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Highlights

Nanocellulose composites with varying bismuth cawrplontent were developed.
The physical, mechanical and barrier propertienagavater vapor were studied.
Bismuth complex has little effect on barrier prdgemless present at high level.

Composites can inhibit the growth of medically inmtpat bacteria and fungi.

Composite are more effective on Gram-positive biggteven at very low loading.



Abstract

The incorporation of an organobismuth complex iatomanocellulose matrix to develop a free-
standing antimicrobial barrier material was invgastéd. The non-toxic complex, phenyl bismuth
bis(diphenylphosphinato) was used as the additivenfzart antimicrobial properties to nanocellulose
sheets for the development of paper-based renewabldiodegradable active packaging material. A
spraying technique was used to prepare sheetsdiffiénent loadings of the organobismuth complex
and its effects on antimicrobial and barrier prtéipsrwere studied. Morphological studies of the
sheets revealed the overall distribution of the mlem throughout the nanocellulose matrix, with
occasional clustering behaviour on the surface.ewabapour permeability of the paper sheets
increased very slightly with loading of the bismatimplex, but remained in the range acceptable for
packaging materials. The physical and mechanicgesties of the sheets were also affected by the
addition of the bismuth complex in the structumeg &ence a trade-off needs to be made between the
loading level and the material performance for caroialization. The composite sheets were able to
inhibit the growth of bacteria and fungi, includisggains of multidrug resistant bacteria. Moreover,
the paper showed continued release of the bismathplex over time with effective lifetime
depending on the loading. In summary, this papecrilees the preparation and characterization of a
sustainable and ecofriendly antimicrobial compop#eer, using a poorly soluble bismuth complex
dispersed into nanocellulose matrix, which showes pbtential to be used as an active packaging

material.
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1. Introduction

Packaging plays a vital role for most productseinms of consumer safety. Conventional packaging
serves only as a barrier layer between the proglidtthe environment and shields it from oxygen,
water vapour and other contaminants (Pereira Deeb€ruz et al. 2012). Demand for quality
assurance and product safety of sensitive itemb ascfood and medical products has led to the
emergence of high-value active packaging matetait toffers enhanced protection (Lavoine,
Desloges et al. 2015, Inamuddin 2016). Active pgakg has the ability to either interact with the
product or alter the environment enclosed withia trackaging. Examples include incorporating
compounds that can absorb and remove oxygen, ethyte moisture, or have antimicrobial
properties [1]. The latter offers better protectioy inhibiting the microbial contamination of the
products reducing the risk of deterioration. It @so inhibit contamination of the packaging suefac
thus reducing microbial cross-contamination frora gackaging. This is an effective strategy with
proven improvements in product protection and dau@Appendini and Hotchkiss 2002, Pereira De
Abreu, Cruz et al. 2012). Antimicrobial active pagkhg can be obtained by incorporating or
immobilizing antibacterial and antifungal agentsoithe material (Lavoine, Desloges et al. 2015,
Amini, Azadfallah et al. 2016, Lavoine, Guillardadt 2016).

The use of metal-based antimicrobial agents, infeh@ of nanoparticles and compounds, has been
increasing (Patra, Gasser et al. 2012, Barry adte63013, Dizaj, Lotfipour et al. 2014). This ised

to metals often showing greater efficacy and resiée to bacterial resistance than the organic
compounds. (Lemire, Harrison et al. 2013). Metalshsas silver, gold, arsenic, bismuth, antimony,
copper, mercury, platinum, palladium, rutheniumd arobalt, and their compounds have shown
antimicrobial activity (Abd-El-Aziz, Agatemor et.aR017, Alvarez-Paino, Munoz-Bonilla et al.
2017). This includes inorganic compounds, organatietomplexes, metal organic frameworks and
metal nanoparticles (Patra, Gasser et al. 2012y Bad Sadler 2013, Abd-El-Aziz, Agatemor et al.
2017). Of them, silver has been the most populdaalnsed as an antimicrobial additive in materials
(Dankovich and Gray 2011, Haider and Kang 2015,ndud.i et al. 2015, Amini, Azadfallah et al.
2016, Carbone, Donia et al. 2016, Xiong, Zhu eR@l6). Silver nanoparticles have been studied as
composites with synthetic and natural polymershsas cellulose, chitosan, gelatine, chitin, and
collagen (Martmez-Abad, Lagaron et al. 2012, Xiong, Zhu et all&0ran, Abdelgawad et al. 2016).
Silver is also used in various commercial produats|uding packaging materials, clothing, and
healthcare and personal care products. This widadpuse of silver has raised concerns about its
toxicity for various organisms including humans @amyironmental accumulation (Barros-Velazquez
, Stensberg, Wei et al. 2011, Cushen, Kerry eR@12). The most severe toxic effect of long-term
silver exposure to humans is the condition of dotoration of the skin, known as argyria. Other
harmful effects of soluble silver include damage liteer, kidney and blood cells (Drake and

Hazelwood 2005, Maillard and Hartemann 2013). Silwanoparticles can enter the human body
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through gastrointestinal absorption from food contaaterials (e.g. silver based food-packaging) as
well as through the respiratory tract (Cushen, Keitral. 2012). The maximum safe level of lifetime
silver intake is only 10g as declared by the Wadiehlth Organization (Cao 2017). Studies have
shown that silver nanoparticles can migrate intodférom silver-based food-packaging materials
(Huang, Chen et al. 2011, Echegoyen and Nerin 20 s also been reported that the concentration
of silver released into food from a commercial @agkg material can exceed the regulatory limits set
for food contact materials after 24 days of stor@@gzzuto, Losasso et al. 2015). This suggeste ther
is a necessity to develop new active packaging natge with more attention to safety and health
concerns. In addition, the prolonged use of sihas raised the risk of induction of silver resis&im
bacteria (Silver 2003, Maillard and Hartemann 20G8nawan, Marquis et al. 2017), a scenario
common for many other metal-based antimicrobiatd, (Bengtsson-Palme et al. 2014). As a result, it
has been suggested that silver-based antimicrobelsegulated by governments and reserved for
medical uses only (Crocetti 2013). Accordinglerthis a need for a new generation of antimicrobial

compounds for use in active packaging for food, in@dupplies and other sensitive products.

The purpose of this study is to investigate a posoluble bismuth complex as an active species for
packaging applications. Many bismuth complexes HBean reported to possess antibacterial activity
(Domenico, Baldassarri et al. 2001, Kotani, Nagaile2005, Svoboda, Jambor et al. 2010, Lugman,
Blair et al. 2016, Andrews, Werrett et al. 2018)srButh has a long history of being used for treatin
intestinal disorders: Pepto-Bismol (BSS or bismatibsalicylate) and De-Nol (CBS or colloidal
bismuth subcitrate) are used as gastrointestinatrtrents, for example traveller’'s diarrhoea, amrd ar
effective agents against the bactealicobacter pylori(Briand and Burford 1999, Suzuki and
Matano 2001, Barry and Sadler 2013). It is propdbet! bismuth works by binding to proteins with
metal binding sites, e.g. thiol (cysteine) richtpio structures (Keogan and Griffith 2014). Unlike
other heavy metals, bismuth displays a low levetaxdcity in humans and is non-carcinogenic
(Kotani, Nagai et al. 2005). Although it is a heawgtal in the pnictide (Gp 15) family, where toxyci

is assumed to increase with molecular weight, biknms unique in its comparatively low-toxicity
(Suzuki and Matano 2001). In this paper, a newsclta#sorganobismuth complex, phenyl bismuth
bis(diphenylphosphinato), has been chosen as thesamfjgnt. This has been reported to have little or
no toxicity to mammalian cells and has significadtiw solubility in water (Andrews, Werrett et al.
2018). As a result, in the context of packaging tisks of migration into the product or into the

environment is also greatly reduced.

The technical challenge for applications in actpackaging lies in the choice of material that is
suitable for use in supporting the antimicrobiagmg. In this regard, polymers have been widelg use
as the carrier matrix for antimicrobial agents topiove their stability and activity due to their

macromolecular properties (Alvarez-Paino, Munoz-Baret al. 2017). The most studied materials



for antimicrobial films are petroleum based polymes.g. polyethylene, polypropylene, polystyrene
and polyethylene terephthalate (Maez-Abad, Lagaron et al. 2012, Alvarez-Paino, MuBonilla

et al. 2017). The packaging industry is also maidgpendant on petroleum-based polymers
(Inamuddin 2016). Environmental accumulation ofsfitss, and the resulting impact from plastic
pollution, have driven interest in the use of bigrdelable polymers such as polylactic acid (PLA),
polyglycolic acid (PGA), and more importantly rerae natural biopolymers such as cellulose,
starch, chitosan, alginate, and collagen (Alvd&airzo, Munoz-Bonilla et al. 2017). Of them,
cellulose is the most abundant, biodegradable andwable, as well as inexpensive and non-toxic
(O'Sullivan 1997, Xu, Chen et al. 2016). Howevehjles cellulose fibres can be formed into strong
and stiff paper-based packaging, the barrier ptmserare inferior to that of petroleum-based
polymers. This limitation can be overcome by bregkdown cellulose-containing materials into
microfibrils or bundles of microfibrils. The produavhich is generally known as nanocellulose, has
excellent strength and greatly improved barriepprées when compared to conventional paper (Siré
and Plackett 2010, Lavoine, Desloges et al. 2018n&t, Bollstrom et al. 2014). Nanocellulose is
unique due to its hydrophilicity, biocompatibiliand large surface area in addition to all thelaitds

of nanostructured materials (Klemm, Heublein et 2005, Klemm, Kramer et al. 2011).
Nanocellulose films also provide a porous structfoe antimicrobial agents to attach to, both
physically and chemically (Lin and Dufresne 20l#gking nanocellulose a promising material for
active packaging applications. Nanocellulose susipes can be converted to sheets and films by
various methods such as vacuum filtration (Varaaadi Batchelor 2013), casting (Kumar, Bollstrém
et al. 2014), spraying (Beneventi, Chaussy etGil42Krol, Beneventi et al. 2015, Beneventi, Zeho e
al. 2016) or coated on a substrate /base papepifi@vDesloges et al. 2015, Kumar, Koppolu et al.
2017).

The objective of this study was to incorporate & ntass of organobismuth complex, phenyl bismuth
bis(diphenylphosphinato), into a nanocellulose matoixthe development of cleaner antimicrobial
sheets for active packaging applications. Antinticabperformance, physical, mechanical and barrier
properties of the free-standing nanocellulose papeets were thoroughly studied to demonstrate the
hypothesis that these materials can potentiallyesas an active barrier layer as a standalone sheet

as coatings on other materials.

2. Materialsand Method

2.1.Materials
Microfibrillated Cellulose (MFC) purchased from D@EL Chemical Industries Limited, Japan
(grade Celish KY-100G) was used as the nanocebutoatrix. The MFC used was characterized in
previous work by Varanagt al to have a mean diameter of 73 nm and an aspséot af 147

(Varanasi, Chiam et al. 2012). Phenyl bismhig{diphenylphosphinato) was prepared according to



Andrewset al (Andrews, Werrett et al. 2018). Triphenyl bismatid diphenyl phosphinic acid were
mixed in the ratio of 1:2 in ethanol and heatedediix for 24 hours. The reaction mixture was then
filtered, and the insoluble phenyl bismuits(diphenylphosphinato) was isolated as a white powde
Following filtration, the complex was washed witbt flethanol to remove all unreacted chemicals and

the by-product benzene, after which no furtherfmation was required.
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Scheme 1: Chemical reaction for the synthesis ehphbismuthbis(diphenylphosphinato)

All analytical data matches that previously reporter the phenyl bismuth bis(diphenylphosphinato)
complex (as shown in Scheme 1). The complex isirgggrsoluble in water and the solubility as
reported is 16.3 kg of water required to dissolvg tomplex The complex was also previously
reported to have limited solubility in organic setis like ethanol, dichloromethane, tetrahydrofuran
toluene, and dimethyl sulfoxide (DMSO). Moreoverelpninary toxicity results has been reported
previously and it was shown that the complex hagox@ effect on mammalian COS-7 cells at a

concentration of 0.5 mg/mL (Andrews, Werrett e24l18).
2.2.MFEC Suspension Preparation

Phenyl bismutlbis(diphenylphosphinato) was dispersed in small amwahtvater using a magnetic

stirrer and mixed with the MFC. This was then ditlito make a suspension of 2 wt.% MFC and
mixed with a hand blender, followed by disintegyati In the disintegrator, the suspension is
contained in a 3 L vessel and a small propelleningat 3000 revolutions separates the fibres from
each other. The suspensions were made with vargmgunt of the bismuth complex. The

suspensions were made with target loadings 0f%,120, 0.5, and 0.1 wt.% of the bismuth complex
with respect to the mass of cellulose fibres inghgpension. Thus, the composition was 2 g fibde an
0.1g, 0.05g, 0.02g, 0.01g or 0.002g of the bisnaatimplex in 100 grams of the 5, 2.5, 1.0, 0.5, and
0.1 wt.% suspensions respectively, the remainimggliel water. The experimental consistency of the
suspensions are given in table S1 in the suppleamemtformation. The suspensions were sprayed
immediately without any time delay to ensure ndliset of the particles, thus confirming uniform

dispersibility in the suspensions.

2.3.Sheet preparation

Bismuth(lll) phosphinato-MFC composites were pregansing a spraying technique as described by
Shanmugamet al. (Shanmugam, Varanasi et al. 2017). The compositese made using the
suspensions described with target loadings of 5, 2.0, 0.5, and 0.1 wt.% of the bismuth. The

consistency of the fibres in the suspension was &epstant throughout. The MFC suspension was



sprayed onto square stainless steel plates moving wariable speed conveyor set at 1 + 0.2 cm/s.
The suspension was sprayed using a Professionah&Wagray system (Model number 117) at 200
bar from a height of 30 + 1cm. A spray tip of 5¥pd was used. After spraying, the MFC on the
plates was dried at ambient temperature df @aunder constraint at the edges until the sheets
separated from the plate and started to roll offhatedges. The sheets were then peeled from the

plates and stored in a controlled temperature amdidity condition maintained at Z& and 50 %
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sheet
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Stainless steel plates
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Figure 1: Experimental Setup for lab scale spraywfidghe bismuth (I1I) phosphinato-MFC suspension

onto stainless steel plates

2.4.Characterization

2.4.1. ICP-OES Analysis

Weighed samples of the sheets were ashed usingfbe furnace in crucibles. During ashing, the
temperature was ramped to 6T over three hours and maintained at this temperdiar a further
three hours. Above 10 all moisture, and at about 525 all cellulose, is removed. The inorganic
complex decomposes at about 380 The bismuth-based residue left in the crucibdes dissolved in
small quantities of concentrated nitric acid anldtdd. This was then analysed using Perkin-Elmer
Avio 200 ICP-OES (inductively coupled plasma-optiemission spectrometry). The concentration of
the elemental bismuth in the sample solution wadyard by ICP-OES, and back calculated to the
amount of bismuth complex in the paper. Each sheet analysed in triplicate and reported as

percentage of the mean mass of the bismuth conpglegram of dry paper + standard deviation.

2.4.2. Bi-complex characterization

The hydrodynamic diameter of the particles wasneded using dynamic light scattering (DLS)
using a Nanobrook Omni Particle Size Analyser (BRhawven Instruments) with a dilute suspension of

0.02 wt.% Bi-complex in Milli-Q water.



2.4.3. SEM Imaging

Scanning Electron Microscope (SEM) imaging of thsmuth(lll) phosphinato-MFC sheets was
performed using the FEI Nova NanoSEM 450 FEG SEM BBl Magellan 400 FEG SEM using an
accelerating voltage of 5 keV and spot size 2udysthe morphology and distribution of the bismuth
complex in the sheets. The samples were preparedtbgg a small piece of the composite sheet and
mounting it onto a metal stub secured properly gisiarbon tape. The samples were coated with a

thin conducting layer of Iridium metal.

2.5.Material performance

2.5.1. Antimicrobial Test

The antibacterial and antifungal activities of ditintly loaded bismuth(lll) phosphinato-MFC sheets
were measured using disk diffusion assays. The ¢agitive bacteria, vizStaphylococcus aureus
(S. aureuy Vancomycin-resistant enterococc(i8RE), and Methicillin-resistant Staphylococcus
aureus (MRSA and Gram-negative bacteria viEscherichia coli (E. col) and Pseudomonas
aeruginosa(P. aeruginospawere examined. The fungi used for the tests wvileeenon-pathogenic
model organismS&accharomyces cerevisiddM789 andSchizosaccharomyces pombe Which are
known for their multidrug resistance (Kawashimakémoto et al. 2012), as well as the pathogenic
speciesCandida albicansSC5314 andCandida glabrataBG99. C. albicansBG99 is a pathogenic
and virulent strain often used in lab and genortudiss (Hua, Yuan et al. 2009). glabrataBG99 is

the lab model for the third most common cause of&l infection in humans (Fidel, Vazquez et al.
1999). The growth media Lysogeny broth (LB) wasduB® the bacteri&. aureusE. coli andP.
aeruginosaand Brain Heart Infusion (BHI) was used MdREandMRSA The LB or BHI agar plates
were inoculated with 100l of the specific statignghase bacteria. CSM plates were inoculated with
100 ml of a stationary phase overnight culturehef yeasts. The composite sheets was cut into discs
of 6 mm using a standard hole punch, which weregaleon the agar plate that had already been
spread with the microbial culture. All strains weneubated at 37C for 24 hours except fos.
cerevisiae S. pombeandC. glabrata which were incubated at 3C. For the samples that inhibited
the growth of the microorganism, a clear zone waseoved. The plates were then photographed and
the diameter of the zone of inhibition was measufégse tests were performed in triplicate for each

type of test microorganism.

2.5.2. Duration of antimicrobial action:

The 0.94 wt.% and 4.37 wt.% loaded bismuth(lll) gpluinato-MFC sheets were tested to investigate
the activity of the antimicrobial paper over timEhe Gram-positive bacteriurBtaphylococcus
epidermidiswas chosen for this analysis because it is agbdmiman microbiotaS. epidermidiss the
most dominant species of bacteria in human skinrandosal surfaces, and are carried by healthy

people (Fey and Olson 2010). The zone of inhibigmperiment was done in the same way as for the
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other bacterial strains. After 24 hours, the disese transferred aseptically to a new fresh agatepl

inoculated with the same bacterial strain and iatedb for another 24 hours. This was repeated until
no visible zone of inhibition was observed. Funthere, the agar around the disks in each of these
plates were analysed for presence of any bismutheire. This was done by scooping out some agar

samples, dissolving it in nitric acid and then gsidg the bismuth concentration by ICP-OES.

2.5.3. Physical and mechanical properties

The mass of the sheets per unit area was measyrelying the sheet in an oven at 205to
determine the grammage. The tensile index and Yeuvgdulus were measured using an Instron
tensile tester (model 5965). The papers were ¢alsmm width strips and conditioned before the
test at 23C and 50% relative humidity for 24 hours. The sgted was 50 mm with a constant strain
rate of 10mm/min. Five replicated were measuredeach test. The pore size distribution and
porosity were determined by mercury porosimetryngidflicromeritics Autopore 1IV. The sheets were
cut into 8 mm squares and degassed for 24 holr8EE in the sample holder. The measurements
were done in a penetrometer (Model 14, 3cc). Thtase area and pore shape were determined by

physisorption of nitrogen gas at 77K using a Miceoitics 3Flex.

2.5.4. Water vapor permeability

The water vapour transmission rate of the bismilihphosphinato-MFC sheets were measured at 23
°C and 50 % relative humidity by following ASTM E96sing the desiccant method (E96/E96M6
2016). The sheets were pre-dried in an oven a@d6r at least four hours. Cups complying with
the standard were filled with dried desiccant, icatcchloride, and sealed with the test sample. This
arrangement was kept in the test condition chambérthe variation in mass of the permeability cups
over time was recorded. The rate of change in masstifies the water vapour transmission rate
(WVTR). The WVTR was then normalized by the thicksef the paper to determine water vapour
permeability (WVP). The thickness of the compositeets was measured using L&W thickness

tester. A number of readings were taken for eaeletsland the mean thickness was calculated.

3. Resultsand Discussion

3.1.Characterisation

3.1.1. ICP-OES Analysis:

ICP-OES was used to quantify the actual amountisshisth complex present in the sheets. Table 1
shows the mean percentage of bismuth complex tgdper determined using ICP-OES analysis,
along with the standard deviation (n=3). The resulere found to be close to the expected values.
However, the minor difference could be accountadbip loss of the complex while preparing the

suspension or due to sticking of the complex withia spray system. The maximum loss (30%) was

observed for 0.1wt%. loading which could mean thédrger proportion of the complex was lost on
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the surfaces in contact with the suspension atlt@slings than at high loadings of 5.0 wt.% (13%
loss), with the 1.0 wt.% (6% loss) being an outllarthis instance the preparation of the compessite
was done in small laboratory scale, with a muclaigresurface to volume ratio than would be the
case in large scale production. When scaling thitowa large-scale production, these losses waaild b

expected to be minimal.

Table 1: Percentage of phenyl bismuth bis(diphdmgphinato) from ICP-OES analysis for the
different loaded Bi-MFC composites

_ , J( Mean actual percentage of bismuth complex wt. % ffo
Target loading of bismuth complex wt. %

) ICP + standard deviation
(g bismuth complex/g cellulose) _
(g bismuth complex/g dry paper)
0.1 0.07 £0.01
0.5 0.39 £ 0.05
1.0 0.94 £0.02
25 2.10 £0.05
5.0 4.37 £0.07

3.1.2. Bi-complex characterization

The bismuth(lll) phosphinato complex precipitatesf the reaction as long thin needles, as shown in
the optical image of the bismuth complex aloneigufe S13. The particle size of the dispersed phase
plays a significant role in the properties of cosip® materials. Due to the particles being non-
spherical, light/laser scattering techniques do aefine the actual dimensions of the particles.
However, scattering techniques can be used to meedisel hydrodynamic diameter of an equivalent
sphere of the particle that has the same diffusoefficient. The hydrodynamic diameter of the
particle was found to be 1.25+0.18 pm, with a pmlydrsity index of 0.33+0.04. The complex is
stable upto a temperature of 300, found by TGA (Figure S12). The melting point ath
decomposition point of the complex is 360 and 330°C respectively and has been reported

previously as well (Andrews, Werrett et al. 2018).

3.1.3. SEM Imaging

Scanning Electron Microscope (SEM) was used toysthd distribution of the complex within the
microfibrillated cellulose fibres. Secondary electr(SE) imaging was done to obtain surface
information of the 4.37 wt.% Bi-MFC composite agwh in Figure 2. It is clear from the images that
nanofibers form a highly entangled network, and ¢géndrical inorganic complex particles are
present on the surface entangled within the MF@éiblt is evident that the particles vary in sipel

are arranged in random orientation with occasichatering at different regions on the surface. The
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dimensions of randomly selected particles on thdasa were measured, and the particle size

distribution is as illustrated in the Figure 3. Témallest particle was 525 nm, and the largest one
detected was 13.3 um.

MCE] #

ur ac of 4.37 wit.
(a) x3500 (b) x12500

Frequency

10
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Bismuth complex particle size (jum)

Frequency

[ S .

[0.06, 0.11] (0.11,0.16] (0.16,0.21] (0.21, 0.26] (0.26, 0.31]
Aspect Ratio

Figure 3(a): Particle length distribution (n=140) and fAgpect ratio distribution (n=40) of bismuth
(1) phosphinato complex on the surface of 4.37.%Bi-MFC sheet
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The shape of the particles can be observed to lbeldgal needle-shaped from Figure 2. For such a
form, a simple parameter, aspect ratio, can be wsddscribe the shape. The aspect ratio, the sétio
the width to length of the particle, has been mesmbdfrom SEM images and the aspect ratio
distribution curve is shown in Figure 3(b). Figuteshows the secondary electron image and its
corresponding energy-dispersive X-ray (EDX) mappihghe same bismuth (1) phosphinato-MFC
composite. This, along with Figure S14 showing Bi@X point analysis of the composite, confirms
the presence of bismuth at the cylindrical neeifliedtructures. Moreover, it also shows that ndy on
are the particles present on the surface, butttiegt are also buried inside the material (as indita

by arrows in Figure 4). This phenomenon of theiplad being embedded deeper under the surface
has also been supported by the back scatteredoglestages in Figure 5. The high atomic number of
bismuth, compared to carbon, oxygen and hydrogandan the cellulose, means that the bismuth
complex appears much brighter in the BSE imageke fAright needle-like structures in the BSE
images indicate the presence of the bismuth (Hhgphinato complex. BSE imaging in Figure 5 was
done in areas where not many cylindrical particlesld be spotted with secondary electron imaging,
but it was found that bismuth was present in treoeas. A BSE image taken at low magnification, in
Figure 6, shows that the bismuth (lll) phosphinataictures can be seen throughout the space

indicating that the inorganic complex is well distited throughout the matrix.

T 0 : , = :
: €53 i e i T )
X 7 o s 7 . / -
- B A% L 2
L . - 1
p
¥

SBR_0T12

LMAG: 1250 x HV: 10.0 kV WD: 5.2 mm

Figure 4: SEM images of the 4.37 wt.% Bi-MFC conitpassing (a) secondary electron imaging (b)
EDX mapping of the selected area
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Fie

their corresponding (b) Back scattered electronging

Figure 6: Back scattered electron image of the 8% Bi- MFC sheet at low magnification (x200)

Although the secondary images show some clustarfriipe complex, the BSE images and EDX
mapping give clear evidence of the particles béimged under the surface and that there is an thvera
even distribution of the particles within the matiThe fact that the particles are entrapped withan
fibres also mean that the particles are well secwé@hin the matrix, and this along with the
insolubility of the complex should limit the releasf bismuth out of the material, thereby minimggin

the risks of environmental accumulation. Figuré Shows the entanglement of the Bi-complex
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within the nanocellulose fibres. This suggests thatbismuth complex is quite securely held within

the composite structure.

3.2.Material performance

3.2.1. Antibacterial Activity

The disk diffusion assays show that sheets witlhdrigpismuth complex loadings produce greater
zones of inhibition. The agar plates for the zook@hibition is shown in Figures S1 -S5 in the
supplementary information and the results summdrimeFigure 7. Figure 7 shows that the Gram-
negative bacteriaP. aeruginosaand E. coli, are less susceptible to the Bi-MFC composite, as
evidenced by smaller zones of inhibition compamedhe Gram-positive bacteria. The composites
provided little or no inhibition of Gram-negativadieria at loadings below 0.94 wt.%. In contrast,
Gram-positive bacteria showed evidence of growtiibition even at the lowest levels of bismuth
loading tested, which is 0.07 wt.%. These obsesaatagree with previous work that showed that the
bismuth (lll) complex is more active against Graosifive bacteria than Gram-negative strains
(Kotani, Nagai et al. 2005, Lugman, Blair et all@0Andrews, Werrett et al. 2018). Gram-negative
bacteria are in general harder to kill or inhilstthese cells are surrounded by an outer membifane o
lipopolysaccharide, which is absent in Gram-positbacteria. This extra outer membrane in Gram-
negative bacteria acts as a permeability barrieantibiotics and bactericidal agents making attack
more difficult (Tegos, Stermitz et al. 2002). Figuf also shows that the increase in effectivenéss w
increased loadings becomes less pronounced foehlghdings and the antibacterial activity seems

to reach a plateau beyond 2.10 wt. %, as obseryékettrends foE. coli, P. aeruginosand MRSA.

The results also showed the bismuth-loaded congsosiere as effective against the drug-resistant
form of S. aureusi.e. MRSA as it was to the more sensitive strainthis medically-important
bacterium. MRSA is very difficult to treat by maattibiotics and is a major problem in the hospital
system (Patra, Gasser et al. 2012). Silver-resisthias been reported in 33 strains of MRSA (Loh,
Percival et al. 2009). We examined a limited seMiRSA strains in this study but it raises the
possibility that these bismuth-based materials d&qatentially replace silver-based ones. Based on
the results, it was demonstrated that bismuth fHpsphinato loaded sheets are active against the
Gram-positive bacteria and to a lesser extent tiaenGegative bacteria.

Previous research showed bacterial nanocellulobesr snanoparticle composite with 1.01 wt%
loading produced small zones of inhibition agaiBstcoli, S. aureusand P. aeruginosawith all
results being below 8mm (Wu, Zheng et al. 2014)heW compared to bismuth composites, with a
similar loading of 0.94 wt.%, the zones of inhibits were 8.7 mm, 17 mm and 7 mm respectively.
Also, it was reported that silver sulfadiazine leddhanocellulose sheets with 0.43 wt.% loading
produced a 9 mm zone of inhibition against VRE (Awek, Werrett et al. 2018). Whereas in Figure
7, we can observe that bismuth composites with ehnhower loading of 0.072 wt.% produced an 8

15



mm diameter zone of inhibition diameter againstdhme bacteria. Based on the zones of inhibition,
it can be inferred that the bismuth loaded nanolase composites have an equal or greater activity
than similar composites loaded with silver-basdibanterial agents.

b c
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Figure 7: Effect of bismuth complex loading on zohmhibition with different bacteria from disk
diffusion assay and the top images show their patepresentation against S. aureus

3.2.2. Antifungal Activity

It was found that the bismuth (I1l) phosphinatoded compaosites were effective against several fungi
species, including the pathogertic glabrataandC. albicans The zone of inhibition on the fungal
plates were similar in size to that observedHoreruginosaandE.coli, suggesting a lower level of
inhibition but one that may still prove useful tentrol contamination of products inside the
packaging. Table 2 shows the zones of inhibitiothef composites against fungal species. Some of
the fungal species were hard to grow evenly adtesglate, which made visual assessment difficult,
as shown in Figures S6-S9 in the supplementaryrnmdton. However, close examination and
measurement of the halo allowed an objective comsparf the effect of the composite on all of the
yeasts. Since the results for glabratawere inconclusive for all samples tested, furéisgreriments
were done with a higher composite loading of 1$36 and a zone in the range 0.6 cm to 0.8 cm
was observed. On the other hand, @oralbicans a zone of inhibition was observed even at the low
loading of 0.94 wt.%. Overall, this composite i®wi to be effective not only on bacteria but also o

some pathogenic fungi strains.
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Table 2: Antifungal activity of the Bi-MFC compesitdetermined by the zone of inhibition assay

Percentage of bismuth loading (g Bi complex/ gghper)

Test Fungus 0 0.07 0.39 0.94 2.01 4.37 10.53
S. pombe - - - n n n T
S. cerevisiae - - - + ++ ++ ++
C. glabrata - - - + + + +
C. albicans - - - + ++ ++ ++
—  no inhibition

+ not clear/ inconclusive
+ clear zone of 0.6-0.8 cm

++ clear zone greater than 0.8 cm

3.2.3. Duration of antimicrobial action

It was observed that the activity of the bismuth@hosphinato-MFC composites decreased with time
for both samples, illustrated by the decreasingezmmninhibition with time in Figure 8(a) and Figure
S10, which was performed in triplicates. The 0.94twand 4.37 wt.% loaded sheets remained active
for 3 and 5 days respectively. Also, the zone bftition was greater for the 4.37 wt.% sheets lat al
times due to presence of higher amounts of activeptex.
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Figure 8: Zone of inhibition (a) and the amounbadmuth content leached out into the zone of
inhibition (b) for the 4.37 wt.% and 0.94 wt.% |lealbismuth sheets with time
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exhausted composites were further analysed by IEB;@nd the final bismuth content was found to
be 0.15 wt.% and 0.04 wt.% (g of Bi-complex/g dappr) for the 4.37 wt% and 0.94 wt.% original
composites respectively after 5 days of agar tgsfiimus, the complex will eventually leach out of
the composite to work on the bacteria when in aintath it, but remains securely held within the

fibres while being transported or handled.

3.2.4. Physical and Mechanical properties

Figure 9: Physical appearance of the 0.39 wt.%40/8.% and 2.10 wt.% bismuth (l1l) phosphinato-
MFC sheets (left to right)

The pure MFC sheet and all the composites are valniteopaque, with no visible difference among
them to the naked eye. The sheets are satisfgctoriinogenous in terms of thickness and basis
weight, as reported in Table S2 in the supplemgntdiormation. It was observed that the addition of
the Bi-complex into MFC affects the mechanical rsité of the sheets formed. The tensile index for
the pure MFC sheet was found to be 76.5+5.8 Nmfmwéver, with only 0.07 wt.% Bi-complex
additive added to the composite, the tensile irdfepped to 55.8+1.0 Nm/g. On a higher loading of
4.37 wt.%, the tensile index further dropped to040.5 Nm/g. These values are comparable to the
mechanical strength of similar MFC sheets, whicltemeported to be in the range 45-104 Nm/g
(Beneventi, Zeno et al. 2016). Similar trends welserved for the Young’s modulus, which were
8.4+0.4 GPa, 7.6+0.3 GPa and 5.4+0.3 GPa for 0 wo%7 wt.% and 4.37 wt.% Bi-loaded
composites, respectively. The Young’'s modulus ofepMFC has been reported by various
researchers to be up to 6 GPa (Gabr, Phong eD&B)2It can be suggested that the Bi-complex
particles interferes with the inter-fibore bondinghich has been recognised to directly impact the
mechanical properties of such composites (Sehddui,et al. 2010). At higher loadings, any
agglomerated hydrophobic cluster can thus resufioor bonding between the cellulose chains. A
similar effect was reported for high loading of nalay in MFC composites (Gabr, Phong et al. 2013,

Garusinghe, Varanasi et al. 2018).
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Figure 10: Pore size distribution for pure MFC shead Bi-MFC composite

The pore structure analysis was done, where tr@2t26 Bi-MFC composite was chosen as it was

the closest to the pure MFC sheet in terms of gragemFigure 10 shows bimodal distribution of

pore size in both the pure MFC sheet and the Bi-MB@posite. The modal pore size range did not

seem to change much with the addition of bismuthptex. However, there seems to be significantly

higher number of smaller pores as well as sligimitye larger pores for the Bi-loaded composite than

the pure MFC sheet, hence also explaining the inseverall porosity reported in Table 4. The

increased number of pores, along with the addddcifrom the bismuth particles, explains the rise

in BET surface area for the Bi-MFC composite aregul in Table 4. The shape of the adsorption-

desorption isotherm obtained from physisorptiomigfogen, in Figure S16, also tells us the materi

has slit-shaped pores, rather than cylindrical paesording to the IUPAC classification of porous

materials (Alothman 2012).

Table 4: Pore properties of the pure MFC sheet BRMIFC composite

Property Pure MFC 2.10 wt. % Bi-MFC composite
Porosity (%) 19.3 28.9
Total intrusion volume (mL/g) 0.2357 0.3678

BET surface area (ity)

0.4112 +0.0011

0.7552 + 0.0020
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3.2.5. Water vapour permeability

Packaging materials must be able to act as a baorigne entry of water vapour in order to protect
packaged goods from contamination and degradabitslecule migration across a polymer film
depends on the adsorption and desorption abilithefmolecule on the surface and particularly on
the rate of molecule diffusion across the film (\ahu et al. 2014). The dense network of the
microfibrillated cellulose fibres creates small g®racross the surface of the MFC sheets and
increases the mean free path that the water meldeasg to travel to reach the other end, i.e. it

increases the tortuosity of travel as comparedtmal cellulose.
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Figure 11: Effect of bismuth complex loading onwaer vapour permeability of the phenyl bismuth
bis(diphenylphosphinato) functionalized MFC

However, with addition of the bismuth complex, &P was observed to increase slightly as shown
in Figure 11. The SEM images and EDX mapping camdil the even distribution of the complex
throughout the material, with evidence of them Qgedistributed under the surface. It was also
observed that the particles were large, with tingelst observed dimension of 13 microns. It can be
proposed that arrangement of some of the partwigsits largest dimension parallel to the diffusio
pathway allowed water vapour molecules to follomare direct path rather than a tortuous path. This
resulted in minor reductions in the WVP performarinereasing the loading from 0.07 wt.% to 2.10
wt. % did not significantly alter WVP performancurprisingly, increasing the loading to 4.37 wt.%
showed a sudden increase. It can be proposed feataacertain loading, the complex becomes
interconnected due to aggregation of the hydroghobimplexes. It is possible that at this point the
percolation threshold might have been reachedtiogea conducting pathway that increases the
WVP. It has been reported that diffusion acrossatenal with embedded tubular particles increases
with an increase in concentration of the partieléthin, and the most significant change occurs near

the percolation threshold (Grekhov, Eremin et @L2 Likhomanova, Tronin et al. 2015). The barrier
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properties are dependent on a number of factorgghwihclude the size and shape of the additive
agent, its distribution as well as the total amqumaisent in the structure (Garusinghe, Varanaail. et
2018). All these parameters have been studiedgpastithe hypothesis. However, the effect of the
complex was very minor and was still in the ranfj@®'* when compared to the WVP of commercial
plastic based packaging materials, which are witt* to 10" range (Aulin and Lindstrom ,
Bourlieu, Guillard et al. 2009).

Table 3: Literature comparison of WVP of commonkpamg materials with Bi-MFC composites

Film WVP x10M Relative | Temperaturd
o Reference
(g/m.Pa.s) | Humidity (%) (°C)
Experimental sheets
Pure MFC sheet 2.67 0-50% 23 -
Bi-MFC composites 3.23-4.48 0-50% 23 -
Synthetic Films
HDPE 0.002 0-100 27.6 _
(Bourlieu,
LDPE 0.014 - 27.6 _
Guillard et al.
PP 0.010 - 25
2009)
PVC 0.041 27.6
PSs (Aulin and
0.5 0-100 25 _
Lindstrom)
Biobased Films
Cellulose derivatives (Park and Chinna
9.2-11 0-85% 21
1995)
Chitosan (Rhim and Ng
13 76.2 25
2007)

Table 3 compares the values of WVP for various agitlg materials. The published data were
obtained using different testing conditions andas® not exactly comparable to our values without
considering the relative humidity and temperatufe.higher relative humidity gives higher
permeability values for a test sample. Howeverse¢healues provide an indication of the Bi-MFC
sheets performance with respect to commercial gieganaterials. The WVP values of the bismuth-
based sheets are not as low as those for synfhets; but further modifications may be possible to
arrive at similar performance levels. Additionalbf, course, the bismuth-impregnated material has
the advantage of being antimicrobial against sorhéhe medically important microorganisms.
However, to be used as a packaging material fod fmackaging applications in particular, further
investigation with food pathogens will be requirdtbreover, the antimicrobial additive will get used

up during its application, thereby losing its effeeness over time and ensuring that the matesial i
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recyclable and biodegradable. The biodegradalilitg renewability of nanocellulose further makes
this material a sustainable and eco-friendly prodiiat not only safeguards public health but also

protects the environment throughout its life cycle.

This material can be the answer to a number ofrenrmiental issues from a broad cleaner production
perception that has the antimicrobial and barnieperties for use as a packaging material alonly wit

- being a safer alternative to silver-based mdteaddressing all the issues of overuse of silver,
viz. environmental accumulation, cytotoxicity amduction of resistance in bacteria

- using a biodegradable and renewable natural palys the matrix

4. Conclusion
The study investigated the preparation of bismatbeld nanocellulose composites on an industrial
scale using a spraying system for the developmieatadegradable and renewable active packaging
material. The composites prepared in this studyehavtimicrobial properties against some of the
most medically-important bacteria and fungi, alevith the virtue of having activity at relativelywo
loadings. There is a clear dose effect on the pedace of these sheets. In addition, the composites
have reasonable barrier performance against wamu, with the bismuth complex not having any
significant effect on the barrier performance uslpsesent at relatively high levels. The physical a
mechanical properties are also affected by thetiaddof the complex, but were still in expected
range within the scope of study. Bismuth-based oelhdose composites have potential to serve as a
cleaner antimicrobial barrier material and can ptisdly replace silver-based packaging material.
However, a proper understanding of the loadingitndorresponding material properties needs to be

fully understood, and this paper provides a faiection for doing so.
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