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Abstract
Nanofiber mats of poly(vinyl chloride) (PVC) and cellulose acetate (CA) encapsulated with silver (Ag) nanoparticles were 
fabricated via electrospinning for potential use as antimicrobial food packaging materials. 16 wt% PVC was prepared in 
1:1 w/w tetrahydrofuran—N,N-dimethylformamide while 16 wt% CA was prepared in 3:2 (w/w) Acetone—N,N-dimethyl-
formamide. Scanning electron microscopy analysis showed that thinner fibers could be electrospun from cellulose acetate 
as compared to poly(vinyl chloride) at the same solution concentrations with fiber diameters ranging from 70 to 130 nm 
for cellulose acetate and 180–340 nm for poly(vinyl chloride). Nanofiber diameter reduced with addition and increase 
of silver nanoparticles from 0 to 1 wt%. Due to the smaller cellulose acetate nanofiber diameter, its mats had lower air 
permeability rates. Tensile strength tests indicated that the nanofiber mats had marginal to good tensile strength values 
relative to film based packaging materials. Antimicrobial examination of the nanofiber mats against yeast and mould 
indicated that there was inhibited growth of the microorganisms on mats containing silver nanoparticles.

Keywords Electrospun nanofibers · Antifungi food packaging · Cellulose acetate · Poly(vinyl chloride) · Silver 
nanoparticles

1 Introduction

Packaging materials are an important component of prod-
uct preservation especially food products whose quality 
should be maintained in its original state until consump-
tion. Important determinants of product quality preserva-
tion are the physical and barrier properties of the pack-
age and especially to fresh produce which are subject to 
rapid microbial degradation when exposed. Generally, 
the main objectives of a package material include main-
taining quality during transportation and storage and 
extending the products shelf life. Forms of packaging in 
the conventional sense have always been intended for 
protection, communication, convenience and contain-
ment [1]. In modern production, packaging materials 
are continually being improved to offer wider function-
alities due to demand, advancement in technology and 

focussed research. For food products, packaging has 
evolved to become a complex activity where the package 
is required to interact with its content and react accord-
ingly in order to prevent any alteration in the product’s 
quality [2–6]. Other than maintaining quality, the nature 
of the packaging materials today is of essence in terms of 
weight, source reduction, energy optimization, environ-
mental impact and food safety. Since the introduction of 
nanotechnology, many opportunities for the creation of 
low cost, lightweight and better products with improved 
functionalities have been presented. Significantly, material 
properties can be manipulated to a greater degree than 
before, for example, active agents in the nanoscale can be 
encapsulated into the packaging’s matrix for functional 
effect against microbes. Most state of the art packaging 
technologies and materials, however, are energy intensive 
and require costly equipment, hence limiting their use for 

Received: 6 December 2018 / Accepted: 17 February 2019 / Published online: 20 February 2019

 * Bethwel K. Tarus, bethweltarus@gmail.com | 1School of Engineering, Moi University, P.O. Box 3900, Eldoret 30100, Kenya. 2Textile 
Engineering Department, Faculty of Engineering, Alexandria University, Alexandria, Egypt.

http://crossmark.crossref.org/dialog/?doi=10.1007/s42452-019-0271-4&domain=pdf
http://orcid.org/0000-0002-4838-8599


Vol:.(1234567890)

Research Article SN Applied Sciences (2019) 1:245 | https://doi.org/10.1007/s42452-019-0271-4

commercial applications [7]. Among materials that have 
received attention for food packaging include nanofiber 
mats which have high potential for innovative and smart 
packaging applications [8, 9]. Nanofiber mats can easily 
be fabricated from both synthetic and natural polymers 
and offer many advantages over other materials includ-
ing being lightweight and providing more accessibility for 
controlling and manipulating functional properties during 
manufacture.

Electrospinning is a simple and very popular method of 
fabricating nanofiber mats. This technique allows for high 
volume production of extremely lightweight and highly 
functional nanofiber mats having uniform morphology 
and with extensive applications [10]. It is a relatively easy 
and cost effective technique that requires simple tooling 
and setup [11]. The applications of nanofibers fabricated 
through this method vary widely including being used 
in making certain surgical textiles, tissue scaffolds, filters, 
sensors and catalysis reactions [12–25]. The electrospin-
ning process involves electrically charging a polymer solu-
tion to create very fine jets that get stretched and dry as 
they approach a grounded target which serves as a col-
lector [26]. The target could be stationary to collect a mat 
containing randomly oriented nanofibers, or in rotation so 
as to achieve some alignment of the nanofibers. Electro-
spun materials have been shown to have potential appli-
cations in food and food packaging materials making use 
of biopolymers, biocompatible polymers and edible poly-
mers [8, 9, 27]. Among the major functions of packaging 
materials for food products nanofibrous materials can help 
achieve is quality maintenance and elongating the prod-
uct’s life usually in combination with functional agents. 
Electrospinning can easily be used to achieve packaging 
materials meeting conventional package functions with 
additional capabilities like antimicrobial activity. Ultrafine 
antimicrobial fibers have exhibited better antimicrobial 
activity than conventional fibers or films because of their 
high surface area-to-volume ratio [28]. Prospective use of 
electrospun nanofiber mats in food packaging has been 
reported on, whereby biodegradable polyurethane sup-
plemented with virgin olive oil and zinc oxide was elec-
trospun for the packaging of fresh or processed meat and 
meat based products [29]. In most food products, micro-
bial growth and spoilage mainly occurs at the food sur-
face with fungi being the primary culprit [30, 31] and more 
specifically the Aspergillus species which are the most 
abundant fungi worldwide [32]. For effective improve-
ment of the shelf life and storage stability of packaged 
food, the growth of microbes on the surface should be 
controlled by total elimination or minimizing the growth 
significantly. This can effectively be achieved by introduc-
ing an antimicrobial agent on the food surface or by using 
a packaging system that inhibits microbial activity [33, 34]. 

Silver (Ag) nanoparticles offer quite remarkable antimicro-
bial properties and have received a lot of attention. Ag in 
nanoparticle form is quite an effective antimicrobial as it 
has been shown to exert high activity against both gram-
positive and gram-negative food borne bacteria includ-
ing Escherichia coli, Enterococcus faecalis, Staphylococcus 
aureus, Vibrio cholerae, Pseudomonas aeruginosa, Bacillus 
subtilis, Salmonella enterica, Typhimurium among several 
others [35, 36]. In a recent study, it was reported that the 
growth of fungi was considerably weakened when spores 
were incubated in direct contact with Ag nanoparticles 
or on cellulose acetate composite membranes contain-
ing the nanoparticles [37]. Cellulose pads containing Ag 
nanoparticles have been reported to reduce the micro-
bial levels of exudates from beef meat stored in modified 
atmosphere packaging [38], and fresh cut melon stored 
on cellulose pads containing Ag nanoparticles exhibited 
reduced microbial counts with longer microbial growth 
lag times [39]. Danza et al. [40] incorporated silver-mont-
morillonite nanoparticles into an alginate-based coating 
and determined its antimicrobial effects using fresh cut 
melon. A significant shelf life increase was recorded from 
less than 3 days for the control samples to 11 days for the 
coated fruit.

Many synthetic polymers have been used in packag-
ing materials with PVC being among the most commonly 
produced and used especially in plumbing, construc-
tion and packaging [41, 42]. PVC is listed as the sixth 
widely used polymer of packaging plastics at 2% after 
low density and linear low-density polyethylene films 
at 30%, high-density polyethylene at 26%, polyethylene 
terephthalate at 18%, polypropylene at 14% and poly-
styrene at 8% [43]. PVC cling films are used widely both 
in the fresh produce and processed food markets. PVC 
is quite popular because of its numerous advantages of 
easy workability by thermoplastic methods, wide range 
of flexibility possible with varying levels of plasticizers, 
non-flammability, dimensional stability, comparatively 
low cost and good resistance to weathering [41]. PVC 
has been electrospun successfully in Tetrahydrofuran sol-
vent [44] and in a binary solvent system of tetrahydro-
furan—dimethylformamide [45]. A majority of the films 
for packaging fresh produce are clear allowing for easy 
inspection of the contents. They are available in a wide 
range of thicknesses and grades and may be modified 
to control the environment inside the package. Gener-
ally, many fresh produce are packaged in polystyrene 
trays and wrapped in plastic polyethylene or PVC films. 
However, renewability and environmental concerns 
have been shifting attention of research towards envi-
ronmentally friendly and biodegradable polymers. Poly-
mers like polylactide [46], polyurethane [29], cellulose 
acetate [28], chitosan [47, 48], poly(vinyl alcohol) [49] 
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among others have attracted a lot of interest in research 
with successful reports for use in antimicrobial packag-
ing due to their biodegradability and compatibility. Of 
interest to this study is cellulose acetate (CA), a regener-
ated natural polymer from purified cellulose. Depending 
on the path taken during processing, CA can be used in a 
wide variety of applications as films or fibers. Generally, 
regenerated cellulosic polymers are receiving attention 
for use in food contact applications because of their non-
toxicity, edibility and biocompatibility [37]. Successful 
electrospinning of CA has been achieved using a variety 
of solvents [50].

The objective of this study was to fabricate PVC and 
CA nanofiber mats through electrospinning and then 
evaluate their physical, mechanical and antimicrobial 
performance for potential application in packaging 
materials for fresh fruits and vegetables. Fabricated mats 
were tested on common fungi affecting fresh produce. 
Existing literature on the antifungal effects of Ag are 
few in comparison with those on antibacterial effects. 
Therefore, this study also aims to quantitatively and 
qualitatively improve on literature on antifungal effects 
of Ag. Solvent casting technology was used to fabricate 
films for comparison purposes. The solvents used for this 
study were selected basing on the findings of a previous 
study [50]. Important solvent properties that affect the 
electrospinning process and nanofiber properties are 
the dielectric constant, shear viscosity and surface ten-
sion among other properties. Properties of the solvents 
used in this study are given in Table 1 [51].

2  Methods

2.1  Materials

In this study, poly(vinyl chloride) (PVC), of Mw 80,000 
and Cellulose acetate (CA), of Mw 30,000 were used for 
fabrication of the mats and cast films. Solvents used 
were N,N-dimethylformamide (DMF), Tetrahydrofuran 
(THF) and acetone. Silver nanoparticles of < 100 nm were 

used. These resources were supplied by Sigma Aldrich 
(US) and were used without further purification.

2.2  Nanofiber mat and cast film fabrication

Electrospinning PVC solutions were prepared at 16 wt% in 
1:1 w/w THF-DMF solvent system, while CA solutions were 
prepared at 16 wt% in 3:2 w/w acetone-DMF solvent sys-
tem at room temperature. Electrospinning the polymers 
at this solution concentrations using the given solvents 
had been found to have optimal processing, physical and 
mechanical characteristics in a previous study [50]. Ag-
loaded polymer solutions were prepared at 0.4, 0.6, 0.8 and 
1 wt% Ag nanoparticles relative to the polymer weight. For 
each polymer, the solvent mixture was added to vials con-
taining weighed Ag nanoparticles which were then soni-
cated for 2 h before addition of the respective polymer. 
The solutions were stirred using a magnetic stirrer for 6 h 
to attain maximum homogeneity of the solution and Ag 
nanoparticles mixture. An electrospinning spinneret hav-
ing 0.9 mm internal diameter and a variable high DC volt-
age supply were used to electrospin nanofiber mats onto a 
stationary aluminium foil at 20 kV, 20 cm collection height 
and 4 h collection time. Solvent cast films were fabricated 
from similar solutions as those prepared for electrospin-
ning using the technique described in previous work [50].

2.3  Material characterization

Morphological properties of the electrospun nanofiber 
mats were obtained using a JEOL–5300 scanning electron 
microscope at × 5000 and  × 20,000 magnifications and an 
electron acceleration voltage of 20 kV for the nanofibers. 
Resulting scanning electron microscopy (SEM) images 
were used to perform nanofiber diameter measurement 
using the advanced image analysis software, ImageJ. 
A MesdanLab tensile strength tester set with a load cell 
of 100 N and a clamp speed of 50 mm/min was used to 
perform tensile strength analysis of the nanofiber mats 
and cast film. Air permeability tests of the electrospun 
nanofiber mats were performed using a Porosimeter (JDC 
MK1). For the tests, the time necessary for 0.25 litres of air 
under 10 mbar pressure to go through 38.5 cm2 of sample 

Table 1  Properties of solvents used

Solvent type Density (g/cm3) Boiling point (°C) Dipole moment 
(Debye)

Dielectric 
constant

Shear viscosity 
(mPa s)

Surface 
tension 
(mN/m)

Acetone 0.786 56.3 2.70 20.7 0.304 22.7
N,N-Dimethylformamide 0.945 153.0 3.82 37.0 0.796 36.3
Tetrahydrofuran 0.8892 65–67 1.750 7.52 0.456 26.40
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was measured. Air permeability was then determined in 
litre/m2/min using the expression given in Eq. 1 (JDC MK1 
Porosimeter manual: www.jdc.ch/en/scien tific -line/poros 
imetr e-mk1). Antifungi tests on the samples were car-
ried out using yeast and mould media prepared in petri 
dishes. Appropriate sized nanofiber mat pieces were meas-
ured and cut from each of the samples to be tested. The 
cut samples were sterilized and spread on the yeast and 
mould agar. The plates were then incubated at 25–28 °C for 
5 days. The plates were inspected and the average number 
of colonies per square centimetre were counted from the 
plates for each sample after 5 days. In order to evaluate 
the effectiveness of the mats as fruit and vegetable pack-
age materials, simple tests were carried out by covering 
strawberry fruits with neat and Ag-loaded nanofiber mats 
which were then kept in a dark environment at over 68% 
RH and 25–28 °C so as to accelerate mould colonisation 
and growth on the samples. Condition of the fruits was 
checked after 7 days and 12 days

2.4  Factors investigated

The effects of silver nanoparticles concentration on elec-
trospun nanofiber mean diameter, nanofiber mat air per-
meability rates and against common fungi affecting fresh 
produce were the factors investigated in this study. Ten-
sile strength of the nanofiber mats was determined for 
comparison against standard values of polymer packag-
ing films. Correlations between Ag nanoparticles concen-
tration and nanofiber mean diameters were determined 
using regression analysis. Analysis of variance (ANOVA) 
was used to determine the magnitude of variations 
between nanofiber diameters with change in Ag nano-
particle concentration.

3  Results and discussion

3.1  Morphology

The electrospun nanofiber diameter distributions are illus-
trated in Fig. 1.

The SEM images of the electrospun nanofiber mats are 
shown in Fig. 2.

The addition of Ag nanoparticles into electrospinning 
solutions has been reported not to have any effect on 
solution viscosity and surface tension but results in an 
increase in solution charge density. During electrospin-
ning, the increased charge density subjects the jet to 
stronger stretching forces causing an overall reduction in 

(1)Air permeability =
5400

time in secs.

(

L/m2∕min
)

.

fiber diameter with increasing Ag nanoparticles content, 
as have been reported by others [28, 52].

As observed in this study, there was reduction in the 
average diameter of both PVC and CA nanofibers with 
addition and increase of Ag nanoparticles as illustrated in 
Fig. 3. SEM images of electrospun neat CA indicated pres-
ence of few scattered elongated beads which were not 
seen after the addition of Ag nanoparticles. Fong et al. [53] 
explained that the increase in net charge density during 
electrospinning reduces the size and formation of beads 
i.e. beads on fibers become smaller and spindle-like and 
fiber diameter decreases with increase in charge density. 
The mechanism of bead formation during electrospin-
ning has also been described [54]. The increased electric 
field force due to Ag nanoparticles content in CA solutions 
deformed any beads that could have been formed result-
ing in smooth and thinner fibers.

Reduction in diameter with increase in Ag nanoparti-
cles content occurred in an almost linear manner having 
regression models with coefficients of determination  (R2) 
of 0.956 and 0.972 for PVC and CA respectively. Analysis 
of variances at α = 0.05 indicated significant reduction in 
nanofiber diameter with addition and gradual increment 
of Ag nanoparticles in the electrospinning solutions as 
shown in Tables 2 and 3.

3.2  Tensile strength

The mechanical properties of electrospun nanofiber mats 
are influenced by the degree of fiber orientation, fiber 
smoothness as well as the longitudinal and cross-sectional 
uniformity of individual nanofiber strands [50]. It is gen-
erally understood that the mechanical performance of 
materials of textile fabric nature depends on the micro-
structure and on the dominant deformation and fracture 
micro-mechanisms [55]. For self-bonded randomly aligned 
nanofiber mats, a one-dimensional tensile load application 
along the mat’s plane causes the strands to rotate as they 
as they align in the direction of force and eventually break 
at adhesion points between fibers. The stress–strain curve 
as shown in Fig. 4 elaborates the breaking mechanism of 
randomly aligned nanofiber mats. Two zones exist on the 
curve: a high modulus zone indicating severing of adhe-
sion points between fibers, and a lower modulus zone 
where fibers slide over each other before total failure.

Tensile characteristics of flexible packaging materials 
can be described as inferior (< 1 MPa), marginal (1–10 MPa), 
good (10–100 MPa), or superior (> 100 MPa) [5]. From the 
results of this study, the tensile characteristics of CA elec-
trospun nanofiber mats could be described as marginal 
since they had an average strength of 8.6 MPa while PVC 
nanofiber mats had an average strength of 13 MPa, and 
could be said to have good mechanical properties as a 

http://www.jdc.ch/en/scientific-line/porosimetre-mk1
http://www.jdc.ch/en/scientific-line/porosimetre-mk1
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Fig. 1  a PVC, b CA nanofiber diameter distributions at different Ag nanoparticles concentrations
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Fig. 2  SEM images of electrospun 16 wt% PVC containing, a 0, b 0.6, c 1 wt% Ag nanoparticles and 16 wt% CA containing, d 0, e 0.6, f 1 wt% 
Ag nanoparticles

Fig. 3  Effect of Ag nanoparticles on nanofiber diameter

Table 2  ANOVA of CA 
nanofiber diameters with 0, 
0.4, 0.6, 0.8 and 1 wt% Ag 
nanoparticles

Source of variation SS df MS F P value F crit

Between groups 10,281.55 4 2570.388 23.18203 2.6E−16 2.407751
Within groups 27,719.61 250 110.8785
Total 38,001.17 254
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packaging material. The average tensile strengths for CA 
and PVC cast films were 22 MPa and 42 MPa respectively. 
Even though the electrospun nanofiber mats performed 
fairly with respect to tensile strength, it is expected that 
their overall strength would be inferior. This is because, 
in a packaging material, four aspects of strength must be 
considered: resistance to breaking when slowly pulled 
(tensile strength), resistance to breaking under sudden 
impact, resistance to puncturing by sharp objects and 
resistance to propagation of a tear resulting from punc-
turing [56]. Polymers used for manufacturing packaging 
materials have these properties occurring differently, and 
should also be different for different structures; films and 
nonwovens in this case. It is believed that a nanocompos-
ite developed from a nanofiber mat and cast film would 
have good general mechanical properties sufficient for a 
packaging material.

3.3  Air permeability

Gas permeability of food packaging materials is an impor-
tant factor as it determines the shelf-life and other char-
acteristics (aroma, flavour etc.) of the packaged food. For 
long shelf-life food packaging materials, they should have 
as low permeability as possible to be able to preserve the 
valuable characteristics of the particular food product. 
Polymer based flexible packaging materials are permeable 
at varying degrees to small molecules of gases, moisture, 

organic vapour and to other low molecular weight com-
pounds and additives that may be present in food [57]. 
Due to their porous nature, electrospun nanofiber mats 
exhibit higher permeability than polymeric films. The per-
meability rates are tuneable by manipulating the prop-
erties of nanofibers such as fiber diameter, membrane 
thickness, multi-layering etc. From the results of this study, 
the electrospun CA nanofiber mat exhibited significantly 
lower air permeability than the PVC nanofiber mat. This 
was attributed to the smaller diameters of CA nanofibers 
which resulted in higher fiber packing per unit volume of 
the membranes. Cast films had the lowest permeability 
for obvious reasons. Nonwoven mats with thinner fibers 
possess more fiber crossings within the membrane, hence 
have smaller pore sizes resulting in flow reduction. Fur-
thermore, the higher specific surface area presented by 
thinner fibers, causes mats with such fibers to have high 
resistance to air flow. It is established that flow through a 
nanofiber mat is low when fiber diameter and pore sizes 
are small [58]. High fiber packing factors are achieved 
when small diameter fibers are used to fabricate a nonwo-
ven membrane. For a given membrane, fiber packing fac-
tor is the ratio of membrane density to fiber density. Since 
the electrospun nanofiber mats comprise of randomly ori-
ented self-bonded fibers, the relation in Eq. 2 [59] can be 
applied to determine the fiber packing factor. It is evident 
from the equation that the closer the volume of the fiber 
gets to the volume of the membrane, the packing factor 
approaches unity

where W membrane weight, Vt total membrane volume 
and Vf fiber volume.

In a study on the morphological properties of electro-
spun nanofibers, it was found that with increasing polymer 
concentration, the average pore size and nanofiber diam-
eter increased implying that for minimum permeability of 
electrospun nanofiber membranes, the smallest possible 
fiber diameter is necessary [60]. The difference between 
the air permeability rates of electrospun CA and PVC 
nanofibers at 16 wt% concentration is illustrated in Fig. 5.

From this study, it can be said that CA nanofiber mats 
would perform better than the PVC nanofiber mats as 
materials for packaging with regards to gas or moisture 

(2)

Fiber packing factor (PF) =
membrane density

fiber density
=

W∕Vt

W∕Vf
=

Vf

Vt

Table 3  ANOVA of PVC 
nanofiber diameters with 0, 
0.4, 0.6, 0.8 and 1 wt% Ag 
nanoparticles

Source of variation SS df MS F P value F crit

Between groups 35,389.29 4 8847.323 17.27192 1.59E−12 2.407751
Within groups 128,059.3 250 512.2373
Total 163,448.6 254

Fig. 4  Stress–strain curve of 16  wt% PVC nanofiber mat showing 
the two zones of failure of randomly aligned nanofiber mats



Vol:.(1234567890)

Research Article SN Applied Sciences (2019) 1:245 | https://doi.org/10.1007/s42452-019-0271-4

permeability. However, it is believed that a nanocompos-
ite structure composed of layers of nanofiber mats and 
cast films could offer the lowest gas permeability rates as 
well as offer the ability of encapsulating an antimicrobial 
agent optimally. Preliminary findings have shown that gas 
permeability of a nanofiber-cast film nanocomposite film 
is significantly lower than that of a single layer cast film.

3.4  Antifungi and simple mat‑covered‑fruit tests

Simple mat-covered-fruit evaluation of the electrospun 
nanofiber mats was done using strawberry fruits whose 
conditions were checked after 7 and 12 days as illustrated 
in Fig. 6.

From the simple mat-covered-fruit test, it was seen that 
mould formed on the surfaces of the covered strawberry 
fruits to varying extents. As well, the conditions of stor-
age contributed to rapid physical damage to the fruits 
and caused them to stick to the nanofiber mats. The fruit 
covered by 1% Ag-loaded PVC nanofiber mat exhibited 
the lowest observable mould growth at the 7th and 12th 
day checking. As shown in Fig. 6, physical spoilage of the 
fruit was evident but little mould growth was seen on the 
surface. The fruit covered with 1% Ag-loaded CA nanofiber 
mat also showed low mould growth at the 7th day check-
ing, but there was increased mould development by the 
12th day. Fruits covered by neat CA and PVC nanofiber 
mats showed the highest development of mould at the 
7th and 12th day checking with the mould completely 
enveloping the fruits by the 12th day. From the packaging 
tests, it can be concluded that the presence of Ag nano-
particles on the Ag-loaded nanofiber mats contributed to 
the lower development of mould on their fruit surfaces as 
compared to the neat CA and PVC covered fruits.

Antifungi properties of the Ag loaded and neat 
nanofiber mat and films were evaluated from the 5-day 
incubated yeast and mould agar plates. It was observed 
that both PVC and CA nanofiber mats loaded with Ag 
nanoparticles exhibited inhibited growth of the yeast 
and mould after the incubation period when compared 
to the neat nanofiber mats and cast films as illustrated in 
Fig. 7. As expected, the presence of the Ag nanoparticles 

in the nanofiber mats provided a non-conducive environ-
ment for the microorganisms to thrive thus augmenting 
the postulation that nanoparticles of silver have capabil-
ity to inhibit growth of multiple bacteria as well as fungi. 
Effective antimicrobial activity of Ag nanoparticles loaded 
on CA, PVC and PVA nanofibers has been demonstrated 
previously against gram negative bacteria [61]. Son et al. 
[28] reported on the effectiveness of Ag nanoparticles 
loaded on CA nanofibers against both gram negative and 
gram positive bacteria. Quirόs et al. [37] reported that the 
growth of fungi was considerably weakened when spores 
were incubated in direct contact with Ag nanoparticles 
or on cellulose acetate composite membranes contain-
ing the nanoparticles. In this study, the antifungal activity 
of Ag nanoparticles loaded on electrospun PVC and CA 
nanofibers is shown where there is significant yeast and 
mould growth inhibition on the surfaces of the materials 
containing Ag nanoparticles.

As shown in Fig. 7, it was observed that PVC cast films 
had high formation of the microorganism colonies com-
pared to the nanofiber mats. This was attributed to the 
different morphological features of the materials. It has 
been reported that the initial stages of growth of fungi 
are highly influenced by the features of the substrate [32]. 
Quirόs et al. [37] thought that lower growth of fungi on 
electrospun CA composites containing Ag and Cu nano-
particles supported in sepiolite and mesoporous silica 
was contributed to by the interference of fibers with the 
growing mycelium. Wӧsten et al. [62] also observed that 
the hyphae of a growing fungus in a thin agarose layer 
could not grow through perforated polycarbornate mem-
branes and prevented spore formation. In this study, it is 
believed that the PVC nanofibers interfered with growth 
of fungi, hence reducing the number of colonies formed 
on the nanofiber mats compared to the cast film. For CA, 
however, the neat nanofiber mats exhibited a higher 
count of colonies than in the cast film and the neat PVC 
nanofiber mats. This was attributed to the difference in 
nanofiber mat densities and surface properties whereby 
CA nanofiber mats had a denser structure due to thinner 
fibers and some spindle shaped elongated beads. Also, the 
low strength of raised surface fibers may have resulted in 

Fig. 5  CA and PVC nanofiber 
mats air permeability rates
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Fig. 6  Strawberry fruit appearance; not covered at day 1, and after covering with neat and Ag-loaded CA and PVC nanofiber mats for up to 
12 days at mould growth favouring conditions

Fig. 7  Yeast and mould growth on the cast films and nanofiber mats with and without Ag nanoparticles
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broken and raised ends at the surface during handling. It 
is believed that surface beads and raised broken nanofiber 
ends provided convenient support locations for the 
microbes to colonise and grow from and that the CA mats 
high density fiber network interfered with their growth 
into the structure, causing them to grow outwards thus 
accelerated growth. For the other polymer, it is thought 
that the more hydrophobic environment presented by the 
neat PVC film and mats allowed for rapid reproduction of 
the yeast and mould colonies [63], hence their higher yeast 
and mould colony count especially on the film. Jiang et al. 
[64] reported that some fungi have increased activity as 
hydrophobicity is increased. Figure 8 shows SEM of CA 
nanofiber mat with broken fiber ends encircled.

As regards the mode of action of Ag nanoparticles 
against microbes, there is no general agreement, espe-
cially against fungi, but there have been attributions to 
interference with vital cellular processes, disruption of 
DNA replication and oxidative stress through the cataly-
sis of ROS formation induced by both direct contact with 
nanoparticles and the presence of silver ions [65–67]. It 
has been suggested that when the nanoparticles come in 
contact with a microorganism, they get anchored to the 
cell wall and eventually penetrate it resulting in changes 
on the cell surface and membrane structure [68]. Lala 
et al. [61] explained that the cation  Ag+ binds to the cell 
bringing about structural and functional damages at 
multiple sites consequently destroying the cell wall and 
eventual death of the organism. From an antimicrobial 
study of silver against some fungi, it was reported that 
Ag nanoparticles are able to bind to a yeast cell wall and 
membrane resulting in the effluence of the cells’ contents 
[69]. Another theory of action is that the Ag nanoparticles 

release ions which interact with the microbes enzymes 
causing inhibition of vital cellular functions [70]. It has 
been suggested that the fungicidal activity of Ag nanopar-
ticles could be by disruption of the cell membrane struc-
ture, distorting the cell’s potential gradient, thereby inhib-
iting the normal budding process and mycelia growth [67, 
71]. Some recent studies reported that Ag nanoparticles 
can change the metabolism of moulds and also alter the 
microorganism’s ultrastructure through cell ultrastructural 
reorganisation, shortening and condensation of hyphae, 
cell plasmolysis, increased vacuolisation, multiple mem-
branous structures, collapsed cytoplasm, accumulation of 
lipid material, condensed mitochondria, disintegration of 
organelles, nuclear deformation, condensation and frag-
mentation of chromatin, creation of apoptotic bodies and 
a new inside cell wall [72, 73]. Prabhu and Poulose [74] 
have also described some of the antimicrobial actions of 
Ag nanoparticles. It is worthy to note, however, that the 
antifungal activity of Ag nanoparticles is lower than their 
antibacterial activity [75].

4  Conclusion

CA and PVC nanofiber mats containing Ag nanoparticles 
fabricated through electrospinning were evaluated for 
their potential use as antifungal food packaging materials. 
The nanofiber mats were characterized by SEM, air perme-
ability and tensile strength tests. A reduction in fiber diam-
eter was observed with the addition of Ag nanoparticles 
into the electrospinning solution for both polymers. This 
was attributed to the increase in the net charge density 
and electric field force during electrospinning. CA had 
thinner nanofibers than PVC at the same w/w solution con-
centration primarily due to the higher molecular weight 
of the PVC used. The stress–strain curves of the nanofiber 
mats showed two regions with differing mechanical 
behaviours (a high modulus region and a low modulus 
region) implying different forces of different magnitudes 
holding the nonwoven based material together. It was 
found that the nanofiber mats had marginal to good ten-
sile strength values relative to film based packaging mate-
rials. On antimicrobial action, neat electrospun PVC mats 
had significantly lower microbes’ growth compared to neat 
PVC films which might have been due to interference of 
the growing mycelium by the nanofibers thus delaying 
rapid multiplication of the colonies. On the other hand, 
neat CA nanofiber mat higher density, elongated surface 
beads and possible raised broken ends could have contrib-
uted to the high colony count on the nanofiber mat than 
on the film. The antifungal activity of Ag nanoparticles is 
evident as observed in nanofiber mats of both polymers 
whereby there was inhibited growth of yeast and mould 

Fig. 8  SEM CA nanofiber mat showing broken fiber ends (encircled) 
at the surface
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on the mat surfaces after inclusion of the agent. This indi-
cates promising success in the use of nanofibers for anti-
fungi packaging of food products, especially for fresh fruits 
and vegetables.
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