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Abstract

Advanced antimicrobial biomaterials for wound healing applications are an active field of research for their potential in
addressing severe and infected wounds and overcoming the threat of antimicrobial resistance. Beta-glucans have been used
in the preparation of these materials for their bioactive properties, but very little progress has been made so far in producing
biomedical devices entirely made of beta-glucans and in their integration with effective antimicrobial agents. In this work,
a simple and eco-friendly method is used to produce flexible beta-glucan/nanostructured zinc oxide films, using glucans
derived from the yeast Saccharomyces cerevisiae. The properties of the films are characterized through scanning electron
microscopy, energy-dispersive X-ray spectroscopy, X-ray photoelectron spectroscopy, X-ray diffraction, infrared and UV—
visible spectroscopy, thermogravimetric analysis, differential scanning calorimetry, and water absorption tests. Finally, the
antibacterial properties of the nanostructured zinc oxide and of the composite films are assessed against Staphylococcus
epidermidis and Escherichia coli, showing a marked effectiveness against the former. Overall, this study demonstrates how

a novel bionanocomposite can be obtained towards the development of advanced wound healing devices.

Keywords Beta-glucans - Nanostructured zinc oxide - Antibacterial bionanocomposites - Wound healing

1 Introduction

Wounds are a major burden for healthcare, quality of life,
and the economy. The presence of acute or chronic wounds
determines a substantial decrease in the patient’s quality
of life and a corresponding increase in associated wound
care costs. The economic and healthcare burdens of wounds
are expected to grow due to the aging population in most
countries and to the early development of illnesses that are
typically connected to wound insurgence, such as diabetes
and obesity [1].

An additional negative spill-over of this global issue is
the indirect cost generated by the decrease in productivity
experienced by tens of millions of wounded individuals.

On top of all that, wounds are frequently subjected to
infections caused by rapid bacterial colonization of the
wound area. Infection can interfere with the normal healing
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process and frequently gives rise to more serious implica-
tions. For instance, surgical site infections contribute to 75%
of post-surgery deceases [2].

As regard direct and indirect costs related to wound dress-
ing management, the USA alone annually spend more than
25 billion dollars [3]. At the same time, in the main Euro-
pean countries, the mean annual costs due a patient hospital-
ized for wound problems are estimated to be about 10.000
euros [4]. In this aim, the worldwide expenditure is expected
to reach 80 billion dollars by the year 2024 [4, 5].

A consequence of this trend is a corresponding increase
in the global demand for advanced wound care products.
The related market was valued $6.5 billion in 2020 and is
expected to grow steadily in the forthcoming years [6].

Thousands of wound dressings are already commercially
available, covering the large span of needs and requirements
associated to different types of wounds. These solutions have
limitations, such as the use of crosslinking agents, toxic
decomposition by-products, painful removal, poor exudate
absorption ability, or the use of petroleum-based raw materi-
als. Researchers are developing new, advanced strategies to
address these gaps, such as biopolymers-based, medicated,
and composite dressings made of natural biomacromolecules
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like chitosan, collagen, and cellulose [7, 8]. These combine
the high biocompatibility and environmental sustainability
of biopolymers with the beneficial effects of incorporated
medications, such as antibiotics. Within this domain, beta-
glucans (BG) are gaining increasing attention in the fabrica-
tion of wound dressings thanks to their immunostimulatory
properties. In fact, the innate immune receptor Dectine-1
recognizes beta-glucans as pathogen-associated molecular
patterns (PAMPs), thus triggering an immune response [9]
and proliferation of keratinocytes in humans [10], as well
as other skin health promotion effects [11]. BG have been
used as additives for the fabrication of nanofibrous [12]
and sprayable dressings [13] and blended with gelatin [14],
poly(vinyl alcohol) [15], starch [16], and pullulan [17]. Dif-
ferent types of BG gels for wound healing have also been
reported in the literature [18, 19].

However, very little research exists on the fabrication of
BG films, which would constitute another important con-
tribution to the development of wound dressings based on
natural biomacromolecules by expanding the range of pos-
sible applications thanks to their particular properties. As
a next step in this direction, novel films with biomedical
properties introduced by the addition of therapeutic and anti-
microbial agents would further improve their effectiveness
and would substantially advance the quality of healthcare
and patient lifestyle.

The most common microbial species isolated from
infected wounds are gram-negative bacteria (57.9%), with a
prevalence of Pseudomonas aeruginosa (40.2%), Escheri-
chia coli (20.7%), Proteus mirabilis (11.2%), and Acineto-
bacter baumannii/haemolyticus (9.5%). On the other side,
gram-positive bacteria represent the 36.6%, with Staphylo-
coccus aureus as the predominant specie (79.4%); this last
appears to be the most frequent colonizer in the initial phase
of infections, and it is well-known for its involvement in
antimicrobial resistance (AMR) [20]. AMR is one of the
biggest public health challenges of our time, claiming at
least 700,000 lives per year worldwide. Within the context,
nanostructured zinc oxide (nZnO) is known for its marked
antimicrobial, anticancer, and anti-inflammatory properties,
as well as for its biocompatibility and ability to stimulate
keratinocytes proliferation [21, 22]. ZnO NPs exhibit anti-
microbial property against both gram-positive and gram-
negative bacteria and also against fungi. The antimicrobial
activity of ZnO NPs may be due to the release of Zn>* ions,
reactive oxygen species (ROS) production, and physical
interactions with the cellular membrane [23].

Given its multiple mechanisms of antimicrobial action,
different than those expressed by traditional drugs and
antibiotics, nZnO is also a good candidate to contrast
drug-resistant strains. All these properties make nZnO
a very well-suited material for wound healing and skin
tissue engineering. In a recent review on wound-healing
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therapy, nanocomposites based on ZnO NPs entrapped in
chitosan hydrogel, collagen dressing, or cellulose sheets
were described; in all the cases, both antibacterial and
tissue regeneration activity were reported [24]. Moreover,
ZnO NPs incorporated in hydrogel-based wound dressings
allow to increase the overall contact time with the wound
and to promote keratinocyte migration, improving
re-epithelialization [25].

Despite this, only a study by Razzaq et al. has demon-
strated the antimicrobial properties of ZnO containing BG
films obtained from barley [26] so far.

However, the ZnO used in this study was 500 nm in size.
It is known that nanostructured zinc oxide (with sizes typi-
cally ranging from 1 to 100 nm) possesses greater antimi-
crobial activity thanks to its reduced size [27]. Furthermore,
there is a large body of scientific evidence suggesting that
B-glucans from Saccharomyces cerevisiae promote wound
healing and skin repair processes by stimulating fibroblast
proliferation and growth factor expression [28], which would
be highly desirable properties for innovative wound dress-
ings. In fact, the biological activity of B-glucans is dependent
on their source and structural conformation [29]. However,
B-glucans from S. cerevisiae are not water soluble, contrary
to cereal-derived ones, thus making the fabrication of medi-
cal devices more difficult. Overcoming this limitation would
be a significant progress towards the development of multi-
functional, advanced wound dressings.

In this study, a simple fabrication route for the obtainment
of flexible composite beta-glucan/nanostructured zinc oxide
(BGZ) films using commercial S. cerevisiae B-glucans is
presented. The nanocomposites are then characterized and
tested against two bacterial strains, namely, gram-positive
Staphylococcus epidermidis and gram-negative Escherichia
coli, to assess antibacterial efficacy.

2 Materials and Methods

Zinc acetate di-hydrate (>98%), potassium hydroxide
(>85%), absolute ethanol, and glycerol (>99%) were
obtained from Sigma-Aldrich (St. Louis, MO, USA) and
used as received. Beta-glucan powders (70%) were pur-
chased from ACEF S.p.A. (Fiorenzuola d’Arda, Piacenza,
Italy). Mueller Hinton Broth CM0405 (MHB) and Mueller
Hinton Agar CM0337 (MHA) were supplied by OXOID Ltd
(Basingstoke, United Kingdom).

2.1 Synthesis of nZnO

Nanostructured zinc oxide is obtained through a wet chemi-
cal precipitation technique previously adopted in another
study [30]. Briefly, 14.75 g of zinc acetate dihydrate and
7.4 g of potassium hydroxide are dissolved in 60 and 32 mL
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of ethanol, respectively. The two solutions are then mixed
and kept at 70 °C for 72 h under constant agitation and sol-
vent refluxing. The white precipitate is then collected by
centrifugation, washed with ethanol, and dried in an oven
for 24 h at 60 °C.

2.2 Characterization of nZnO

The crystal structure of nZnO powder was characterised
through X-ray diffraction (XRD) using a PANalytical X’ Pert
Diffractometer (Cu K radiation, Almelo, The Netherlands).
The X-ray diffraction pattern shows a wurtzite-type crystal
structure, as previously reported [30].

The morphology of the nanoparticles was investigated
by means of field emission scanning electron microscopy
(FESEM) carried out with a ZEISS Merlin instrument
(Oxford Instruments, Abingdon-on-Thames, UK). The
Imagel] software (open source, https://imagej.net/, accessed
26 August 2021) was then used to measure particle size
distribution. Zinc oxide nanoparticles are characterized
by a spherical morphology and a size of 32 nm, as previ-
ously reported [30]. Specific surface area was determined
through nitrogen physisorption measurements, performed
using a ASAP2020 Plus Micromeritics apparatus (Norcross,
GA, USA). Samples were degassed at 70 °C for 2 h. The
specific surface area (SSA) was determined based on the
Brunauer—-Emmet-Teller (BET) model in the relative pres-
sure p/p° range of 0.01-0.1. The SSA resulted to be about
50 m%/g.

2.3 Preparation of BG Films

Beta-glucan films have been prepared following a procedure
previously described by Sagnelli and co-workers [16] with
some modifications. A 2% (w/v) BG suspension in distilled
water was prepared and heated at 95 °C for 40 min to facili-
tate beta-glucan dispersion. After thermal treatment, glyc-
erol was added in an amount equal to 25% of the dry weight
of BG powder. After stirring, the suspension was poured
onto 9-cm diameter polypropylene Petri dishes, maintaining
a volume-to-surface ratio equal to 0.200 m. The dishes were
placed in an oven for 3 h at 60 °C for solvent evaporation and
film formation, and the films were subsequently peeled off
and used for further characterization and testing.

2.4 Preparation of BGZ Films

For the preparation of composite films, a suspension of
nZnO in water was prepared and sonicated in an ultrasonic
bath for 1 h. The suspension was then added to the film
forming BG suspension, subsequent to the heat treatment
and glycerol addition. The mixture was then casted on Petri
dishes, dried, and composite films were eventually obtained.

Three different types of composite films were prepared,
based on the nZnO content introduced in the matrix, namely,
2%, 4%, and 6% of the dry BG mass. The samples were
therefore labeled BGZ-2, BGZ-4, and BGZ-6, respectively.

2.5 Characterization of Films

BG and BGZ films were characterised by means of X-ray
diffraction using a PANalytical X Pert Diffractometer (Cu K
radiation, Almelo, The Netherlands) and scanning electron
microscopy via a ZEISS Supra 40 field emission scanning
electron microscope (ZEISS, Oberkochen, Germany). Cross
sections of the films were imaged after immersing and sub-
sequently fracturing samples in liquid nitrogen. Before the
analysis, samples were coated with a 8-nm thick Pt layer.
Energy-dispersive X-ray spectroscopy (EDS) was carried
with an Oxford EDS Microanalysis (liquid N, cooled Si(Li)
detector) instrument (Oxford Instruments, Abingdon, UK).
X-ray photoelectron spectroscopy (XPS) was performed
with a Physical Electronics VersaProbe apparatus (Physi-
cal Electronics, Lake Drive, MN, USA), using Al radiation
(hv=1248 eV). The Cls component at 284.8 eV was taken
as a reference for the energy scale.

Spectroscopic characterization was carried out by means
of UV-Vis spectroscopy, using a Lambda 465 UV/Vis
spectrophotometer (PerkinElmer, Waltham, MA, USA), as
well as attenuated total reflectance Fourier-transform infra-
red spectroscopy (ATR-FTIR), using a Nicolet iS50 FTIR
Spectrometer equipped with Smart iTX optics and diamond
crystal (Thermo Fischer Scientific, Waltham, MA, USA).
Thermal properties were investigated through differential
scanning calorimetry (DSC) and thermogravimetric analy-
sis (TGA) using a Linseis STA PT 1600 apparatus (Lin-
seis Messgeraete GmbH, Selb, Germany) in an inert argon
atmosphere in the 25-800 °C temperature range, with a
10 °C/min heating rate. Glass transition temperature T, was
determined through the first derivative method.

2.6 Swelling Tests

For swelling tests, BG and BGZ films have been cut into
20-mm diameter discs, weighted, and dried in an oven at
60 °C until stabilization of the dry mass, my. Discs were
then immersed in 20 mL of distilled water at different pH
values, namely, 3, 5, 7,9, and 11. Films were extracted from
the liquid at 30 min time intervals, freed from excess water,
and weighted until stabilization of the wet mass, m,. Finally,
the swelling ratio, SR, was determined as:

m,, —my

SR = « 100

my

Each experiment was repeated in triplicate.
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2.7 Antibacterial Activity of nZnO

The minimum inhibitory concentration (MIC) and the
minimum bactericidal concentration (MBC) of nZnO were
determined applying the EUCAST broth microdilution method
with some modifications [31]. The tested bacteria were the
gram-positive Staphylococcus epidermidis, LMG 10,474,
and the gram-negative Escherichia coli, LMG 08,063. A
standardised inoculum, corresponding to 5 X 10° CFU/mL, was
obtained by dispersing three colonies, taken from an overnight
culture grown on MHA at 37 °C, into 5 mL of sterile 0.85%
w/v NaCl solution and opportunely diluting the suspension
with MHB. The 96-well plates were filled with 10 pL of
inoculum, 50 pL. of MHB, and 50 pL of nZnO suspensions
with oxide concentrations ranging from 30 to 20,000 pg/mL.
In the biotic controls, the nZnO suspensions were substituted
with 50 pl of MHB, while in the abiotic ones the inoculum was
substituted with 10 pl of MHB.

MIC was established as the lowest nZnO concentration
capable of completely inhibit the growth of the bacteria as
detected by the unaided eye. MBC was determined subcul-
turing, on MHA, 10 pL of the broth dilutions that inhibited
bacterial growth (those at or above the MIC); the MBC was
the lowest broth dilution of nZnO that prevented the bacterial
growth on MHA after 24 h of incubation at 37 °C.

2.8 Antimicrobial Activity of Composite Films

The antimicrobial activity of BG and BGZ films was assessed
applying the EUCAST disk diffusion method with some modi-
fications [32]; also in this case, the tested microorganisms have
been S. epidermidis LMG 10,474 and E. coli LMG 08,063.

A standardised inoculum was prepared using the direct
colony suspension method obtaining a bacterial suspen-
sion, in 0.85% NaCl, corresponding to 1-2 x 108 CFU/mL.
A total of 100 pL of the inoculum were spread on MHA
plates (@ 90 mm) and 18 mm diameter BG, BGZ-2, BGZ-4,
and BGZ-6 discs were gently deposited on the agar surface.
Filter paper discs were used as negative controls. Plates were
then incubated at 37 °C for 24 h. At the end of the incuba-
tion period, the antibacterial activity was measured as the
average distance between the limit of the film disc and the
inhibition halo edge, as judged by the naked eyed, for two
perpendicular disc diameters. Each experiment was done in
triplicate.

3 Results and Discussion
3.1 Characterization of Films

The film formation procedure described above led to the
formation of flexible films. FESEM images in Fig. 1 showed
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that films have a compact microstructure. BG films (Fig. 1,
Al) have a continuous and irregular surface, and EDS analy-
sis reveals the presence of carbon and oxygen, as expected
(Fig. 1, A2). The addition of ZnO (Fig. 1, B1) seems to
cause an increase in surface roughness. This is caused by
the presence of ZnO nanoparticles and their aggregates, as
revealed by the EDS analysis. Figure 1, B2.1 shows that
nZnO is homogeneously distributed in the composite film.
Moreover, Fig. 1, B2.2 shows a several-micron-large nZnO
aggregate, as confirmed by the overlap between the oxygen
and zinc elemental maps and by the corresponding lack of
carbon presence in the same area. In order to verify that
nZnO was also dispersed across the thickness of the film,
cross section images and elemental maps were taken. The
inner part of the film is featured by micrometric pores, as
shown in Fig. 1, A3 for the BG matrix. When nZnO is dis-
persed, porosity is preserved, but the nanoparticles and
their aggregates become visible in the cross section as well
(Fig. 1, B3). As a further confirmation, zinc was detected
across the lateral section by EDS, as shown in Fig. 1, B4.

Figure 2 shows the results of the XPS analysis. A survey
carried out on the four samples confirmed that nZnO was
successfully included in the composite samples (Fig. 2A).
The binding energy of Zn2p3 between 1022.13 and
1022.25 eV (Fig. 2B) in the four samples is between that
reported for zinc hydroxide and zinc carbonate [33]. This
suggests that a layer of hydroxylated and carbonate species
was formed on the surface of the nanoparticles, as previously
reported for a similar nanostructured zinc oxide [34]. As fur-
ther confirmation, a FTIR analysis of the nZnO was carried
using a Bruker Equinox 55 spectrometer (Bruker, Billerica,
MA, USA), on a self-supported nZO pellet diluted in KBr
after outgassing the powder at room temperature for 1 h at
0.1 Pa. The FTIR spectrum (Figure S1) confirmed the pres-
ence of surface hydroxyl groups (broad band at 3390 cm™!
ascribed to interacting hydroxyl species) and of surface car-
bonate species (bands in the 1700-1300 cm™! range) [35].

The bulk phase of the nanoparticles is however not affected,
as revealed by the XRD spectrum shown in Fig. 3, where the
XRD patterns of the nZnO powder and of the four films are
reported. The pattern observed for nZnO (grey line) is typical
of the hexagonal wurtzite-like phase, as expected [30].

The patterns of the films reveal an amorphous struc-
ture in all cases, with a broad reflection at approximately
20 =20 which is consistent with literature data [16, 17].
The amorphous pattern is indicative of the formation of a
dense molecular network, as proposed by Chang et al. [17],
in agreement with the evidence obtained by FESEM analy-
sis. Diffraction peaks attributable to nZnO are observed in
the BGZ-4 and in the BGZ-6 samples thanks to the higher
amount of oxidic phase. The presence of nZnO does not
appear to affect the amorphous nature of the beta-glucan
matrix.
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Fig.1 (A1) FESEM image of BG film surface; (A2) EDS carbon and
oxygen distribution map of BG film surface; (A3) FESEM image of
BG film cross section; (B1) FESEM image of BGZ-6 film surface;
(B2) elemental maps of C, O, and Zn of the BGZ-6 film surface in a

generic point of the sample (B2.1) and in correspondence of a nZnO
aggregate (B2.2); (B3) close-up FESEM image of a nZnO aggregate
in the BGZ-6 film cross section; and (B4) elemental maps of C, O,
and Zn in the BGZ-6 film cross section

Fig.2 A XPS survey of the -
samples and B high-resolution 2w, S :
XPS peaks of Zn2p3
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The ATR-FTIR spectra of BG and BGZ films are shown
in Fig. 4. The broad band at about 3290 cm™! is due to -OH
groups, whereas the two peaks at about 2920 cm~! and
2860 cm™" are attributed to the asymmetric and symmetric
-CH, group stretching, respectively [35]. Two weak bands
are at 1635 cm™! and 1560 cm™', which may be ascribed to
amide groups, which might be retained in the BG extraction
process [36]. The very strong bands in the 1010-1050 cm™"
range are typically found in glucans [36, 37]. The presence
of nZnO does not result in any changes of the BGZ spectra
with respect to the bare BG film.

Results of thermogravimetric analyses are shown in Fig. 5
(left side). After an initial weight loss due to evaporation

1 Y T T T
400 200 0 1020 1025 1030 1035
Binding energy (eV)

of water, a second mass reduction onsets at approximately
200 °C due to the thermal decomposition of B-glucans [26],
followed by a steeper mass loss step starting in the proxim-
ity of 300 °C, assigned to glycerol removal in addition to
polysaccharide decomposition. The corresponding mass loss
results to be around 25%, which is in agreement with the
glycerol content from the preparation procedure.

In the last portion of the curves, between 400 °C and
800 °C, a further mass loss, of about 10%, is observed for
BG and BGZ-2, whereas only a minor mass loss is observed
for BGZ-4 and BGZ-6 in the same temperature range. The
higher amount of residual mass in BGZ-4 and BGZ-6 can be
attributed to the effect of ZnO nanoparticles, which absorb
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Fig.4 ATR-FTIR spectra of BG and BGZ films

heat, stabilize the carbonaceous structure, and limit the dif-
fusion of decomposition species [38].

The right side of Fig. 5 reports the DSC curves of the
films. T, of pure B-glucan films is around 90°, whereas it
increases up to approximately 80 °C for the nanocomposite
films. These values for the BG films are in agreement with

literature data [39]. For BGZ films, a plasticizing effect of
ZnO on the films was suggested in the previous study [26] as
the cause of the decrease of the glass transition temperature.
Here, the nZnO with a smaller size might have acted in the
same capacity, promoting molecular mobility.

The optical properties of the films were characterized by
UV-visible spectroscopy, and spectra are presented in Fig-
ure S2. The transmittance of the films is low, and the addi-
tion of nZnO further increases opacity both in the UV and in
the visible range. This is widely reported for ZnO-containing
composites [40].

3.2 Swelling Tests

Swelling ratios of BG and BGZ films are show in Fig. 6.
The average SR of the samples is 80%. This value is com-
parable to the swelling ratios reported in the literature for
crosslinked p-glucan hydrogels [41] and PVA/B-glucan
hydrogels [42], as well as to the water absorption capacity
of commercial hydrogels [43, 44].

Interestingly, neither nZnO content nor pH showed effects
on the SR. The swelling of beta-glucan hydrogels is con-
strained by a multitude of intermolecular hydrogen bonds
[41]. The lack of pH effect of SR suggests that the hydroxyl
groups of the f-glucan macromolecules do not exhibit a
strong tendency towards dissociation even at high pH val-
ues, or that the dissociation of hydroxyl moieties at high pH,
if any, may not be sufficient to generate enough negative
charges to cause electrostatic repulsion among molecules
and to ultimately induce the expansion and swelling of the
biopolymeric matrix.

This appears in contrast with the findings of Muthura-
malingam and co-workers [42], who reported a four-fold
increase in swelling ratio of PVA/B-glucan hydrogels at pH
9. However, this effect could be attributed to the prevalent
content of PVA, which has been shown to exhibit enhanced
swelling in alkaline environments [45].

Overall, this can be a positive aspect, as the insensitivity
of BGZ films to pH and nZnO content allows their appli-
cation in the presence of physiological fluids with very

Fig.5 TGA (left) and DSC
(right) curves of BG and BGZ
films
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different acidity, such as sweat (around 4.5) and wound exu-
date (typically between 7.5 and 9). Moreover, nZnO content
can be tuned to optimize other key properties without affect-
ing the swelling ratio.

3.3 Antimicrobial Activity of nZnO

A preliminary evaluation of the antimicrobial activity of
nZnO, which represents the antimicrobial agent purposely
embedded in the beta-glucan matrix, has been carried out
for the sake of completeness. Aqueous nZnO suspensions
were tested having the following nanoparticles content: 30,
60, 120, 240, 480, 960, 1920, 3750, 7500, 15,000, 17,500,
and 20,000 pg/mL.

The MIC and MBC values of nZnO against the tested
bacteria are reported in Table 1. The MIC value found for E.
coli was four-fold higher than that for S. epidermidis; moreo-
ver, the MBC related to the gram-negative bacterium was
more than 7 times higher than that of the gram-positive one.
These results show that nanostructured zinc oxide is more
effective against S. epidermidis than against E. coli. They are
in agreement with the literature [46] and can be attributed to
the presence of the outer membrane in gram-negative bacte-
ria that reduces the antibacterial action of ZnO.

MIC values of 64 and 300 pg/mL for ZnO nanorods
were found by Jain and co-workers [47] against S. aureus
(ATCC 2592) and E. coli (ATCC 25,922), respectively,
using a spread plate method in which the nanorods were
dispersed in the agar medium prior to the addition of the
bacterial inoculum. The same study also showed how the
presence of nano-zinc oxide in liquid cultures induces a
concentration-dependent delay in the onset of the log phase
of bacterial growth.

Table 1 Minimum inhibitory and minimum bactericidal concentra-
tions of nZnO against S. epidermidis and E. coli

MIC [ug/mL] MBC [pg/mL]

S. epidermidis 120 480
E. coli 480 3750

Premanathan et al. [48] tested 30-nm acicular ZnO nano-
particles using the micro-broth dilution method against
gram-negative E. coli IMTCC 739), gram-negative P. aer-
uginosa (MTCC 1688), and gram-positive S. aureus (MTCC
96), finding MICs of 500 pg/mL, 500 pg/mL, and 125 pg/
mL, respectively.

3.4 Antimicrobial Activity of Composite Films

The antimicrobial activity of the BG, BGZ-2, BGZ-4,
and BGZ-6 films has been tested against both S. epider-
mids and E. coli, and the results are shown in Figs. 7 and
8. B-glucans have been frequently tested in the literature
against different microbial strains. Song and Chamidah
reported antimicrobial activity of B-glucans from naked
barley bran and Sargassum crassifolium, respectively [49,
50]. Khan and co-workers demonstrated the antimicrobial
activity of B-glucans derived from S. cerevisiae too [51].
p-glucans are found to penetrate bacterial cells interfer-
ing with their metabolism and inducing cellular lysis [41].
However, B-glucans antimicrobial effects vary quite widely
depending on their purity, origin, molecular weight, struc-
tural conformation, and chemical modification, as well as
on the microbial strains [49]-[51]. Moreover, the above-
mentioned studies tested B-glucans in liquid suspensions,
which might be substantially different from p-glucans
in the form of solid films. In fact, as the polysaccharide
molecules are immobilized as part of the film structure,
it can be envisaged that their diffusion and consequent
penetration of the bacterial cells would be prevented. As
an additional consequence, a large fraction of potentially
bioactive functional groups would be masked or engaged
in intermolecular interactions.p-glucan films did not show
intrinsic antimicrobial activity. On the contrary, all BGZ
films show an antibacterial activity against S. epidermidis
(Fig. 7), which appears to be nZnO concentration dependent
(Fig. 8), whereas no activity against E. coli was observed.
The higher activity of BGZ films on S. epidermidis than
on E. coli is in agreement with the results of antimicrobial
tests on nZnO as such, previously discussed. Moreover, the
higher activity of the nanocomposite films on the gram-
positive is in accordance with the results of Razzaq et al. on
BG-ZnO composite films [26]. A comparison with other lit-
erature studies can also be made. Azari et al. [14] reported
the preparation of gelatin/p-glucan/ZnO composite films
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Fig. 7 Disk diffusion test of
A BGZ-2, B BGZ-4, and C
BGZ-6 film samples against
S.epidermidis. C indicates the
filter paper control disc

~
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Fig.8 Inhibition zone values of BG and BGZ films against S.epidermidis
and E.coli

which shown antibacterial properties against P. aeruginosa,
S. typhimorium, S. aureus, and E. coli. The researchers
used the disk diffusion test and obtained inhibition zones
of 142+1.32,13.2+1.72,17.0%+2.10, and 15.0+ 1.52 mm
against the abovementioned microorganisms, respectively,
for a composite containing 5% w/w nano-ZnO. Also in this
case, antimicrobial effects were more marked on the gram-
positive specie and could be correlated to the concentration
of ZnO nanoparticles, whereas increases in the p-glucan
content did not produce any significative improvement in
antibacterial effects. Arfat [38] tested 10-mm fish protein
isolate/fish skin gelatin disks with 3% nano-ZnO against
L. monocytogenes, reporting zones of inhibition of about
22 mm. It shall be noted that these studies did not carry
the antibacterial tests against the same microbial strains.
Also note that these inhibition zone values are expressed
as the total diameter of the inhibited-growth zone and not
as the length between the disk perimeter and the end of
the inhibition zone, as in our case. This being considered,
the values reported are in general comparable and testify a
good effectiveness of the materials described in this work.
A direct comparison can instead be made with our previous

@ Springer

work on whey protein isolate-nZnO composite films [30].
Despite having a lower swelling ratio and transparency,
BGZ composites were able to achieve a higher inhibition
zone with a smaller quantity of embedded nZnO, showing
how a -glucan matrix can in fact be very well suited for an
antibacterial wound dressing.

4 Conclusions

Antibacterial bionanocomposite films have been developed
for the first time by combining p-glucans from S. cerevisiae
and nanostructured zinc oxide, using glycerol as a plasti-
cizer. The adopted procedure led to good solubilization of
the pB-glucans in water and to the subsequent formation of a
flexible polysaccharide-based material, thus eliminating the
need for crosslinking substances and toxic solvents. ZnO
nanoparticles were dispersed inside the fims, and they did
not affect the key functional properties such as the swelling
ratio that is comparable with existing wound dressing solu-
tions, both commercial and reported in the literature. The
antibacterial activity was particularly evident against the
gram-positive S. epidermidis, and it was directly dependent
to nZnO concentration. On the contrary, the effect against
the gram-negative E. coli was negligible. Considering the
abundance and the beneficial properties of B-glucans, this
study lays solid grounds for further in-vitro and in-vivo
investigation of cytotoxicity and wound healing potential of
these materials, towards the development of targeted solu-
tions for skin tissue engineering and regeneration.
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