-CNTs@
QPEI loading, in comparison to the pure PVA sample (Table 2).
It must be noted that the mechanical properties enhancement upon
addition of CNTs is due to the increased dispersion of the fillers
in the matrix and cannot be attributed to the observed crystallin-
ity changes. Further, increase in filler loading leads to decreased
mechanical performance. Since, TEM analysis confirmed the
absence of CNTs aggregates, the observed deterioration can be
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FIGURE 10 | Thermogravimetric profiles of poly(vinyl alcohol) (PVA) and PVA/
ox-CNTs@QPEI nanocomposite films.

attributed to limited PVA/functionalized CNTs interactions.
Additionally, the ultimate tensile strength values follow the same
trend. Specifically, in the case of 0.25% ox-CNTs@QPEI loading,
the tensile strength increases from 50.03 to 84.23 MPa a 68.35%
increase compared to the pure PVA, while higher CNTs loading
lead to decreased performance (Table 2).

The antibacterial activity of the PVA/ox-CNTs@QPEI nano-
composites was investigated against Gram-negative E. coli
bacterial cells. Bacteria were cultured until logarithmic growth
was achieved, and then PVA nanocomposites with various ox-
CNTs@QPEI loading ranging from 0.05-1% w/w were added to
the media. The turbidity of the prepared solutions was monitored
for 12 h and the resulting cytotoxicities are shown in Figure 11.
As expected, pure PVA was not toxic to E. coli bacteria, while
enhanced antibacterial activity for the PVA/ox-CNTs@QPEI
nanocomposites was observed through the amplitude of the
sigmoidal curve, which was comparatively compressed. It must
be noted that, in contrast to previous reports (Dadfar et al.,
2014), where enhanced antibacterial properties were obtained
using high CNTs loading (1-4%), in this study, the antibacterial
performance can be attained using very low CNTs content (0.1%),
while fully antibacterial protection can be achieved by adding
only 0.25% ox-CNTs@QPEI in the PVA matrix.

Previous studies have shown that both SWCNTsand MWCNTs
can be used as antibacterial agents, while the proposed mecha-
nisms of their activity include reactive oxidative stress, blocking
of intracellular metabolic routes, and rupture of cell membrane
(Akhavan and Ghaderi, 2010). However, their agglomeration
defines their overall antimicrobial activity, altering their shape
and surface area (Wick et al., 2007).

On the other hand, it is known that both quaternary ammonium
derivatives (Russel, 1969) and multi-walled CNTs (Kang et al,,
2008; Liu et al., 2009; Dizaj et al., 2015) present significant anti-
bacterial activity against both Gram-positive and Gram-negative
bacteria. However, in the concentration range used in this study,

TABLE 2 | Mechanical properties of poly(vinyl alcohol) (PVA) and nanocomposite
films.

Sample Young modulus Tensile strength
GPa Difference MPa Difference
PVA 2.62 + 0.31 - 50.03 + 8.4 -
PVA/ox-CNTs@  3.05 + 0.79 21.03% 68.33 + 19.5 36.58%
QPEI 0.1%
PVA/ox-CNTs@  3.80 + 0.85 50.67% 84.23 + 19.7 68.35%
QPEI 0.25%
PVA/ox-CNTs@  2.26 + 0.69 -10.19% 42.09 + 16.1 -15.87%
QPEI 0.50%
PVA/ox-CNTs@  2.27 + 0.55 —10.03% 4123+ 11.6 -17.60%
QPEI 1.0%
400 4| —=— Control
—e—PVA
—a— PVA/ox-CNTs@QPEI 0.05 %
—v— PVA/ox-CNTs@QPEI 0.10 %
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FIGURE 11 | Growth curves of Gram-negative E. coli bacteria incubated in
the presence of PVA/ox-CNTs@QPEI nanocomposites. The control was
bacteria treated with distilled water.

QPEI does not show any antibacterial activity (ECs = 710 pg/mL).
The role of QPEI is dual: (i) enhancing the CNTs solubility and
(ii) forming positively charged hybrids (ox-CNTs@QPEI). It is
known that CNTs functionalized with positively charged groups
show increased ability to kill bacteria due to their strong interac-
tion with the bacterial membranes that increases the permeability
across the membrane (Zardini et al., 2012). Therefore, the pres-
ence of hybrid ox-CNTs@QPEI material, which combines both
positively charged groups of quaternary ammonium and CNTs,
induces the antibacterial properties of PVA composites, even at
low filler content. This may occur due to the strong interaction
of the hybrid material with the bacterial membranes, leading to
membrane disruption and bacterial death.

CONCLUSION

Oxidized multi-walled CNTs decorated with QPEI (ox-CNTs@
QPEI) were successfully prepared and physicochemically
characterized. The aqueous colloid stability of ox-CNTs@QPEI
was evaluated by UV-vis spectroscopy and was found that the
hybrid’s aqueous dispersions exhibit stability for extremely long
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periods. A series of PVA films containing various ox-CNTs@
QPEI concentrations were prepared by the solvent casting
technique. Morphological analysis of nanocomposites by TEM
revealed the excellent dispersion of the functionalized CNTs into
PVA. In close agreement with TEM analysis, the adequate opti-
cal transparency of the films further supported this conclusion.
At low loadings (up to 0.25%), the composite films exhibit
enhanced mechanical strength, which, however, decreased at
higher CNTs loading. Regarding the thermal properties, only
marginal changes in comparison to the pure PVA were observed.
Finally, the nanocomposite samples exhibited significant anti-
bacterial properties, depending on the ox-CNTs@QPEI loading,
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