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Abstract

Wood pulping for paper production accounts for bulk of the tree lost, with numerous adverse effects to the environment. In
this study, Eucalyptus camaldulensis leaf extract was used for silver nanoparticles synthesis. The nanoparticles were used
as functional agent for the valorization of wastepaper. The nanocomposite paper was characterized for physicochemical,
antibacterial and cytotoxicity. DLS and TEM revealed a spherical nano-sized particle with effective diameters of 138.6 nm
and mean size of 13.11 nm, respectively while zeta potential was —35.85 mV. Minimum inhibitory and minimum bactericidal
concentrations of silver nanoparticles ranged from 0.99 to 1.99 pg/mL and 3.98-15.91 pg/mL respectively. UV—vis spectra
presented a peak at 427 nm, indicating the surface plasmon resonance band of silver in the paper. SEM and EDX showed
uniform distribution of silver nanoparticles, whereas EDX and ICP-OES results indicated Ag concentration of 0.1%Wt and
0.0112 ug/cm?, respectively. Antibacterial efficacy of the paper demonstrated a bactericidal effect against Bacillus cereus and
Escherichia coli O157:H7 with > 3log reduction in CFU/mL after 3 h of treatment and bacteriostatic effect against Listeria
monocytogenes and Staphylococcus aureus. In addition, cytotoxicity against HEK293T and Caco-2 cells revealed > 80%
cell viability. Results indicate that valorization of wastepaper through functionalization with bioactive silver nanoparticles
could serve as a sustainable waste management approach.
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Statement of Novelty

The current work provides a novel and cheap process for the
recycling and reuse of paper, which can be used as packag-
ing material. Biogenic silver nanoparticles synthesized from
waste plant material served as active agent. The nanocom-
posite paper demonstrated good antibacterial activity. The
work demonstrated that functionalized recycled paper could
be an alternative inexpensive packaging material.

Introduction

Paper and paper-based materials are excellent consumer
products extensively used in packaging, sanitary products,
and stationaries. They are described as green packaging
materials due to their renewability, recycling, and biodeg-
radability [1]. Unfortunately, in most developing and under-
developed nations, paper-based products serve for single
usage thus contributing to the bulk of municipal solid waste
generation.
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About 2.01 billion tonnes of municipal solid waste were
generated globally in 2016, and the figures are expected to
increase to 3.40 billion tonnes by 2050 [2]. Global solid
waste composition indicates that waste papers and card-
boards constitutes 17% of the total municipal solid waste
generation [2]. Although papers and paper-based products
are generally biodegradable, they deform environmental
aesthetics. Moreover, wood pulping for paper produc-
tion results tree falling, leading to deforestation, global
warming and desertification. Approximately 4 billion trees
worldwide are lost annually to paper production, repre-
senting 35% of all harvested trees. This figure is critical
to deforestation and other severe environmental outcomes
like drought and desertification [3].

Recovery and recycling of waste is an emerging market
with prospective applications in developing and under-
developed countries [4, 5]. Recycled paper presents a
cheap, renewable and sustainable source of material that
can be used in the fabrication of packaging material. How-
ever, for safety reasons, it is important that such papers
be fortified and functionalized for maximum product.
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Functionalization of waste has been reported as a sustain-
able environmental approach [6].

Microbial spoilage and deterioration are global problems
resulting in the loss of agricultural produce and industrial
finished products. It is estimated that 1.3 billion tons of agri-
cultural products are lost annually to spoilage [7], with about
25% lost due to microbial spoilage [8]. Efforts at controlling
the menace posed by spoilage microorganisms, has birthed
several novel strategies in the design of packaging materials.
Smart, intelligent and active packaging materials through the
incorporation of bioactive agents into carriers such as poly-
mers have dominated the research domain. However, most
polymers are expensive and often lack required properties
for an ideal packaging material.

In this study, bioactive ethanolic leaf extracts of Euca-
lyptus camaldulensis [9-11] was used as reducing and cap-
ping agent in the synthesis of biogenic silver nanoparticles.
Wastepaper collected from paper bin were recycled and
functionalized with silver nanoparticles. The biogenic sil-
ver nanoparticles and bioactive paper were characterized
and evaluated for antimicrobial activities against impor-
tant foodborne pathogenic bacteria. In addition, the release
and migration of silver and toxicity of the released silver to
human cell lines were monitored.

Materials and Methods
Materials

Silver nitrate and starch were purchased from Sigma Aldrich,
Singapore. Ethylene Tetrazolium Bromide (3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-2H, MTT), and trypsin were pur-
chased from Merck. Dulbecco’s modified eagle medium
(DMEM) and fetal bovine serum were purchased from
Gibco, UK.

Plant Material and Extraction

Classified reference voucher specimen of E. camaldulensis
was deposited at the Herbarium of Faculty of Pharmaceuti-
cal Sciences, Prince of Songkla University, Thailand. The
leaves were extracted by maceration methods using 95%
ethanol as solvent.

Silver Nanoparticles Synthesis

Ethanolic leaf extract of E. camaldulensis (20 mg/mL) was
solubilized with dimethyl sulfoxide. Subsequently, 1 mL of
the extract was added into 120 mL of deionized water to
a final concentration of 0.167 ug/mL. Anhydrous AgNO;
was dissolved in deionized water (~21.5 mg/mL), and
1 mL was added to the solution containing extract at a final

concentration of 179 pg/mL. The mixture was left stirring
for 40 min at room temperature until a deep brown coloura-
tion indicating reduction of the silver salt. The Silver nano-
particles solution was centrifuged at 12,000 rpm for 30 min,
and the supernatant was decanted. Pellets were resuspended
in deionized water and stored in the dark.

Antimicrobial Activities of Silver Nanoparticles

The antibacterial effects of the green synthesized silver
nanoparticles was determined using the standard broth
microdilution method [12]. In brief, the bacterial cells were
grown to log phase (4-5 h) in Mueller-Hinton Broth. The
cells were then adjusted to a final concentration of 10° CFU/
mL, and 100 pL of cell suspension was added to serially
diluted AgNPs concentrations in 96 well micro-titre plates
and incubated at 37 °C overnight. The MIC values were
recorded as the lowest concentration that completely inhib-
ited the bacteria growth, and the minimum bactericidal
concentration (MBC) values as the lowest concentrations
that showed no growth on tryptic soy agar (TSA) plates
after incubation for 24 h. All the experiments were set up
in triplicates for two independent studies. Escherichia coli
O157:H7, Listeria monocytogenes F2365, Staphylococcus
aureus ATCC 25,923 and an isolate of Bacillus cereus were
used in the assay.

Evaluation of Potassium lons Leakage
from Bacterial Isolates

The membrane disruption activities of the biogenic silver
nanoparticles were estimated by measuring the potassium on
concentration released from the bacterial pathogens into the
surrounding medium. Exponential phase bacterial cultures
were harvested at 4500 rpm for 5 min and resuspended into
PBS (pH 7.4). The bacterial suspensions were treated with
bactericidal concentrations of silver nanoparticles and incu-
bated for 4 h. Untreated bacterial suspensions were used as
negative control. The bacterial suspensions were centrifuged
at 8000 rpm for 10 min and the supernatant collected. The
leakage of K* from the cells was measured using inductively
coupled plasma-optical emission spectroscopy (ICP-OES,
Optima 8000, Perkin Elmer, MA, USA).

Effects of Silver Nanoparticles of Cell Membrane
of Foodborne Pathogens

The effects of the silver nanoparticles on the cell mem-
brane of foodborne pathogenic bacterial isolates was
investigated by scanning electron microscopy. Overnight
bacterial cultures were harvested at 4500 rpm for 5 min
and adjusted using a spectrophotometer to optical density
of 0.2 at 600 nm. The cultures were treated with fourfold
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minimum inhibitory concentrations of silver nanoparticles
(3.98-7.92 pg/mL) and incubated at 37 °C for 4 h. The cells
were washed with normal saline and aliquot spotted on a
1 cm? glass slide. Dried cells on glass slide were fixed in 3%
(v/v) glutaraldehyde for 2 h and serially dehydrated using
20, 40, 60, 80, and 100% ethanol for 15 min each. Morphol-
ogy of the bacterial cells was examined under a scanning
electron microscope (Quanta 400 FEI, Oregon, USA).

Characterization of Silver Nanoparticles

Preliminary confirmation of silver nanoparticles synthesis
was detected using UV-visible spectroscopy at a wavelength
of 300-800 nm (2300 EnSpire, multimode plate reader, Per-
kin Elmer, USA). Fourier transform infrared (FTIR) (VER-
TEX 70, Bruker, Germany), scanning electron microscopy
(SEM) and transmission electron microscopy (TEM-Hitachi,
Tokyo, Japan) were performed to study the molecular inter-
actions, shape, and size of the silver nanoparticles. Zeta
potential and size of synthesized NPs were measured using
zeta PALS-zeta potential analyzer by dynamic light scatter-
ing (DLS). Elemental composition of silver nanoparticles
was analyzed by an energy dispersive X-ray spectroscopy
(EDX) coupled to field—emission scanning electron micro-
scope (FESEM).

Wastepaper Recycling and Nanocomposite Paper
Fabrication

Shredded pieces of papers of weight 4.45-5.00 g, equivalent
to an A4 paper were sterilized under UV. The paper was then
blended into pulp in 500 mL of distilled water using an Elec-
trolux blender Model No. ESTM54175, China with 0.4%
starch added as binder. The nanocomposite paper was fabri-
cated by blending in 400 mL of distilled water and 100 mL
of 0.163 ug/mL colloidal silver nanoparticles solution. The
mixtures were heated in a microwave for 5 min at a tem-
perature of 80-90 °C. Afterwards, 250 mL portion of each
mixture was casted on a tray covered with muslin cloth in a
19.5 x 28 cm frame. The casted pulp was left to drain water
and was then transferred to an oven (70 °C) to dry for 6 h.

Characterization of Active Nanocomposite Paper
The fabricated nano composite paper and blank were char-
acterized for physicochemical, mechanical, structural and
functional properties using various techniques as described
below.

Fourier Transformed Infrared Spectroscopy (FTIR)

Chemical structures of the recycled nanocomposite paper
and blank control paper were analysed by attenuated total
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reflectance Fourier-transform infrared (ATR-FTIR) spec-
trometry with resolution of 4 cm™!, aperture setting of 6 mm
and scanner velocity of 2.2 kHz. The spectral were acquired
at 4000-500 cm~! by Bruker 66 spectrometer (Germany).

X-ray Diffraction (XRD)

The X-Ray diffraction pattern of the samples were obtained
with a reference target of Cu Ko radiation (the weighted
average A=0.15406 nm) voltage of 40 kV, current of 30 mA.
The samples were measured at an angle of 20 with steps of
0.026° (20)/min at time 70.125 sec/step using (Empyrean,
PANalytical, Netherlands).

Scanning Electron Microscope (SEM) and Energy
Dispersive X-ray (EDX)

The morphology of synthesized nanocomposite paper and
blank recycled paper were examined by Field emission
scanning electron microscopy (SEM, Quanta 250 SEM-
FEI, FEI/Thermo Fisher Scientific, USA). Piece of sample
was mounted on an aluminium stub and sputter-coated with
gold. The elemental compositions of the samples were also
obtained by EDS analysis (EDS, JEOL, JSM-6010LA). In
addition, mapping for the distribution of elemental compo-
nents was done using EDS technique.

Thickness and Tensile Strength

Nano composite paper thickness was measured by a
digital micrometer (Mitutoyo Manufacturing Co. Ltd.,
Tokyo, Japan) and recorded as mean value in micrometer
(mm) + SD. The tensile strength (TS), and percentage elon-
gation at break (EAB) were evaluated using tensile test-
ing machine, Zwick Roell Germany (Z010). Five dumb-
bell shaped samples of 115 mm length and 20 mm width
were analysed for each film. Films were mounted on the
film extension grip at an initial grip distance of 50 mm and
crosshead speed was 50 mm/min. Tensile strength, elonga-
tion at break, and Young’s modulus were obtained from the
testXpert® II software version 3.31 that comes with the
instrument.

Grammage and Bulk Density Analysis

Synthesized silver nanoparticles and blank recycled paper
were cut into 10 cm X 10 cm and weighed using an analyti-
cal balance to give the response in g/m”. The bulk density of
the samples were calculated according to ISO 534 from the
ratio between the grammage and thickness [1].
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Water Absorption

Water absorption capacity of the recycled nanocomposite
paper and blank control was determined after 24 h immer-
sion in water using 2 x 2 cm? piece of each sample. The
initial dry weight (Mg,,) of the samples was recorded,
afterward the samples were placed in a petri dish con-
taining 10 mL of distilled water. After 24 h, the exces-
sive water was wiped off with blotting paper. The wet dry
weight (M, of the samples were measured and the water
absorption capacity was calculated and recoded in (g/m?).

M e _Mrv
WA (%) = [”’M—”"]xmo (1)

wet

UV-Visible Spectroscopy

The nano composite and blank control paper were char-
acterized by UV-visible spectroscopy analysis. The
absorbance and percentage reflectance from synthesized
nanocomposite papers and blank were measured for wave-
lengths between 200 and 1800 nm using a UV-vis spec-
troscopy (F300s Ultraviolet lamp, Shimadu, Tokyo).

Silver Release and Migration in Minced Meat

To study the migration of silver from synthesized nano-
composite paper into the meat, the papers were cut into
circles of diameter 5 cm. Then, 5 g of minced meat was
weighed into a petri-dish of diameter (5 cm) and flattened
to form a bed with uniform surface. Synthesized nano-
composite paper was placed on the surface of the meat
such that the entire surface was in contact with the meat.
The paper surface was damped with 500 pL of distilled
water to act as a mobilizer and plates were stored at refrig-
erator temperature 4-7 °C. At 0, 12, 24, and 48 h paper
samples were carefully removed from the meat surface
and analysed for silver content using Inductively coupled
plasma—optical emission spectrometry (ICP-OES). The
concentration of silver that has migrated into the meat
was calculated as the difference between the paper silver
content at a given time and the silver content at time O h.

Release Models

To further study the pattern of Ag release from the recycle
nanocomposite paper, the In vitro release data were fit-
ted into various kinetic models like zero-order, first order,
Higuchi, and Korsmeyer—Peppa’s, equation and coefficient

of correlation (r) values were calculated for linear curves
by regression analysis of the plots.

Cytotoxicity of Silver Nanoparticles Packaging
Paper

Synthesized nanocomposite paper was evaluated for toxicity
using HEK293T and Caco-2 human cell lines as described
[13] with modifications. The cells were collected from the
Department of Physiology, Prince of Songkla University and
cultured in high glucose DMEM supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin—streptomycin
solution. Approximately 1 x 10* cells were seeded in 96-well
plates (100 uL/well) and incubated at 37 °C in an incubator
humidified with 5% CO, atmosphere for 24 h. The medium
was removed, and the cells were washed twice with phos-
phate buffer solution. The cells were exposed to 100 puL of
medium containing silver nanoparticles released from the
packaging material at different time intervals (12, 24, and
48 h). Release media from recycled control paper and fresh
media were used as control. The cells were then incubated
for 24 h in a CO, incubator at 37 °C. Cell viability after
exposure to treatment, blank and control was analyzed using
MTT assay Briefly, 10 uL of 5 mg/mL MTT solution in
PBS buffer and 100 pL. of DMEM was added to each well
and incubated in the dark for 4 h. The absorbance (optical
density) value of the wells was measured at a wavelength
of 570 nm using a multi-mode plate reader Enspire. The
percentage cell viability was then calculated as

OD Treatment

OD Control x 100 @)

In Vitro Antimicrobial Activities of Active Paper

The nanocomposite paper and blank were tested for anti-
bacterial activities against important Gram-positive and
Gram-negative foodborne pathogenic bacteria including L.
monocytogenes F2365, S. aureus ATCC 25,923, an isolate
of B. cereus and E. coli O157.H7. The bacteria cultures
were incubated at 37 °C overnight in Muller Hinton broth
(MHB). The culture was harvested and adjusted to 10° CFU/
mL before use. The method of [14] was adopted in a 24 well
plate with slight modifications using piece of paper (3 cm?)
in 1.5 mL of bacterial suspension. The plates were incubated
statically at 37 °C, and aliquot of samples were withdrawn,
plated out on TSA and counted at 3, 6, 12, and 24 h. Samples
were also prepared for OD measurement at each of the test
time. OD values were recorded at 600 nm and change in
bacterial population as ACFU/mL.
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Antibacterial Testing (ISO 20743)

The survival of bacterial isolates in contact with synthe-
sized silver nanoparticles packaging paper was evaluated
using a modified method from ISO 20743. The test bac-
terial isolates and strain were maintained in tryptic soy
broth to exponential growth phase and used for the test-
ing. Briefly, the cultures were diluted in TSB to 1.5 x 108
CFU/mL. Then 50 pL of the diluted bacterial suspension
was loaded onto synthesized nanocomposite paper and
blank control. The test papers were left damp and then
incubated in a humid condition for 24 h. Afterwards,
the surviving bacterial on the papers were enumerated
in 1 mL of neutralizer solution and serial dilution using
saline solution. Aliquot (10 pL) of the dilutions were spot
plated on TSA and incubated overnight at 37 °C. Bacterial
colonies were then counted and recorded as CFU/mL.

Statistical Analysis

All experiments were performed in triplicate for two inde-
pendent studies. The results were statistically analysed using
analysis of variance. Data were tested using the Scheffe sta-
tistical test (SPSS 20). A 95% confidence limit (p <0.05)
was adopted throughout the study.

Results and Discussion

Synthesis and Characterization of Biogenic Silver
Nanoparticles

Reduction of metal salts with plant extracts and phytochemi-
cals has been described as an eco-friendly alternative method
for the synthesis of NPs with excellent bioactive properties.
Ethanolic extracts of E. camaldulensis was successfully used
as a reducing and capping agent for AgNO;. The formation
of silver nanoparticles was signalled by colour change and
confirmed using UV-visible spectroscopy (Fig. 1a). The
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Fig. 1 Characterization of biogenic silver nanoparticles using UV-
visible spectroscopy (a) showing the Ag plasmon resonance peak
at 437 nm, Dynamic light scattering (b) showing particles size dis-
tribution of the, Energy dispersive X-ray spectroscopy (c) showing
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peak at 437 nm represented the surface plasmon resonance
of silver nanoparticles. DLS analysis showed that the silver
nanoparticles had an effective diameter of 138.6 nm with
a polydispersity of 0.244 (Fig. 1b) and (Fig. S1), and zeta
potential of —35.85 mV (Fig. S2). The high negative zeta
potentials indicate high stability of the silver nanoparticles
due to electrostatic repulsive force [15]. Elemental analysis
of the silver nanoparticles by EDX indicated Ag concentra-
tion of 23.7%Wt (Fig. 1c). Furthermore, visualization of the
NPs by SEM and TEM (Fig. 1d and e) showed clusters of
spherical shaped nano-sized particles.

Antimicrobial Activities of Biogenic Silver
Nanoparticles on Foodborne Pathogens

Plant synthesized silver nanoparticles have demonstrated
a broad-spectrum antimicrobial activity against various
foodborne pathogenic and spoilage microorganisms. In this
study, the synthesized silver nanoparticles exhibited good
bactericidal activities against foodborne pathogenic bacte-
ria, including B. cereus, E. coli, L. monocytogenes and S.
aureus (Table 1). The minimum inhibitory concentrations
and the minimum bactericidal concentrations ranged from
0.99 to 1.99 and 3.98-15.91 pg/mL respectively. Simi-
lar findings have earlier been reported [16]. Although the
antimicrobial properties of silver nanoparticles have been
extensively explored, the exact mechanism of action is still
not fully elaborated. However, the antimicrobial effects of
silver nanoparticles is dependent on factors including the
size, morphology, physicochemical properties of the silver
nanoparticles as well as the culture medium, microbial envi-
ronment, and method of synthesis [17].

Potassium lon Leakage

Bacterial plasma membrane constitutes a permeable barrier
that regulates the movements of molecules in and out of the
cell cytoplasm. Thus, alterations and poration of the plasma
membrane by antimicrobial agents results in the loss of func-
tionality leading to increased efflux of important cellular
electrolytes that are required for proper cell functions. The
membrane disruption activities of biogenic silver nanopar-
ticles evaluated by potassium leakage is presented in (Fig.
S3). The results indicated silver nanoparticles concentration

dependent K™ release. Increase in the K* leakage after treat-
ment with silver nanoparticles suggest an increase in the
efflux of important ions from the cell and might be due to
structural and functional alterations of the membrane by
the silver nanoparticles or formation of pores on the plasma
membrane. The results further suggested low K* release
from S. aureus, this might be to the difference in MBC value
observed.

Silver Nanoparticles Mediated Membrane Rupture

The disruptive effects of the silver nanoparticles on the cell
membrane of pathogenic foodborne isolates and strains were
confirmed by scanning electron microscopy (Fig. 2). The
micrograph presented intact and healthy cell membrane for
untreated control cells, whereas silver nanoparticles treated
cells were observed to exhibit extensive membrane damage
with structural deformation, poration and shrinkage. Bac-
terial cell membrane plays an important role as selective
permeable barrier. Disruption of the cell membrane due
to treatment with silver nanoparticles alters the membrane
functionality, resulting in the influx of extracellular mol-
ecules into the cell, leading to lysis of the cell. The micro-
graph confirms that silver nanoparticles exerts its antibacte-
rial effects by disrupting the cell membrane of the cell and
thus enhancing the influx and efflux of extracellular mate-
rials and intracellular components, respectively. Similar
results have been previously reported [18, 19]. In addition,
alteration of redox homeostasis and induction of oxidative
stress are reported as possible route of silver nanoparticles
antimicrobial mechanism [20, 21].

FTIR Analysis

The FTIR spectra of the biogenic silver nanoparticles,
extract, recycled control, and synthesized nanocomposite
paper is presented in (Fig. 3a). Synthesized silver nano-
particles and ethanolic extract of E. camaldulensis spec-
tra showed a broad band between 3400 and 3450 cm™!
representing the O—H stretching vibration of the phenolic
and flavonoid compounds. Peak at 2920-2925 cm™! is
ascribed to the -CH, and C—H stretching of alkanes. The
prominent peaks at 1620—1640 cm™! reflects the N-H pres-
ence of amine group. The extract and silver nanoparticles

Table 1 Antibacterial activities
of silver nanoparticles against
pathogenic foodborne bacterial

Isolates

Minimum bactericidal
concentrations (ug/mL)

Minimum inhibitory concen-
trations (ug/mL)

isolates evaluated using micro- Bacillus cereus 0.99 3.98
broth dilution assay Escherichia coli O157:H7 1.99 3.98
Listeria monocytogenes F2365 1.99 7.96
Staphylococcus aureus (ATCC 25,923) 1.99 15.91
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Fig.2 Scanning electron micro-
graph of silver nanoparticles
treated foodborne bacterial iso-
lates. Showing rupture, poration
and damage of bacterial cell
membrane after treatment with
bactericidal concentrations of

silver nanoparticles for 4 h B. cereus

E. coli

L.

monocytogenes

spectra displayed visible interaction between functional
groups. The absence of the aliphatic saturated alde-
hydes carbonyl group C=0 (1690-1750 cm™') observed
in the extract, merging of the multiple weak bands of
polyols C-0O, alkanes C-H and C-H deformation vibra-
tions (1190-1450 cm™!) present in the extract into a sin-
gle sharp and prominent peak at 1384 cm™! and shift of
—C-0O- stretching of alcohols, carboxylic acids, esters
and ethers from 1045 to 1115 cm™' indicates the reduc-
tion of Ag ions by plant phytochemicals or adsorption of
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phytochemical compounds from the extracts onto the nan-
oparticle surface [22]. The FTIR spectra of the recycled
control paper and nanocomposite paper displayed similar
peaks, with minor peak shifts at 3331 to 3329, 2898 to
2900, 1726 to 1722, 1639 to 1637, 1426 to 1413, 1023
to 1021. The absence of major changes in the functional
groups is attributed to the usage of an already reduced
Ag*. Previous researchers have demonstrated slight altera-
tions in the functional groups of cellulose paper following
the reduction of AgNO; [23, 24].
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Fig.3 FTIR spectra of silver nanoparticles, E. camaldulensis
extracts, nanocomposite and recycled control paper showing the func-
tional groups present in the samples and the chemical interactions
between functional groups (a), and XRD spectra of the nanocompos-

XRD Analysis

The XRD spectra presented in (Fig. 3b) showed that both
blank control and nanocomposite paper presented simi-
lar amorphous to crystalline peaks. The XRD peaks at
20=16.5°,22.6°, and 22.9° were ascribed to (1-10), (110),
and (200) planes of cellulose II crystalline structure [25,
26]. Additional peaks in synthesized nanocomposite paper
at 20=32.2° and 77.3° were attributed to (111) and (311)
crystal planes of face centred cubic structure of silver [27].
The intensity of peaks of recycled control paper were also
observed to be higher than those of synthesized nanocom-
posite paper, indicating a lowering of crystallinity by the
presence of Ag nanoparticles [27]. This confirms the physi-
cal interaction of synthesized silver nanoparticles with com-
ponent compound of cellulose paper.

UV-visible Spectra of Recycled Nanocomposite
Paper

The absorbance and reflectance spectra of composite papers
were recorded at wavelengths between 200 and 2000 nm
(Fig. 4a). The absorbance spectra of synthesized nano-
composite paper showed a peak at 427 nm resulting in a
downward trough in the reflectance spectra (Fig. 4b). This
represents the plasmon resonance band of synthesized silver
nanoparticles. The narrow width of the peak suggests a nar-
row size distribution of synthesized silver nanoparticles pre-
sent in the paper. At the wavelength range tested, recycled
control paper consistently presented a higher reflectance,
whereas synthesized nanocomposite paper showed higher

Position [°20] (Copper (Cu))

ite and recycled control paper indicating the absence of silver peaks
due to the low concentration of Ag lower than the 2% dictation limit

(b)

absorbance. This indicates the colour alteration witnessed
with synthesized nanocomposite paper. The recycled con-
trol paper reflected all light wavelength whereas the deep
brown colour of synthesized silver nanoparticles absorbed
the light. Previous researchers have reported reduced light
reflectance of paper after incorporation of silver nanoparti-
cles [28, 29]. silver nanoparticles have also been reported to
exert a UV blocking activity [30], and capable of absorbing
a wide wavelength range of lights [31]. These unique proper-
ties of silver nanoparticles define its optical application in
various fields.

Physicochemical Parameters of Recycled Paper

The physicochemical and mechanical properties of recy-
cled paper are presented in (Table 2). The tensile strength
of a material reflects the ability to resist breaking under
stress and is dependent on the strength of the base mate-
rial, surface area, length, and the bonding strength
between them. Whereas the elongation at break shows
the ability of a material to stretch before breaking. The
results obtained reveals that synthesized nanocompos-
ite paper showed significant increase in tensile strength
(p <0.05) compared to blank control. However, the per-
cent elongation at break was significantly higher for recy-
cled control paper. The increased tensile strength might
be due to the formation of strong bonding between the
paper base material and synthesized silver nanoparticles.
Similar results were obtained following reinforcement
of active nanocomposite pouches with in situ generated
silver nanoparticles [32]. The thickness of the recycled
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Fig.4 Optical properties of silver nanoparticles paper showing (a)
absorbance spectra with surface plasmon resonance peak of silver
nanoparticles at 427 (b) reflectance spectra, (c¢) scanning electron
micrograph of nanocomposite paper, (i) and (ii) shows the structure

and nanoparticles dispersion on the nanocomposite paper while (iii)
and (iv) shows structure and plain surface of control paper, (d) EDX
spectra showing the Ag™ content of the nanocomposite paper in Wt%

Table 2 Mechanical and physicochemical characteristics of the nanocomposite and recycled control papers

Samples T hax MPa) EAB (%) Thickness (mm) Water absorption (g/m?) Grammage (g/m?) Bulk density (g/cm?)
Ag Paper 5.8+0.71% 0.7+0.34 0.18+0.01° 57.7+2.29° 87.4+0.9° 0.49+0.02°

Blank 3.7+0.67* 1.6+0.36" 0.19+0.01° 60.1+1.99° 90.4+1.4° 0.48+0.03
#Significant different

"Not significantly different (p <0.05)

paper ranged between 0.18 and 0.19 mm. No significant
difference (p <0.05) was observed in the physicochemical
parameters (water absorption, grammage, and bulk den-
sity of the samples) of synthesized nanocomposite paper
and the blank.

@ Springer

Scanning Electron Micrograph of Recycled
Nanocomposite Paper

The morphology of the recycled nanocomposite paper and
blank control is shown in (Fig. 4c). The surface micrograph
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of the samples as shown by SEM revealed a cellulose base
fibrous net-like structure. However, unlike the image previ-
ously reported, incorporation of silver nanoparticles into the
paper did not affect the surface pore size of the paper [33,
34]. The difference might have resulted from the coating
method employed by the previous researchers. At higher
magnifications, the nanocomposite paper reveals spheri-
cal nanosized particles distributed on the surface which are
believed to be silver nanoparticles embedded on the surface
of the paper (Fig. 4cii). On the contrary, the recycled con-
trol papers at same magnification revealed a smooth surface,
showing the absence of particles. To confirm the presence of
synthesized silver nanoparticles on the paper, EDX elemen-
tal analysis was performed on synthesized silver nanopar-
ticles functionalized paper (Fig. 4d). The EDX quantitative
revealed Ag concentration of 0.1%Wt on the paper. Mapping
of the paper surface further showed uniform distribution of
synthesized silver nanoparticles on the surface of the paper.
Other elemental components of the paper included carbon
and oxygen from the cellulose base and starch added as
binder and calcium probably from CaCO; serving as filling
material in the paper production (Fig. S4).

Release and Migration of Ag from Synthesized
Nanocomposite Paper

To investigate the release profile of Ag from synthesized
silver nanoparticles packaging paper and migration into
wrapped food, a food model-based method was developed
using minced beef. The initial concentration of Ag and Ag
release at various intervals was evaluated using ICP-OES
(Fig. 5a). The results obtained revealed an initial Ag concen-
tration of 0.22 ug/mL. After 12 h, 41.8% of the Ag content
was reduced, indicating migration from the packing paper
into the minced meat product. At 48 h, approximately 75.9%
of the Ag was migrated into the meat. The result demon-
strates an unregulated release of silver. Similar result was
observed by [35] who reported a high Ag* release from bac-
terial cellulose/silver nanoparticles composite within 72 h.
The antimicrobial activity of silver nanoparticles has been
demonstrated by various researchers, however the easily
leakage of silver from composite materials restricts its appli-
cation in the design of packaging materials [36]. Cytotoxic-
ity of silver nanoparticles to cells has also been attributed to
this uncontrolled release, regulating the release of Ag from
composite material reduces the cytotoxicity to cells [36].
The release kinetics of Ag from the recycle nanocompos-
ite paper showed “r” value of (0.978) for first order kinetics
indicating a concentration dependent In vitro release. The
interpretation of release exponent values (n) was studied
to understand release mechanism of silver nanoparticles
from the recycled nanocomposite paper. The Higuchi and
Korsmeyer-Peppa’s model presented a linearity of 0.996 and

0.986 for silver nanoparticles, whereas Peppa’s model sug-
gests classic Fickian diffusion with n values of 0.434.

Cytotoxicity of Nanocomposite Paper

The effects of silver nanoparticles and its toxicity on the
environment and humans has attracted great attention due
to the growing interest in silver nanoparticles and its appli-
cations in various area including consumer goods. Thus, to
validate the use of silver nanoparticles as active agents in the
design of food packaging materials, antimicrobial nanocom-
posite paper and blank control paper were evaluated for tox-
icity against human renal cell HEK293T and human colon
cell line Caco-2 (Fig. 5b). The result showed that silver
nanoparticles at the concentrations released after 12, 24, and
48 h showed no toxicity against both cell-lines. The human
renal cell HEK 293T showed approximately > 80% viabil-
ity (i), whereas Caco-2 cells showed >90% viability (ii) at
all the tested time. Silver nanoparticles has been previously
reported to exhibit a mild toxic effect on HEK 293T at a
high concentration of 20 pg/mL [13]. On Caco-2 cells, silver
nanoparticles has been reported to exert a non-toxic effect
on differentiated Caco-2 cells at concentrations <50 ug/mL
[37]. The effects of silver nanoparticles is dependant of vari-
ous factors such as the size of the nanoparticles, concentra-
tion, time of exposure [38]. The non-toxic effect of silver
nanoparticles observed in this research could be as a result
of the low concentration of Ag and incomplete release of
all the silver content of the paper. At all tested time, the
recycled control paper also showed no toxic effects on HEK
293T, and in addition tends to show stimulatory effects on
Caco-2 cells.

Antibacterial Potency of Synthesized
Nanocomposite Paper

The antibacterial effects of synthesized silver nanoparticles
and blank control paper were demonstrated against food-
borne pathogenic bacterial isolates including B. cereus,
E. coli O157:H7, L. monocytogenes F2365, and S. aureus
ATCC 25,923 in a broth culture base method (Fig. 6). The
results showed pronounced bactericidal effects on B. cereus
and E. coli with > 3log reduction after 3 h of treatment.
Against L. monocytogenes and S. aureus, the paper showed
bacteriostatic effects with approximately 1log reduction after
12 h treatment. The antimicrobial effects of the blank control
paper were like that of bacterial culture without a test paper.
This indicates that the antimicrobial observed with synthe-
sized nanocomposite paper was as a result of the Ag released
from synthesized nanocomposite paper into the broth cul-
ture. The antimicrobial effects of silver nanoparticles coated
cellulose paper has been previously demonstrated [39, 40].
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Fig.5 Release of Ag from the nanocomposite paper and migration
into wrapped minced meat at 48 h (a), and in vitro cytotoxicity of
release Ag from the nanocomposite and recycled control paper (b)

To further confirm the antimicrobial efficacy of the
recycled papers against the test bacterial isolates, a modi-
fied method from ISO 20743 was used to mimic the dry
state condition experienced with food wraps (Fig. S5). The
result confirmed the antimicrobial effects of synthesized
nanocomposite paper against Gram—positive B. cereus
and L. monocytogenes and Gram—negative E. coli with
2log-3log reduction after 24 h contact with synthesized
nanocomposite paper. However, antimicrobial activity of
synthesized nanocomposite paper only should an inhibi-
tory effect on S. aureus. For all Gram—positive bacteria
tested, an increase in CFU/mL was observed, indicating
growth of the bacteria on the blank control paper.
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on human embryonic renal cell HEK293T (i) and human colon cells
Caco-2 (ii), showing>80% cell viability after analysis using MTT
assay at p<0.05

Conclusions

The potential recycling of wastepaper and functionali-
zation with silver nanoparticles for the design of active
packaging has been demonstrated. The recycled paper
demonstrated promising qualities as a suitable source of
reusable material for the re-fabrication of paper. Silver
nanoparticles incorporated in the paper showed good anti-
microbial effects with no cytotoxicity. Thus, the recycled
paper could be applied in the packaging of food and other
material for the extension of shelf-life and inhibition of
microbial mediated spoilage. In addition, recycling and
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functionalization of wastepaper could be employed as a
reusable approach and waste management strategy.
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