In situ generation of ZnO nanoparticles within a polyethyleneimine matrix

for antibacterial zein fibres

Leno Mascia', Wanwei Zhang’ . Francesca Gatto’, Alice Scarpellini3, Pier Paolo Pompa2 and

Elisa Mele'”

! Department of Materials, Loughborough University LE11 3TU, UK

2 Nanobiointeractions and Nanodiagnostics, Istituto Italiano di Tecnologia, via Morego 30,
16163 Genoa, Italy

3 Electron Microscopy Facility, Istituto Italiano di Tecnologia, via Morego 30, Genova 16163,
Italy

*Corresponding author: e.mele2@lboro.ac.uk

Abstract
In this study the potential of branched polyethyleneimine (PEI) was explored for the in-situ
generation of ZnO nanoparticles and the electrospinning of zein-based fibres. Zinc acetyl
acetonate dihydrate (ZnAcAc-2H>O) was chosen as the precursor for the related sol-gel
reactions, leading to the nucleation and growth of wurtzite crystals within the PEI matrix.
Control experiments showed that PEI played a vital role in the reaction steps leading to the
conversion. Wide angle X-ray diffraction analysis confirmed the crystallographic structure of
the ZnO particles formed, while scanning electron microscopy examinations revealed the
formation of agglomerates less than 400 nm, made up of much smaller primary nanoparticles.
The obtained ZnO/PEI micro-suspensions in ethanol were mixed in an ethanol/water solution
of zein and used for electrospinning of different types of zein-modified fibres. Differential
scanning calorimetry analysis showed that PEI acted as a plasticizer for zein, causing also a
broadening of the glass transition, while Fourier-transform infrared spectroscopy indicated that
the amine groups in PEI interacted with the surface groups of ZnO crystals. The results provide
useful insights for formulating fibres, films and coatings exhibiting antibacterial

characteristics, as well as higher mechanical flexibility and toughness relative to plain zein.
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1. Introduction

Zein is found in the endosperm of corn and belongs to the group of storage proteins known as
prolamins, which are the main repository for nitrogen in cereal seeds.! Zein mainly contains
nonpolar amino acids, such as leucine, proline and alanine. The lack of polarity arises from the
dipole cancellation effect of the constituent amine and acid groups through internal
associations, which determine the hydrophobic character and poor water solubility of this
protein.! 2 For this reason, ethanol or alkaline solutions are used to process zein from “stocks”
of solutions or dopes.

Biocompatibility, biodegradability and processing versatility for a wide range of products, such
as films, nanoparticles and nanofibres, make zein a material of interest for biomedical
applications, particularly for tissue engineering and drug delivery.® According to Zhang et al.,
zein was approved as a “generally recognized as safe” (GRAS) excipient in 1985 by the United
States Food and Drug Administration (FDA) for film coating of pharmaceuticals.* Zein-based
nanofibres have been produced by electrospinning from alcoholic solutions and have also been
proposed for the release of antibacterial compounds and drugs,> ® such as eucalyptus essential
oil,” gallic acid,® curcumin,” indomethacin,' aceclofenac!! and silver,'? and for promoting skin
regeneration.'>'® Moreover, bio-functional nanoparticles or other biopolymers have been
added to electrospun zein nanofibres. Babitha and Korrapati have incorporated TiO>
nanoparticles in zein and polydopamine (PDA) nanofibrous scaffolds.!* Dashdorj ef al. have
prepared zein/Ag composite nanofibres by dissolving zein in citric acid, ethanol and sodium
hydroxide, and then adding AgNOs.'® Dippold et al. have demonstrated the possibility of
electrospinning blends of poly(glycerol sebacate) (PGS) and zein in acetic acid solutions (15
wt.%).!7 The PGS-zein fibres were characterised by a diameter in the 300-350 nm range, a
ribbon-like morphology, a tensile strength of 1.3 MPa and an elongation at break in the region
of 5%. The addition of poly-L-lactic acid (PLLA) to zein was found to enhance the physical
properties and has resulted in more “structurally aligned” fibres.!® Antimicrobial nanofibres
have also been produced from blends of zein with chitosan, and the compatibility of these two
polymers have been increased by the addition of polyvinyl pyrrolidone (PVP).!” Kayaci et al.
have instead incorporated cyclodextrins as a co-polymer for zein and used dimethyl formamide
as a solvent instead of conventional ethanol/water system.”’ A wide range of plasticizers,
including glycerol and polyethylene glycol, have been also used for zein to enhance its

mechanical properties.?!?



This study investigates the effect of branched polyethyleneimine (PEI) as a co-polymer for
blends with zein for electrospinning of fibres, particularly in relation to the effects on the glass
transition temperature (7%) and mechanical properties of the mats produced. The novel aspects
of the work are the use of PEI for the plasticization and/or toughening of zein, and the
production of stable suspensions of ZnO nanoparticles within the PEI matrix (prior to the
incorporation into the zein solution) by a sol-gel method based on low toxic reactants and
solvents.

The sol-gel method is widely used to produce nanoparticles of metal oxides within a polymer
matrix starting with a metal alkoxide or a metal carboxylate, through controlled successive
steps of hydrolysis and condensation reactions.?* Zhang et al. have proposed a solution mixture
at 1:1:1 molar ratio of zinc acetate (ZnAc»), 2-methoxyethanol (as solvent) and monoethyl
amine (as micro-suspension ‘“‘stabilizer” and catalyst) for sol-gel reactions leading to
piezoelectric coatings.?> Rui Zang et al, on the other hand, have synthesised discrete ZnO
nanorods in an alcoholic sodium hydroxide solution.?® In other works, ZnO particles were used
as suspensions, omitting a final thermal treatment at high temperature. For instance, Sun ef al.
have developed a one-step hydrothermal method, inducing the required basic conditions
through hexamethylenetetramine.?” The micro suspension was stabilized with the addition of a
cationic surfactant. Hong et al. have instead demonstrated the generation of ZnO nanoparticles
in a basic aqueous solution containing polyethylene glycol as a suspension stabilizer.?®

More recently Zinc acetyl acetonate dihydrate (ZnAc-Ac:2H>0O) has attracted attention as a
precursor for producing ZnO nanoparticles. Ambrozic et al. have reported on the synthesis of
ZnO nanoparticles in a neutral solution containing either 1-butanol or isobutanol as reaction
medium, relying on the hydration in water to assist the decomposition of the bidendate chelate
complex.”’ In the work of Brahma and Shivashankar, a microwave-assisted method has
induced the conversion of Zinc acetylacetonate.phenanthroline (ZnAc-Ac.phen), which has a
double tertiary amine adduct and therefore produces mild basic conditions.*’ In another work,
small amounts (1-2%) of PEI have been introduced to stabilize ZnO suspensions (ex-situ
produced) in an aqueous medium containing measured quantities of NH4OH.?! To the best of
our knowledge, there are no reports in the literature on the in-situ generation of ZnO
nanoparticles within a PEI matrix, which enables to bring about the required basic condition

within the reaction medium, and the incorporation of these in zein fibres.



2. Method and experimental procedure

2.1. In-situ production of ZnO micro-suspensions
The production of micro-suspensions of ZnO nanoparticles within a matrix of branched PEI
was carried out according to the procedure described below. The PEI used is grade b-25 kDa

(Mn = 10000 Da; Mw = 25000 Da), obtained from Sigma Aldrich, which can be identified with
the empirical formula [CH2-CH2)11(NH2)4(NH)3N4]n, where n~20. This can be schematically

represented with a graphical structure where each repeating unit contains short linear and
bifurcated branches with terminal NH> groups, as shown in Scheme 1. From an estimated
molecular weight value for repeating unit equal to 514, the calculated NH> functionality comes

to 82 for a degree of polymerization n = 20.
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Scheme 1. Pictorial representation of (a) chemical structure (b) and chain length for the average molecular of PEI
(b-25 kDa).

Zinc acetyl acetonate dihydrate (ZnAcAc-2H>0) was obtained from Sigma Aldrich. It was
chosen instead of ZnAc», because of the intrinsic lower acidity of the by-products, primarily
acetyl acetone, which would reduce the risk of possible side effects arising from reactions with
the amine groups in PEIL. The reaction between Zinc acetyl acetonate dihydrate and PEI is
expected to take place according to the following:

(CH3CO=CHCOCH3)2Zn*2H>0 =2 CH3COCH2COCH3 + ZnO + H20

From the molecular weight of ZnAcAc-2H,0 and a functionality = 2, the conversion weight
ratio ZnAcAc:2H>0:ZnO is estimated at 3.7:1.0.

The in-situ production of ZnO nanoparticles within the PEI matrix at NHz: Zn = 2:1 and NHo:
Zn = 1:1 was conducted by initially dispersing 0.75 g of zinc acetylacetonate dihydrate in 30
ml of ethanol at room temperature and mechanical stirring to form a milky suspension. The
ZnO quantity for the two systems were derived from practical considerations in relation to the

stability of the resulting micro-suspensions in the alcohol/PEI solution. Larger amount would



have produced excessive sedimentation due to the high density of ZnO (5.61 g/cm?).
Subsequently, a 2.5 w/v% PEl/ethanol solution was mixed with ZnAc-Ac-2H;0 at the two
NHo»: Zn ratios indicated earlier and then heated up to 80 °C under gentle mixing for 16 hours.
After reaction, the suspensions were dried in polytetrafluoroethylene evaporating dishes
(Cowie Technology™) under fume hood for 72 hours at room temperature to remove the
solvent. Control experiments carried out using a cloudy solution of ZnAcAc2H>O in ethanol,
without PEI, under the same reaction conditions have shown that the formation of ZnO crystals
occurred at a dramatically lower degree of conversion and that the formed crystals are highly
agglomerated.

The formation of ZnO particles within the PEI matrix is expected to take place through
successive steps, namely (i) decomplexation of ZnAcAc-2H>0, due to its intrinsic instability,
comprising the formation of soluble intermediates; (ii) the nucleation and growth of ZnO
nanoparticles, according to Scheme 2. The conversion to ZnO occurs at faster rate due to the
basic environment conditions provided by the multitude of accessible NH» groups in the PEL
The formation of unstable soluble intermediate products provides the required conditions for a
self-assembling of hydrated ZnO nuclei into a spatial configuration favourable for the
formation of stable Wurtzite crystals, through stacking sequences into a tetrahedral geometry
for the growth into structurally stable hexagonal faced platelets. It should be noted, however,
that the high density of ZnO crystals makes it very difficult to obtain stable suspensions in a
liquid medium of much lower density unless there are strong interfacial interactions. This is
the reason for choosing a multifunctional polyamine as the matrix medium for the resulting

micro-suspension.
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Scheme 2. Schematic illustration of the production of ZnO nanoparticles within the PEI matrix.

2.2. Electrospinning of zein/PEI/ZnO nanocomposite fibres

Zein solution mixtures were prepared at 3:1 weight ratio with PEI and PEI/ZnO micro-
suspensions by mixing the components at room temperature and then adding an ethanol/water
solvent mixture (7/3 v/v ratio) to produce 30 w/v% solutions. A 30 w/v% solution of zein in
ethanol/water (7/3 v/v) was also prepared and used as the main control system. The
electrospinning process was carried out at room temperature with an apparatus manufactured
by Linari Engineering, which was run under an applied voltage of 18 kV and a flow rate of 1
ml/h and setting the tip-to-collector distance from the end of the needle at 15 cm. The syringes
used have a 1 mL capacity with a 21G needle, 80 mm long and a bore diameter of 0.6 mm,
which sets the exit velocity for the jet at around 0.4 mm/s. After the complete removal of water
and ethanol, the theoretical content of ZnO in the fibres at full conversion is estimated to be
2.80 and 4.15 w%, based on the expectation that the acetylacetone formed as by-product

remains dissolved in the fibres due to its low volatility (boiling point = 140 °C).

2.3. Electron-microscopy examinations of ZnO micro-suspensions and electrospun fibres

Field emission scanning electron microscopy (FE-SEM, Jeol 7800 and Jeol JSM-7500F) was
used to study the morphology of both the ZnO /PEI micro-suspensions and the electrospun
fibres with an applied voltage of 5 kV. In the case of the Jeol JSM-7500F, the electrospun fibres
were carbon coated using an Emitech K950X high vacuum turbo system (Quorum

Technologies Ltd, East Sussex - UK). In order to detect the ZnO particles within the fibres, a



retractable backscattered electron detector (RBEI) was used. An INLENS-SEM (LEO1530VP)
was used to obtain clearer images of ZnO particles at 10 kV. The samples were coated with
Au/Pb for 60s using an Emitech SC7640 sputter coater. The fibres size was measured using
Image] software (US National Institutes of Health). For each sample, ten SEM micrographs
with different magnification were analysed and 100 measurements were used to perform

statistical analysis.

2.4. FTIR and XRD characterization of ZnO nanoparticles dispersed within the PEI matrix
Fourier transform infrared analysis (IR Tracer-100, Shimadzu) was carried out to monitor
changes in the chemical structure of PEI/ZnO dispersions, using coatings deposited on KBR
discs from the solutions and micro-dispersions. All spectra were recorded within the range
4000-1000 cm™.

Wide angle X-ray diffraction (XRD, D2 Phaser, Bruker) was used in the 26 range of 20° to 70°
to determine the presence of ZnO in the micro-suspensions. The applied voltage and the CuKa

radiation were set at 20 kV and 8.04 keV respectively, using a wavelength of 0.154 nm.

2.6. Evaluation of thermal and mechanical properties of the composites

Thermogravimetric analysis (TGA) of the fibre mats in the “as produced” state was conducted
in a nitrogen atmosphere, from room temperature (25 °C) to 800 °C with a heating rate at
10 °C/min. Approximately 10 mg of each type of mat was used.

Thermal characterisation of the fibres in the mats produced was conducted using differential
scanning calorimetry (DSC Q200, TA Instruments Calorimetric Analyser) in a nitrogen
atmosphere with a flow rate of 50 ml/min. Approximately 9 mg of each type of mat was sealed
in an aluminium pan and subjected to a heating-cooling-heating cycle from 0 to 200 °C at
10 °C/min. Empty aluminium pans were used as reference. Data were analysed using the TA
universal analysis software. All the reported values are the average of 3 samples.

The mechanical properties of the composites were investigated by tensile tests using a single
column table top Instron at room temperature. The samples were cut in rectangular strips 4 mm
wide and 20 mm long. The rate of extension was set at 10 mm/minute. Side action grip clamps

with flat jaw faces were used.

2.7 Antibacterial tests
The antibacterial properties of fibres produced from mixtures of PEI and ZnO/PEI micro-

suspensions in zein were tested on the Gram-negative bacterium Escherichia coli (E. coli) was
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cultured at 37 °C in LB-Broth. The bacterial suspension was then diluted to reach 1 O.D. and
100 pl of this suspension was spread onto 10 cm? LB-Agar plates. Five uniform disks of fibre
mats (1 cm in diameter) were prepared and sterilized for 1h under UV light. Sample-disks were
hydrated using LB-Broth and gently placed on the surface of agar plates and incubated

overnight at 37 °C. The inhibition zone around each disk was measured using the Fiji software.

3. Results and Discussion

3.1 PEl/ZnO dispersions

ZnO nanoparticles were synthesised in situ within the PEI matrix using two different NH>:Zn
ratios: 2:1 (samples indicated as PEI/Zn0-0.5) and 1:1 (samples indicated as PEI/ZnO-1.0).
The reaction products were dried for 48 hours in a fume cupboard to collect the solvent free
micro-suspensions of ZnO nanoparticles in PEI for characterization. SEM micrographs show
that the ZnO nanoparticles in PEI/Zn0O-0.5 samples have a spherical shape, while those in
PEI/ZnO-1.0 samples are irregular with a higher incidence of larger agglomerates (Figure S1).
Control synthesis experiments were conducted in ethanol without PEI at ZnAcAc:2H>O
concentration equivalent to that used to obtain the higher ZnO content in the PEI matrix, under
the same conditions (i.e. heating for 16 hours at 80 °C). SEM investigations demonstrate that
only few ZnO particles are formed from the original ZnAcAc-2H>O, and large crystals are due
to recrystallization while drying the reaction products at room temperature (Figure S2).

The FTIR spectra of the PEI/ZnO dispersions show that a shift to lower wave numbers for the
characteristic peaks of PEI (1668 and 1595 cm™) takes place when ZnO is synthesized (Figure
1a). The PEI/Zn0-0.5 and PEI/ZnO-1.0 samples exhibit peaks at 1648 and 1556 cm™'. These
data can be taken as evidence for the presumed interfacial interactions in accordance with the
mechanism outlined in Scheme 2, supported by data reported by other authors on comparable
systems. Similar interactions of NH> groups have been identified for polyacryloamide with
Zn(OH),, where a corresponding shift was observed in the absorption peak from 1610 cm™ to
1600 cm™' 3! For a composite containing ZnO nanoparticles dispersed in a matrix of polypyrrole
and chitosan, a downward shift has been noted from 1708 cm™ to 1654 cm™', which was also
attributed to interfacial interactions.’? The systems of the present study are closer to the first
example insofar. It can be argued that, under the basic conditions imposed by the presence of
PEI (pH around 10-12), the surface layers of ZnO contain large proportions of hydrated

negatively charged zinc hydroxide moieties, such as Zn(OH);  .>* These surface ions are



expected to produce ionic interactions with the slightly positively charged -NH> groups within

the short branches along the backbone chains of PEI. It should also be noted that the expected

peak at 1716 cm ™! for the C=0 band in ZnAcAc has not been identified in the spectra of either

micro-suspensions.

XRD diffractograms of the PEI/ZnO micro-dispersions (Figure 1b) show diffraction peaks at

32.0, 34.6, 36.5, 56.7, 63.0, and 67.6° for PEI/Zn0O-0.5 samples (pink curve), and at 31.4, 34.0,

35.8, 47.1, 56.2, 62.3, and 67.6° for PEI/ZnO-1.0 samples (violet curve). These peaks
correspond to the planes (100), (002), (101), (102) (missing in low concentration sample),
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Figure 1. (a) FTIR spectra of PEI (orange curve), PEI/Zn0-0.5 micro-dispersion (pink curve) and PEI/ZnO-1.0
micro-dispersion (violet curve); (b) XRD spectra of ZnO/PEI-0.5 micro-dispersion (pink curve) and ZnO/PEI-1.0

micro-dispersion (violet curve).



(110), (103), (112), which are assigned to the hexagonal Wurtzite-type ZnO crystallographic
structure.® The missing of (102) peak for PEI/Zn0O-0.5 samples results from the submergence
of the peak within the background noise, due to the presence of large amounts of the amorphous

PEI matrix.

3.2 Zein/PEI/ZnO electrospun fibres

Fibres were electrospun from zein solutions, zein and PEI mixtures, zein and PEI/Zn0O-0.5
(samples indicated as zein/PEI/Zn0O-0.5) mixtures, and zein and PEI/ZnO-1.0 (samples
indicated as zein/PEI/ZnO-1.0) mixtures. All fibres were free of beads and displayed an
average diameter of (1.6+0.4), (0.7£0.2), (1.0£0.3) and (1.2+0.3) um for zein (Figure 2a),
zein/PEIL (Figure 2b), zein/PEI/Zn0O-0.5 (Figure 2c¢) and zein/PEI/ZnO-1.0 (Figure 2d),
respectively. Notably, the lowest fibre diameter was exhibited by the zein/PEI fibres followed
by the zein/PEI/Zn0O-0.5 fibres. This could be affected by the expected lower viscosity of the
spinning solutions, which would have a similar effect through an enhanced fibre splaying
mechanism.>* In addition, the shape of the cross-sectional area of the different types of fibres
varied considerably. Zein fibres were ribbon-shaped, due to the formation of a rigid skin during
the rapid evaporation of the solvent in the outer layers of the jet.!*»!” This prevented the
occurrence of a homogeneous shrinkage with further evaporation solvent from the inner
sections and caused the original circular cross section to become elliptical and then flat as a
way of accommodating the reduction in cross-section area without further reduction in the
perimeter. It is interesting to note that the incorporation of PEI in zein gave rise to the formation
of fibres more cylindrical in shape, while the presence of ZnO nanoparticle as PEI micro-
suspensions in the fibres tended to reverse this feature to a ribbon-shaped cross-section. The
SEM micrograph for the zein/PEI fibres reveals also the high incidence of splays connecting
adjacent fibres. Previous studies on the electrospinning of polycaprolactone (PCL) fibres
containing ZnO nanoparticles have suggested that low concentrations of ZnO nanoparticles
could assist the accumulation of charges on the surface of the jet, thereby decreasing the fibre
diameter and narrowing the size distribution.*> Higher ZnO concentrations (over 1%) gave rise
to the formation of fibres with larger diameter, which was attributed to the agglomeration of
nanoparticles. However, the agglomeration of particles can also be expected to have the
opposite effect through a concomitant reduction in the viscosity of the fluid, which can in turn

reduce the incidence of splays during fibre formation.>* 3
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Figure 2. SEM micrographs of electrospun fibres of (a) zein, (b) zein/PEI, (c¢) zein/PEI/Zn0-0.5, (d)
zein/PEl/Zn0O-1.0.

The high magnification SEM images in Figure 3a and 3b show the presence of ZnO particles
and aggregates (bright spots) distributed inside the zein/PEI/ZnO-1.0 fibres. The low density
of particles can be attributed to the large discrepancy in the density between the two phases of
the diluted polymer solutions, as identified also by other authors for the electrospinning of
fibres based on PCL.*

The produced fibrous materials were analysed by TGA (Figure 3¢ and 3d). The initial weight
loss at temperatures up to about 100 °C, due to the evaporation of residual solvent, and the
subsequent plateau at temperatures in the region of 200-250 °C both increased with the amount
of PEI present in the fibres. The starting point of first decomposition step of all electrospun
fibres occurred at around 250 °C (derivative TGA curves). For the electrospun zein fibres the
first rate of decomposition peak was found at 321 °C. The addition of PEI to zein caused this
peak to become broader and to shift towards lower temperatures. Since the incorporation of

ZnO nanoparticles did not change the position of these two peaks, the presence of ZnO
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encapsulated in a PEI-rich matrix had no effect on the thermal decomposition kinetics of the
fibres under anaerobic conditions. Accordingly, the reduction in loss of volatiles at
temperatures above 350 °C for zein/PEI/ZnO-1.0 fibres can be attributed to obstacles imposed
to the diffusion of volatiles by the ZnO particles, which is a typical behaviour displayed by
nanocomposites.?* This explanation is supported by the observation that the residue at 800 °C
(not shown) for zein/PEI/ZnO-1.0 fibres was ~ 9 w%. The corresponding residue for the fibres
obtained from either neat zein, zein/PEI blend (i.e. without ZnO) or zein/PEI/Zn0O-0.5 fibres
was, in all cases, in the region of 3-5 w%. This indicates that the amount and dimensions of
ZnO particles in the latter systems are below the critical values required for providing an
efficient barrier for the outer diffusion of volatile resulting from the chemical degradation of
the polymer matrix. Furthermore, very small particles (nanoscale dimensions) may be carried

away with the volatiles rather than becoming entrapped in the residue.
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Figure 3. (a, b) High magnification SEM images of zein/PEI/ZnO-1.0 fibres. TGA thermograms for (c) weight

and (d) derivative weight/time of zein/PEI (black curve), zein/PEl/Zn0O-0.5 (red curve), zein/PEI/Zn0O-1.0 (blue
curve) and zein (green curve) electrospun fibres.
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The thermograms for the 2™ cycle of DSC runs on fibres made from solutions of both zein and
zein mixture with PEI as well as for the two micro-suspensions of ZnO in PEI are shown in
Figure 4. The DSC traces for 1* cycle run displayed the usual broad endotherm below 100 °C
due to the loss of residual solvent in the fibres.?” The possible effect of residual water remaining
from the electrospinning of the fibres has been investigated by carrying out DSC runs on fibres
dried for 30 minutes at 80 °C (inset of Figure 4). The DSC thermograms show that PEI had a
plasticization effect on zein, due to the strong interactions of NHz groups in PEI with the COOH
groups of the constituent amino acids. Zein/PEI/Zn0O-0.5 and zein/PEI/ZnO-1.0 fibres
exhibited not only higher glass transition temperatures, due to the lower PEI content, but also
a narrower transition range, which is analogous to the behaviour of zein fibres. The presence
of ZnO restored part of the small endotherm at the upper end of the glass transition which was
exhibited by the unmodified zein fibres. This is associated with the erasing of physical ageing,
which is a behaviour often found in DSC scans of glassy polymers.*® At the same time, an
increase in the gradient of the DSC trace before the onset of the glass transition can be noted
for the samples containing only PEI and the total disappearance of the physical ageing feature.
The broadening of the glass transition of the zein/PEI system can be attributed to different
factors: the molecular weight (MW) distribution of PEI, whereby the low molecular weight
species produce a larger decrease in 7, than the corresponding high MW species; the state of
aggregation of the constituents of zein.*® *° The narrowing of the glass transition and the
significant increase in 7, resulting from the incorporation of ZnO nanoparticles is likely to arise
primarily from the reduced miscibility of PEI that is attributed to presence of residual
acetylacetone in the in-situ produced micro-suspensions. The glass transition temperature
values, taken at the transition “mid-point” of the DSC traces, are 165.1+1.8 °C for zein,
129.1+£5.0 °C for zein/PEI, 147.8+1.9 °C for zein/PEl/ZnO-0.5 and 160.6+1.0 °C for
zein/PEI/Zn0O-1.0.
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Figure 4. DSC thermograms for 2™ cycle scan on fibres of different composition with inset to compare the effect
of pre-drying the fibres.

The comparison of typical stress/elongation relationship for the various systems examined are
presented in Figure 5. Tests on fibres produced from pure zein solutions were not carried out
as the mats were too fragile to handle. Zein/PEI/Zn0O-0.5 fibre mats was found to exhibit the
lowest scatter in the stress-extension curves, while zein/PEI/ZnO-1.0 fibre system was
characterised by a much higher ductility, which can also be associated with the higher
compliance of the mats (low gradient of the stress-extension curve). The elongation values at
maximum stress and at break were both higher when ZnO particles were present in the fibres,
particularly for the highest ZnO system (Figure 5b). The implications of this observation are
that, although fracture occurs at lower tensile loads in the presence of ZnO nanoparticles, the
high extension allows the mats to bend over larger angles without fracture. The behaviour
displayed by this system would be beneficial for applications requiring easily tearing mats,
which would be supported by external fastening such as microporous tapes.

Previous works on electrospun fibres of zein/collagen (3:1 ratio)*® and zein/gelatine (3:1
ratio)*! have reported values of yield stress of 0.2 and 0.7 MPa, respectively, which are within
the same range as the values obtained for zein/PEI and zein/PEI-ZnO fibres (0.2-1.0 MPa,
Table 1). Values of strain at break from 2.5 to 20.0%, as for the zein/PEI composite and
nanocomposite fibres, have been registered for most of the zein-based electrospun mats, such

1’42

as zein/glycerol,* zein/poly(glycerol sebacate),* zein/ethyl cellulose,** zein/silk fibroin,*

zein/poly(3-hydroxybutyrate-co-4-hydroxybutyrate) (P(3HB-co-4HB)).*
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Figure 5. (a) Selected tensile curves for zein/PEI (black curve), zein/PEI/Zn0O-0.5 (red curve) and zein/PEl/ZnO-
1.0 (blue curve) fibres. (b) Comparison between ultimate elongation ratio and elongation ratio at maximum stress
for zein/PEI (black histograms), zein/PEI/Zn0O-0.5 (red histograms) and zein/PEI/ZnO-1.0 (blue histograms)
fibres. Estimated error from repeated measurements is +0.02.
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Table 1: Comparison of mechanical property data for zein-based fibres produced in different studies.

ep: elongation at break; TS: tensile strength.

Fibres &b (%) TS (MPa) | Experimental parameters Ref.
Zein/poly(glycerol sebacate) (3:1 ratio) 6 2.2 Polymer concentrat.ion: ,30%
w/v. Solvents: acetic acid and 4
. ) . ethanol. E-spin: 20 kV, 0.4-07
Zein/poly(glycerol sebacate) (6:1 ratio) 10 1.0 mL/h, 10-15 cm.
Zein/ethyl cellulose (3:1 ratio) 12 3.5 Polymer concentration: 40%
w/v. Solvent: acetic acid. E-spin: | 44
Zein/ethyl cellulose (1:1 ratio) 8 6.0 18 kV, 0.5 mL/h, 15 cm.
s S . Polymer concentration: higher
Zein/silk fibroin (2:1 ratio) 25 14 than 25% w/v. Solvent: formic 4s
— - - acid. E-spin: 14-16 kV, 6 mL/h,
Zein/silk fibroin (1:1 ratio) 15 14 12 cm.
Zein/P(3HB-co-4HB) (3:2 ratio) 20 5.4 Polymer concentration: 5% w/v.
Solvent: dimethylformamide. E- | 46
Zein/P(3HB-co-4HB) (2:3 ratio) 46 6.4 spin: 26 kV, 0.2 mL/h, 20 cm.
Zein/collagen (3:1 ratio) 40 0.2 Polymer concentration: 40%
w/v. Solvent: acetic acid. E-spin: | 40
Zein/collagen (1:1 ratio) 15 4.0 20 kV, 0.75 mL/h, 15 cm.
Zein/gelatine (3:1 ratio) 88 0.7
Polymer concentration: 30%
Zein/gelatine (2:1 ratio) 69 0.3 w/v. Solvent: acetic acid. E-spin: | 41
15kV, 1 mL/h, 10 cm.
Zein/gelatine (1:1 ratio) 8 0.8
Zein/PEI (3:1 ratio) 6 1.0 Polymer concentration: 30% This
: : /v. Solvents: ethanol/water
Zein/PEI-Zn0-0.5 (3:1 rat : W tud
ein/PEI-Zn0-0.5 (3:1 ratio) ! 08 (7/3). E-spin: 18 kV, I mL/h, 15 | ° Y
Zein/PEI-Zn0O-1.0 (3:1 ratio) 14 0.2 cm.

The presence of the ZnO nanoparticles conferred antibacterial properties to the zein/PEI

electrospun mats. In vitro tests on bacteria proliferation exhibited a clear inhibition zone

(0.8+£0.1 cm) in the areas below and around the zein/PEI-ZnO samples (Figure 6). This was not

visible for the zein/PEI mats without ZnO. It should be noted that the bactericidal properties of

ZnO nanoparticles have been extensively investigated in the literature,*’ however only few

groups have incorporated ZnO nanoparticles into zein-based materials and none have until now

used an in-situ generation method to produce solution mixtures for electrospinning of fibres.

For instance, Cao and co-workers have reported on zein films containing spindle-like zein-

conjugated ZnO crystals and ZnO rods, both produced ex situ.*® %’ The films with 1.8-4.4

pg/mm? of ZnO were able to inhibit the proliferation of E. coli and Staphyloccocus aureus.
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Figure 6. Size of the inhibition zone for E. coli colonies in contact with zein/PEI and zein/PEI/ZnO-1.0
electrospun mat. Inset: photographs of zein/PEI (left-hand side) and zein/PEI/ZnO-1.0 (right-hand side) samples.
Although the exact mechanism of action of ZnO nanoparticles against microorganisms has not
been clarified yet, the possible explanations for the antimicrobial activity of ZnO can be
attributed to the following: a) the nanoparticles accumulation on the bacterial exterior that
results in membrane perturbation, with changes in permeability and ultimately the disruption
of the cell integrity; b) the release of Zn*" ions that leads to inhibition of active transport and
has severe impact on the amino acid metabolism and the enzyme system; c) the generation of
reactive oxygen species that destroy several cellular components (lipids, DNA and proteins).*’
For the system of this study the surface of ZnO crystals are expected to be very rich in Zn*"
ions due to strong associations with NH> groups in the surrounding PEI (see Scheme 2) and in
accordance to the findings by Tang et al.** It is worth noting that the data in a report by Soria-
Castro et al. found that mixed Ca/Zn hydroxides displayed antimicrobial properties and
suggested that Zn(OH), alone may not have such characteristics.’® Other authors found that
mixed zinc oxide/zinc hydroxide nanoparticles exhibit antimicrobial activity against E. coli
and S. aureus.’' For the interpretation of the results of this study it is propitious to consider also
the findings of Malzahan et al. on plasma-polymerized thin films deposited from zinc
acetylacetonate in a low-pressure RF plasma reactor.”? These authors have obtained a sixfold
reduction in the growth of S. aureus on films of different thickness, which was attributed to the
presence of complexes of ZnO and ZnAcAc. This interpretation reinforces the hypothesis on

the existence of the intermediate structure identified in Scheme 2.
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4. Conclusions

Experiments were carried out with the view of producing novel zein based fibres by
electrospinning. Polyethyleneimine (PEI) was used for its dual function, namely as a potential
plasticizer for zein and as favourable medium for the in-situ generation of ZnO nanoparticles.
Zinc acetyl acetonate dihydrate (ZnAcAc.2H>0) was chosen as the owing to its low stability,
which facilitates the formation of ZnO through successive sol-gel reaction steps, consisting of
decomplexation of ZnAcAc.2H>O, formation of solid nuclei and growth into stable Wurtzite
crystals. The obtained ZnO/PEI micro-suspension in ethanol was mixed in an ethanol/water
solution of zein at two concentration levels and used to electrospin different types of zein-
modified fibres. ZnO micro-suspensions and the zein-based fibres were characterised and
evaluated. The use of PEI in the production of ZnO nanoparticles was found to facilitate the
conversion, owing to the basic environment of the reaction medium. XRD examination has
confirmed the crystallographic structure of the ZnO particles formed, while SEM examinations
showed the formation of agglomerates less than 400 nm made up of much smaller primary
nanoparticles. FTIR spectroscopic analysis has indicated that the amine groups in PEI can
strongly interact with the surface of ZnO crystals, possibly through associations with ionic
species, such as Zn(OH)3", arising from the basic nature of the suspension medium.

DSC analysis has revealed that PEI acts as an “effective” plasticizer for zein, causing also a
broadening of the glass transition. However, when ZnO nanoparticles are concomitantly
present in the solution mixture used in making the fibres the extent of plasticization, expressed
as a decrease of the 7, value, is reduced and the narrower breath of the glass transition exhibited
by the “neat” zein fibres is restored. TGA data have shown that the presence of PEI increases
the solvent retention of the fibres produced, which is reduced considerably when ZnO
nanoparticles are present as a micro-suspension in PEL.

It has also been found that the structural modifications of zein, brought about by the addition
of PEI and ZnO/PEI micro-suspensions, affects both the shapes and diameter of the fibres
produced. The incorporation of PEI in the zein spinning solution results in a significant
reduction in fibre diameter, as well as producing fibres with a more cylindrical cross-section
relative to the fibres produced from mono-component zein solution, which have a ribbon type
shape due to the formation of a “hard” and impermeable skin in the first stage of the solvent
evaporation from the spinning jet.

The mats containing ZnO nanoparticles were found to exhibit antibacterial properties, manifest
by the formation of the inhibition zone for E. coli colonies, likely resulting from the formation

of ZnO complexes with Zinc acetylacetone as intermediate or side products of the sol-gel
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reactions. For the systems of this study there are various foreseen potential applications that
would combine the antibacterial properties provided by presence of ZnO nanoparticles with
the release of drugs entrapped on the surface of the fibres through associations with the amine
groups of PEIL. This would provide the means of controlling the rate of release through
variations in the concentration of PEI in the fibres and the composition of auxiliary components
that may be used as carriers in the interstices between the fibres of the mats. Examples are

dressings and membranes for biomedical applications and food industry.
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