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Cellulose nanocrystals (CNCs) were produced from corncob and used as reducing agent in the formation of
ZnO/CNCs, Ag/CNCs, and ZnO-Ag/CNCs composites and applied as antibactetial agents for both gram-
positive and gram-negative bacteria and the kinetics of microbial growth inhibition studied. The CNCs and
composites were characterized by UV-visible and Fourier transform-infrared (FTIR) spectroscopy. The
characterization results revealed that the functional groups of CNCs were affected by their interactions with
Ag+ and Zn*" ions. The composites at 100 mg/mL displayed activities against Gram-positive bactetia - Baci/lus
subtilis, Staphylococcus aurens, Staphylococcus epidermis, Bacillus coagulans and Enterococcus faecalis and Gram-negative
bacteria - Escherichia coli, Klebsiella pneumonia, Salmonella typhinurinm, Pseudomonas aernginosa, Enterococcus faecinm and
Acinetobacter banmaniz) bacteria with inhibitory zones ranged between 9-46 mm. The kinetics of inhibition
showed that the composites treated water had 4 to 28 times lower rate constants compared to the untreated
water. Thisimplied that the composites inhibit growth rates and have the potential of disinfecting for between 4
to 28 h depending on the bacteria. The materials showed better growth inhibition rate on gram-positive bacteria
than on gram-negative. These composites may have potential applications as disinfectants in personal care
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products and serve as more eco-friendly alternative disinfectants to chlorophenols.
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Abbreviations

CNCs Cellulose Nanocrystals
NPs Nanoparticles

UV-Vis Ultraviolet- Visible
Ag/CNCs Silver-cellulose nanocrystal
INTRODUCTION

In recent times, management of agricultural
wastes such as orange mesocarp, sugarcane
bagasse, almond seed husk, beans husk, corn cob
among others have been lots of problems due to
inadequate knowledge of converting these
agricultural wastes to beneficial products
(Azubuike ef al., 2011). It was reported in China
alone that 28.9 million tons of agricultural wastes
were generated and only about 5.7 % of the
agricultural wastes were recycled while the
remaining 94.3 % were either burnt off or
discarded into landfill, thus creating environment
challenges (Marsh and Bugusu, 2007). These
agricultural wastes are biodegradable polymers
and can be applied in various value added products
such packaging materials, medical devices among
others (Rasato, 2009; Chaudhary et al, 2023).
There are a number of factors such as poor
mechanical properties, water sensitivity

ZnO/CNCs Zinc oxide-cellulose nanocrystals
Zn0O-Ag/CNCs Zinc oxide-silver-cellulose nanocrystals
FTIR Fourier Transformed Infrared

LPS Lipopolysaccharide

(Debeaufort et al., 1998; Zhou and Xanthos, 2009)
that are limiting their industrial applications.
Others include; high gas permeability (Koh ez 4/,
2008) , and low heat distortion temperature (Ray
and Bousmina, 2005). There are therefore
ongoing research studies towards improving
and/or controlling the properties of these
polymers and enhance their applicability.
Researchers have applied several methods such as
chemical or mechanical exfoliation, thermal
treatments for nanosizing these biomasses, or
chain extending, blending or copolymerization to
enhance the properties and usefulness of these
biopolymers (Kylma ez a/., 2001; Sarkar et al., 2021;
Zhou et al., 2023).

There are increasing research efforts to investigate
Cellulose nanocrystal (CNC) as an emerging
renewable biopolymer material that can be
potentially nano-sized for various applications
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(Kvien et al, 2005; Mali and Sherje, 2022),
particularly within the biopolymer matrices.
CNCs are considered nanomaterial because of
their characteristic rod-like fibre with 2 to 20
nanometers diameter, tens to hundreds of
nanometers length nanocrystals sizes. They are
extracted with chemical exfoliation after acid
hydrolysis of cellulose (Habibi ez a/, 2010; Mali
and Sherje, 2022). The conversion of cellulose
biomass to CNCs confer on them good solubility
in water, excellent mechanical properties
increased adsorption capacity for guest molecules
and cations (Xu ¢ al, 2013; Yu et al., 2013).
Application of CNCs as composites with other
nanoparticles is an emerging area of research.
Recent research works are being carried out on
polymer composites or nanocomposites and their
application as new materials made from polymers
(e.g. cellulose nano-crystals) and nano-scale
metals or metal nanoparticles (e.g. Ag
nanoparticles, ZnO nanoparticles etc) (Alexandre
and Dubois, 2000; Sorrentino e a/., 2007; Gorrasi
et al., 2008; Peponi et al., 2009). Moreover, the
improved application of CNCs through polymer-
metal nanocompositing with by the homogeneous
distribution of nano-scale metals like Ag, Cu and
Zn nanoparticle (NPs) in the polymer matrices,
grant the products ability to reinforce the articles
made from it. The metal nanoparticles posses
better functional properties. Their mechanical,
optical, conductivity, and thermal properties are
significantly enhanced. They posses antimicrobial
activities and are useful in various fields such as
medical applications; automotive industry;
magnetic and optical devices production; higher
performance electronic; packaging industry etc.
due to these enhancements (Chae e al, 2005;
Armentano ¢/ al., 2009; Bianco e a/., 2009; Raman
etal.,2011).

Inorganic nanoparticles (INPs) have been
successfully composited with polymer materials
with resultant new properties exhibited by the
host polymer materials. However, the synthesis of
these polymer embedded INPs without
aggregation during their incorporation is still a
challenge because the aggregates formed will
significantly decrease inorganic nanoparticles
applicability. Synthesis of INPs is often by
precipitation from their salt solution or reduction
of their metal ions using capping agents to stop
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their aggregation into bulk materials. Mostly used
capping agents like surfactants and polymeric
ligands are prepared from non-renewable
petrochemicals which necessitated sourcing for
renewable biodegradable alternatives like CNCs.
Thus, cellulose-base materials are now being used
as capping agents, stabilizers, and carriers in
synthesising  INPs polymer nanocomposites
(Shinsuke ez al., 2009; Padalkar e al., 2010; Zhou et
al.,2023). Zinc oxide nanoparticles (ZnO-NPs) is
one of the INPs that is increasing of interest,
being investigated for use to produce functional
devices, catalysts, pigments, optical materials,
cosmetics, UV-absorbers and additive in many
industrial products (Kimn ez a/., 2012). Wang ez al.
(2012), documented the antibacterial activity of
ZnO-NPs of sizes less than 100 nm. The
application of ZnO-NPs as viable solution to stop
infectious diseases due to its good antibacterial
properties have been advocated for
considerations (Stoimenov ¢7 a/l., 2002). In the last
decade, silver nanoparticles (Ag-NPs) have been
the focus of extensively research studies. It has
been documented that Ag-NPs exhibit
antioxidant and antibacterial properties (Lateef ef
al., 2016; Olabemiwo et al, 2020). These
antioxidant and antibacterial activities of Ag-NPs
have led to the development of diverse nano-sized
silver products, such as surgical instruments,
contraceptive and sterilisation devices, nano-sized
silver-coated wound dressings among others (You
¢t al., 2012). The strong motivations for the
development and use of nanocomposites of Ag
and ZnO for antibacterial purposes are the
economical and efficient considerations because
Ag is very expensive. Additionally, Chen ez 4.
(2011) documented that materials of ZnO doped
silver (ZnO/Ag) reduced the ionization energy of
acceptors in ZnO thereby enhancing the emission
of electrons that can induce antibacterial
properties. Thus, Agions may produce effects that
will enhance the antibacterial activity of ZnO.
There is however paucity of information on their
activities as nanocomposites with CNC and in
patticular the role of CNC/ZnO/Ag composite
as antibacterial agents and the kinetics of their
inhibitory activities has not been reported.

The studies and applications of ZnO-Ag
heterostructure nanoparticles have received
considerable attention, partly because different



Agunbiade et al.: Kinetics of Antibacterial Activities of Cellulose Nanocrystals

nano-sized ZnO-NPs have been easily made
through various simple processes and also because
of the excellent chemical and physical properties
Ag nanoparticles. Nano-sized ZnO is a bactericide
and inhibits activities against both Gram-positive
and Gram-negative bacteria (Karunakaran ez a/,
2010). Therefore, the use of CNCs as a new
stabilizer for the synthesis of ZnO-Ag/CNCs
heterostructure NPs can prevent the formation of
aggregated ZnO-Ag heterostructure, improve the
stability of the nanoparticle dispersion, enhance
the antibacterial properties, thermal and
mechanical properties, which make it of more
potential usefulness in the fields of biomedicine
and as good antibacterial and multifunctional filler
(Hong et al, 2006, Azizi et al, 2013). The
application of CNC as capping agent s justified by
its prevalence; its renewability; its many hydroxyl
groups on its surface which can interact with
metallic ion as against other capping agents
currently being explored. Thus, to address the
limited information in literature on the
biosynthesis of bimetallic nanoparticles as against
monometallic nanoparticles, ZnO-Ag/CNCs
bimetallic nanoparticles were synthesized in this
study to investigate their antibacterial properties
due to the expected synergistic effects between the
two elements. The need to extend knowledge on
the rate (kinetics) of the bacterial inhibitory
activities of ZnO-Ag/CNCs composite was also
underscored in this study. Hence, in this work, we
present the biosynthesis protocols for generating
antibacterial biogenic ZnO-Ag composites on
cellulose nanocrystals and studied the kinetics of
its actions in inhibiting bacterial growth.

EXPERIMENTAL

Materials

The corn cobs were obtained from Badagry,
Lagos State. They were all washed, dried and
milled. Chemicals used include sodium hydroxide
(NaOH), sodium hypochlorite (NaOCI),
sulphuric acid (H,SO,), zinc acetate dihydrate
(Zn(CH,CO,),.2H,0), ethanol (CH,CH,OH),
sodium periodate (NalO,), silver nitrate (AgNO,),
ammonium hydroxide (NH,OH), barium chloride
monohydrate (BaCLLH,O), Muller- Hinton Agar
(MHA), Nutrient Broth (NB), Antibiotic Disks
and ethylene glycol. All reagents were of analytical
grade.
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Standard cultures for antibacterial assays were
procured from Microbiology Laboratory,
University of Iagos, Nigeria. These include
Gram-negative (Escherichia coli, ATCCT11229,
Klebsiella - pnenmonia, BAAT705, Salmonella
typhimurinm, ATCCI13311, Pseudomonas aeruginosa,
ATCC15442, Enterococcus faecinm, ATCC700221,
Acinetobacter banmanii, MS01289518-1) and Gram-
positive  (Staphylococcus — anrens, ATCC2600, S.
anrens, 700699, S. anreus, 71MRSA, S. epidermis,
ATCC12228,  Bacillus coagulans, ULO2,  Bacillus
subtilis, ULOT,  Enterococcus faecalis, ATCC19433,
E. faecalis, ATCC19437) bacterial pathogens.

Synthesis Methods

Preparation of Cellulose Nanocrystals (CNCs)
Cellulose powder (x-cellulose) was isolated from
corn cob by washing, cutting into pieces, oven-
drying at 65 "C and pulverizing. 500 g of the
pulverized corn cob was weighed, digested with 2
% w/v sodium hydroxide, at 100 °C for 3 h with
constant stirring. Alpha cellulose was extracted
using 2 L. of 12 % w/v sodium hydroxide at 80 "C
for 1 h. The extracted alpha cellulose was washed
and filtered severally with distilled water until pH 7
and bleached with 1.3 L of 10 % w/v of sodium
hypochlorite at room temperature. The CNCs
was then obtained from the o-cellulose by
subjecting it to chemical exfoliation with 50 %
sulphuric acid for 1 h 30 min at room temperature
after which the reaction mixture was further
shaken using a shaker for 2 h. The product
obtained after the 2 h of shaking was then
repeatedly washed to a pH of 7, bleached and
dried.

Preparation of ZnO/Cellulose Nanocrystals
(ZnO/CNCs) Composites

Zinc oxide/cellulose nanocrystals composites
were synthesized using the method reported by
Azizi et al., (2013a) and Azizi et al., (2013b) with
slight modifications. The CNCs was suspended in
deionized water, zinc acetate dihydrate -
Zn(CH,CO,),.2H,0 - in ethanol (50 mL, 10 wt %)
was added to it and stirred with magnetic stirrer.
The weight ratio of Zn(CH,CO,),2H,0O and
CNCs was 1:2. ZnO was precipitated on the CNC
from the mixture with the dropwise addition of
sodium hydroxide solution (100 mL, 5.0 M) and
gentle stirring at 80 "C. The obtained product
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(ZnO/CNCs composite) was separated by
centrifugation and was then washed with distilled
water and dried for 1 h at 120 "C for a complete
transformation of the remaining zinc hydroxide
to zinc oxide.

Preparation of Ag Nanoparticles/Cellulose
Nanocrystals (Ag/CNCs) Composites
Ag/CNCs composite was synthesized with
aqueous solution of 0.5 M NalO, (4 mL) added to
1 mg/mL of cellulose nanoctystal suspension (25
ml) in distilled water. This was stirred for 6 h at
room temperature after which 1 ml of ethylene
glycol was added for the removal of excess sodium
periodate and washed with distilled water based on
the modified method of Drogat ez al. (2011). The
reaction was completed by mixing together 5 mL.
of 5 mM AgNO;, and 0.5 mL of 37 % NH,OH
and added to the oxidized cellulose nanocrystals.
The reaction was stirred with magnetic stirrer at 50
°C for 30 min until brown suspension was formed
which was stored in the dark at 4 “C prior to
characterization and application.

Preparation of ZnO-Ag/CNCs Composites
Zn0O-Ag/CNCs composite was synthesized with
the initial suspension of CNCs in distilled water
(100 mL, 2.0 wt %), then mixing it with zinc
acetate dihydrate (Zn(CH,CO,),.2H,0) in ethanol
(50 mL, 10 wt %) with magnetic stirrer (Azizi e/ al.,
2013a). Afterward, 5.0 M sodium hydroxide
solution (100 ml) was added drop-wise under
continuous stirring at 80 “C until the pH of the
solution was above 10 and a milky coloured
suspension was obtained. Aqueous AgNO,
solution (20 mL, 5.0 wt %) was then added with
continuous stirring, and the reaction was
continued for 2 h. The product was separated by
centrifugation and carefully washed three times
with distilled water. The final product was dried
for 1 h at 100 °C for the complete transformation
of the remaining zinc hydroxide to zinc oxide.

Characterization of CNCs, ZnO/CNCs,
Ag/CNCsand ZnO-Ag/CNCs Composites

The FTIR spectra of CNCs, ZnO/CNCs,
Ag/CNCs and ZnO-Ag/CNCs composites were
obtained at ambient temperature using Perkin-

Elmer FT-IR Spectrometer, Spectrum Two. 1 mg
each of CNCs, ZnO/CNCs and ZnO-Ag/CNCs
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composites, and 1 mL of Ag/CNCs composites
were placed in disks and scanned within a wave
number range of 350 to 4000 cm .

The UV-visible spectra of the materials were
recorded over the range of 300 to 800 nm with
UV-Visible (Shimadzu UV-2600
Spectrophotometer, Kyoto, Japan). 100 mg of
CNCs, ZnO/CNCs and ZnO-Ag/CNCs
composites were dissolved in 5 mL of ethanol
while 2 mL of Ag/CNCs composites was diluted
in 20 mL of ethanol, and aliquot placed in cuvettes
and scanned in the UV-Vis spectrophotometer.

Antibacterial Activity of the Materials

CNCs, ZnO/CNCs, Ag/CNCs and ZnO-
Ag/CNCs composites were evaluated for
antibacterial activity against Gram-negative
(Escherichia coliy, ATCC11229, Klebsiella pnenmonia,
BAAT705,  Salmonella typhimurium, ATCC13311,
Pseudomonas aernginosa, ATCC15442,  Enterococcus
Saecium, ATCC700221, Acinetobacter  banmanii,
MS01289518-1) and Gram-positive (Staphylococcus
anrens, ATCC2600, S. aureus, 700699, S. aureus,

JIMRSA, S. epidermis, ATCC12228,  Bacillus
coagulans, UL02, Bacillus  subtilis, UILOT,
Enterococcus  faecalis, ATCC19433,  E. faecalis,

ATCC19437) bacterial pathogens. The bacteria
were grown in Muller-Hinton Agar medium for 24
h at 37 °C for 24 h. The plates were examined for
presence of zones of inhibition which is indicated
by clear area without microbial growth around the
hole where drop of CNCs, ZnO/CNCs,
Ag/CNCs and ZnO-Ag/CNCs suspension,
ciprofloxacin and ethanol were placed in the
plates. The diameters of inhibition zones were
measured and the mean value for each organism
was recorded.

Kinetics of Microbial Growth inbibition by
the materials

Based on the results of antimicrobial activities'
study, four strains (two gram positive and two
gram negative) were studied for the rate of their
growth inhibition by the materials. The pure
culture of a standard strain of Staphylococcus anrens
(ATCC2600), Bacillus coagnlans (ULOZ2), Klebsiella
pnenmonia (BAAT705), and Salmonella typhimurinm
(ATCC13311)were grown in nutrient broth at 37"
C for 24 h to yield a cell count of 10°cfu/mlI.. 1 mL
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of each of the cultured bacteria strains were then
added to 1.5 Eva® water bottles separately, to
prepare the desired concentration of the bacteria
solution. After 4 h, 1 mL of each of the
suspension of CNCs, ZnO/CNCs, Ag/CNCs
and ZnO-Ag/CNCs Composites (1 g of the
composite materials dispersed in 10 mL of 70 %
ethanol) was added to 200 mL of the prepared
bacteria solution and 10 ml. of the solution
withdrawn into a cuvette in order to record rate of
inhibition of microbial growth by optical density
method using the absorbance at an interval of 1h
for 12 h in a UV-Vis spectrophotometer at a
wavelength of 600 nm (Unuabonah ez al., 2017).
Finally, 200 mL of the prepared bacteria solution
in 0.75 L Eva water bottles without the suspension
of the composites were taken as the controls. The
measured absorbance from the UV-Vis
spectrophotometer was related to the bacterial
growth (cell count) with the expression: 1.0
Absorbance = 1 x 10" c¢fu/mlL (Unuabonah ¢z al,
2017).

RESULTS AND DISCUSSION

Fourier Transforms Infrared (FTIR) Spectra
of the Materials

FTIR measurements were carried out to identify
the various functional groups in the biomolecules
(CNCs) responsible for the reduction of AgNO,,
Zn(CH,CO,),.2H,O0 and acting as
capping/stabilization agents for the sliver (Ag)
and Zinc Oxide (ZnO) nanoparticles. The
observed intense bands were compared with
standard values to identify the functional groups.
FTIR spectrum of CNCs are presented in Figure
1. The figure showed the following absorption
bands and their corresponding functional groups:
3429.94 cm™ (v, OH), 2923.81 cm' (v, CH, CH.),
2854.05 cm” (v, CH, CH,), 1745.5 cm” (v, C=0),
1634.65 cm’ (b, C=C), 1200.51 cm' (v, S=O),
1055 cm™ (v, C-O-C in pyranose ring), the spectra
721.76 cm ' to 578.08 cm ' represent the
deformation, wagging and twisting modes of the
hydroglucopyranose unit. The band at 1745.5 cm’
" was not prominent and was assigned for C=0
stretching vibration due to the partial oxidation by
sodium hypochlorite during the delignification,
which introduced a few carboxylic acid groups on
the surface of CNCs. The band at 1634.65 cm’' is
characteristic of CNCs. It corresponds to the
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C=C produced in the CNC by the dehydration
effects of the conc. H,SO, on the alcoholic OH of
the biomass cellulose during the hydrolytic
reaction. The band at 1460.99 cm was assigned to
the O-H band vibration present in the hydroxyl
linkages of the CNCs. The bands at 1376.35 cm’’
represents the deformation vibration of C-H
group of the glucose unit while 1309.4 cm” were
assigned to the O-H in-plane band vibration. The
band at 1200.51 cm' corresponds to C-O
stretching vibration. The band at 1055.02 cm’ in
the spectrum corresponds to C-O-C stretching
vibration of the secondary alcohols and ethers in
the pyranose ring skeleton of the cellulose
backbone (Cherian ef al, 2008; Lu and Hsieh,
2010). The 878.99 cm” is characteristic of the -
glycosidic link between glucose units (Prakash ez
al., 2013) which indicates the saccharide structure
inCNC.

Ag/CNCs composite FTIR spectrum (Figure 2)
was completely different from the neat CNC's
spectrum (Figure 1). It shows absorption bands at
3435.82 cm™, 2066.38 cm™, 1636.21 cm™, 1085.29
cm’, 631.69 ecm”, 399.88 cm’, 360.08 cm. The
FTIR spectrum, explains the interaction of Ag
nanoparticles with CNCs with a very broadband at
3435.82 cm’' due to the stretching vibration of O-
H groups, while the band at 2066.38 cm’' was
associated with C-H group. An absorption band
that appeared at 1636.21 cm” was attributable to
the stretching vibration of C=C as found in the
CNC spectrum due to H,SO, dehydration, the two
bands seen at 1085.29 cm™ and 1039.0 cm ™ are due
to the presence of C-N (aliphatic amine)
stretching vibration, which come as a result of the
reduction of AgNO, to Ag on CNCs. The FTIR
results indicate the presence of -OH, C=C, and
—CH groups, which indicated that the Ag/CNCs
composites contains hydroxyl and other groups
that can be used for bonding of Ag to the CNCs.
The FTIR spectrum of Ag/CNCs composites
(Figure 2) also exhibited a weak stretching
vibration band at 1085.29 cm” which corresponds
to the C-N stretching vibration of amine group
which was absent in the neat CNC (Figure 1). The
band recorded at 108529 cm' expressed in
Ag/CNCs composite indicated that the NO; in
the AgNO, was converted into amino groups are
partially incorporated in the CNC during the
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encapsulation and stabilization of Ag
nanoparticles by the CNC. Therefore, the CNCs
must have acted as a reducing agent, which
reduces Ag to Ag and the amino group as a
stabilizing agent in the synthesis of Ag
nanoparticles.

The FTIR spectrum of ZnO/CNCs composite
are presented in Figure 3. The weak bands at
37442 cm’,2348.4 cm,2312.66cm ™, 2218.3 cm’'
and a sharp band at 665.28 cm’ were however
observed in ZnO/CNCs composite but absent in
CNCs. Comparing Figure 3 with Figure 1, a new
band at 449.05 cm’ fingerprint region was
distinctly observed and attributed to Zn-O
stretching vibration, confirming the
nanocrystalline-ZnO interaction in the
composites Azizi et al., (2013b). In addition,
compatison of the FTIR spectra of ZnO/CNCs
and CNCs revealed that the band intensity of
C=0 stretching vibration (1745.5 cm) disappeat,
which was ascribed to new bond formation from
the strong interactions between oxygen atoms of
the carboxyl functional group on the surface of
the CNCs with ZnO nanoparticles.

The formation of ZnO-Ag nanoparticles on
CNCs was confirmed by FTIR spectral analysis
which is shown in Figure 4. The spectrum of
ZnO-Ag/CNCs composites show absorption
bands that were similar to that of CNCs, ZnO-
CNCs and Ag/CNCs which indicate the
formation of the composite. The silver modified
CNC has no band at 454.04 cm' but ZnO
modified samples have indicating that there is no
chemical bonding between silver and ZnO. On the
other hand, in addition to the ZnO band, the silver
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modified ZnO shows a weak band at 571.08 cm’'
followed by the band corresponding to oxygen
deficiency. The successful formation of ZnO-Ag
composites was proposed to follow the reaction
path that involves the sequential addition of Zinc
acetate dihydrate and AgNO, as important steps
for the formation of Ag nanoparticles on ZnO
surface (Tian ef al, 2010). As presented in the
equations 1 — 3, the reaction stages involve
interactions of Zn"" cations to form bonds with
the negatively charged hydroxyl (OH) functional
groups, through electrostatic interactions. This
first stage reaction in the composite formation
produce effects that control the size by inhibiting
the agglomeration of metallic particles formed in
the synthesis process. Thus, the nanoparticles
which are synthesized with this CNCs as capping
agent are expected to be ideally small. This
reaction involved dropwise addition of NaOH
(equation 1) resulting in Zn(OH),-CNCs being
slowly formed which when subjected to thermal
conditioning form ZnO-CNCs (equation 2). With
the addition of AgNO, (equation 3), Ag” ions are
reduced to Ag nanoparticles in the ZnO-CNCs
alkaline suspension to produce the desired
nanocomposite (Tian ez al, 2010). It may be
inferred from the FTIR spectroscopic study that
the functional properties of CNCs are affected
because of their interaction with Ag™ and Zn”
ions.

Zn** —CNCs+20H™ — Zn(0OH), — CNCs 1)

a
Zn(0H), —CNCs = Zn0 — CNCs+ H,0 (2

2Zn0 — CNCs+ 24g™ + 20H™ —
Zn0 — Ag — CNCs + H,0+ >0, 3)
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Figure 4: FTIR spectrum of ZnO-Ag/CNCs composites.

Ultraviolet Visible (UV-Vis) Absorbance
Spectra of CNCs, ZnO/CNCs, Ag/CNCs
and ZnO-Ag/CNCs Composites

The optical properties of CNCs, ZnO/CNCs,
Ag/CNCs and ZnO-Ag/CNCs composites wete
characterized using a UV-Vis spectrophotometer.
As shown in Figure 5, it was observed that there is
no clear peak in the region of 300-800 nm in the

spectrum of CNCs. CNCis not UV active because
it does not contain extended conjugating bonds.
The UV-Vis absorption spectra in Figure 5 of the
Ag/CNCs composites showed a peak at 318.5 nm,
which represents the localized plasmon resonance
of the Ag nanoparticles deposited on CNCs. It
was revealed that Ag/CNCs composites have
optical activity as against CNCs that do not have as
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depicted in the comparison of the UV-vis
absorbance spectra of CNCs and Ag/CNCs
composites (Figure 5).

The UV-Vis absorption spectrum of ZnO/CNCs
composites showed a characteristic absorption
peak at 316 nm, which could be ascribed to the
basic band gap absorption of ZnO because of
electron transitions from the wvalence to the
conduction band (O 2p—Zn 3d) (Zak et al., 2011).

348 nm

Absorbance
w

035

This confirms the formation of ZnO
nanoparticles on the surface of CNCs. The UV-
Vis absorbance spectrum of ZnO-Ag/CNCs
composites recorded by UV-vis (Shimadzu UV-
2600) spectrophotometer showed two absorption
peaks at 316 and 348 nm corresponding to the
band gap of the ZnO nanoparticles (Azizi ez al.,
2014) and the surface plasmon resonance of the
Ag NPs (Mulvaney, 19906), and these are clearly
evident for ZnO-Ag/CNCs composites.

2 S - *——*—--—7—_7:_,,81___ C_
1
318 nm Aj_ CNC
0
300 350 400 450 500 550 600

Wavelength (nm)

Figure 5: UV-vis absorbance spectra of CNCs and composites.

Antibacterial Activity of the Materials

The antibacterial activities of synthesized CNCs
B), ZnO/CNCs (C), Ag/CNCs (D) and ZnO-
Ag/CNCs (A) composites were investigated
against a range of pathogenic microorganisms
using Muller-Hinton agar disk diffusion method
and the results presented in Figure 6 — 9. Tables 1
and 2 showed the average diameters of the
inhibition zone (mm) of the composites against
Gram-negative and Gram-positive bacteria
pathogens grown on Muller-Hinton Agar medium
at 37 °C for 24 h. As shown in Tables 1 and 2, with
the concentration (100 mg/mL) of CNCs (B),
ZnO/CNCs (C), Ag/CNCs (D) and ZnO-
Ag/CNCs (A) composites, the diameter of the
inhibition zone is clearly observed, but it was

observed in Figures 8 and 9 that Ag/CNCs (D)
composites did not inhibit most of the bacteria
used during the antibacterial test at high
concentration (100 mg/mL). This is attributed to
the low concentration of AgNO, used in the
synthesis of Ag/CNCs (D) composites (5 mLof 5
mM),which correspond to very low Ag content
(25 umol). In Figures 6 and 7, it was observed that
CNCs (B), ZnO/CNCs (C), Ag/CNCs (D) and
ZnO-Ag/CNCs (A) composites did not inhibit
the mentioned bacteria above at low
concentrations (6.25, 12.5, 25.0, 50.0 pg/mL).
This indicates the dose dependent activities of the
material and expressed that effective
concentration is higher.  Ciprofloxacin and
ethanol (E) were taken as control as shown in
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Figures 6 and 7. Ciprofloxacin exhibited more
antibacterial activity than ethanol (E). In this
study, zone of inhibition was found to be highest
(46 mm) against S. epidermis with CNC (B) at
concentration of 100 mg/mL and lowest (9 mm)
against E. faecalis with ZnO/CNC (C) composites
at concentration of 100 mg/ml.. These findings
agreed with previous studies that investigated
antibacterial activity of CNCs, ZnO/CNCs,
Ag/CNCs and ZnO-Ag/CNCs composites
(Ghosh ezal.,2012; Azizi et al.,2013a).

The nanocrystal sizes and the resulting large
surface area of the nanocomposite may have
contributed to antibacterial enhancement. The
antibacterial ability of CNCs, ZnO/CNCs,
Ag/CNCs and ZnO-Ag/CNCs composites may
also be related to their photocatalysis and metal
release process (Wang ez al., 2004; Qin ez al., 2000).
It has been documented that ZnO nanoparticles
under light irradiation experience electron-hole
pairs creation (Wang ez al., 2004; Qin et al., 2000).
The hole (h") reacted with OH on the surface of
nanoparticles, generating hydroxyl radicals (HO,,)
These highly active free radicals harmed the
bacterial cells resulting in decomposition and
complete damage (Kikuchi ez al, 1997,
Karunakaran ez a/l., 2010). It can be seen that the
antibacterial ability of the CNCs, ZnO/CNCs and

Bacillus subtilis
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Zn0O-Ag/CNCs nanocomposites were stronger
against the Gram-positive bacteria (S. awreus,
700699, Bacillus coagulans, ULO2) compared to the
Gram-negative bacteria (Escherichia coli,
ATCCT1229, Salmonella typhimurium, ATCC13311,
Enterococcus  faecinm, ATCC700221, Acinetobacter
banmanii, MS01289518-1). Kikuchi et al., (1997)
also documented stronger antibacterial power of
TiO, photocatalyst against Gram-positive
bacteria. The lower effect on Gram-negative
bacteria may be attributed to the fact that their cell
walls contain an external lipopolysaccharide (LPS)
membrane that shields the peptidoglycan layer.
Furthermore, Ag, ZnO and ZnO-Ag
nanoparticles without CNCs displayed a less
powerful influence toward Gram-positive and
negative bacteria in comparison to ZnO/CNCs,
Ag/CNCs and ZnO-Ag/CNCs composites
which suggests that CNCs may have assisted in the
passage of the nanocomposites in the membrane
barrier to create higher influence. Our study
therefore suggests that the antibacterial activity of
CNCs, ZnO/CNCs, Ag/CNCs and ZnO-
Ag/CNCs composites could be the result of a
high contact of the well dispersed and stabilized
nanoparticles with higher tendency of membrane
barrier passage into the bacteria, through a tight
joining of CNCs to the bacterial envelope.

Staphylococcus anrens

Figure 6: Inhibition zone of CNCs (B), ZnO/CNCs (C), Ag/CNCs (D) andZnO-Ag/CNCs (A) composites at
low concentrations (6.25,12.5,25.0, 50.0 pg/mL) against Gram-positive bacteria.



Agunbiade et al.: Kinetics of Antibacterial Activities of Cellulose Nanocrystals 037

Enterococcus faecium Escherichia coli

Figure 7: Inhibition zone of CNCs (B), ZnO/CNCs (C), Ag/CNCs (D) andZnO-Ag/CNCs (A) composites at
low concentrations (6.25,12.5,25.0, 50.0 pg/mL) against Gram-negative bacteria.

S. aureus Staphylococens anreus

E. faecalis 7 Bacillus coagulans Bacillus subiilis

S. epidermis E. faecalis
Figure 8: Inhibition zone of CNCs (B), ZnO/CNCs (C), Ag/CNCs (D) and ZnO-Ag/CNCs (A) composites at
high concentration (100 mg/mL) against Gram-positive bacteria.
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Escherichia coli

Acinetobacterbaumanii
Figure 9: Inhibition zone of CNCs (B), ZnO/CNCs (C), Ag/CNCs (D) and ZnO-Ag/CNCs (A) composites at

high concentration (100 mg/mL) against Gram-negative bacteria.

Enterococcus faecinm

Kiebsiella pnenmonia

Table 1: Inhibition zone of CNCs (B), ZnO/CNCs (C), Ag/CNCs (D) and ZnO-Ag/CNCs (A)

composites at high concentration (100 mg/mL) against Gram-positive bacteria.

Diameter of zone of Inhibition (mm)

Strain or CNCs ZnO/CNCs Ag/CNCs ZnO-
Gram-Positive Bacteria Code type (B) (C) (D) Ag/CNCs (A)
Staphylococcus anrens ATCC 2600  22.0 11.0 Null 15.0
S. aurens 700699 26.5 26.0 Null 16.5
S. aureus 7TMRSA 215 12.0 Null 11.5
S. epidermis ATCC12228  46.0 Null Null 14.0
Bacillus coagulans UL02 30.0 24.0 Null 23.0
Bacillus subtilis ULO01 31.0 14.0 Null Null
E. faecalis ATCC 19433 Null 9.0 Null 11.0
E. faecalis ATCC 19437 26.0 10.0 Null 13.0
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Table 2: Inhibition zone of CNCs (B), ZnO/CNCs (C), Ag/CNCs (D) and ZnO-Ag/CNCs (A)
composites at high concentration (100 mg/mL) against Gram-negative bacteria.

Diameter of zone of Inhibition (mm)

ZnO-
Strain or Code CNCs ZnO/CNCs Ag/CNCs Ag/CNCs
Gram-Negative Bacteria  type (B) C) (D) (A)
Escherichia coli ATCC 11229 20.0 Null Null 13.0
Kilebsiella pneumonia BAA 1705 37.5 15.0 Null 22.5
Salmonella typhimurium ATCC 13311 Null 13.0 Null 12,5
P. aeruginosa ATCC15442 40.0 13.0 Null 13.0
Enterococcus faecinm ATCC 700221 25.0 11.5 Null 14.0
Acinetobacterbanmanii MS01289518-1 25.0 Null 13.5 14.5

Kinetics of inhibitory actions of the
composite materials on selected bacterial
growthrate

The kinetics of actions of synthesized composite
materials on the growth of S. aureus (ATCC2600),
Bacillus  coagulans (UL02), Klebsiella  pnenmonia
(BAAT705) and Salmonella  typhimurinm (ATCC
13311) were investigated using optical density
method and the results presented in Table 3 based
on rate constants k, and k, for first and second
order reaction rate laws respectively and the
degree of fitness (R”) into the rate laws. Generally,
the observed trend of the growth first order rate
of the bacteria in the untreated water was . aureus
(0.546 h'"Y >Klebsiella pnenmonia (0.2639 h')
> Bacillus  coagnlans (0125 W'Y >Salmonella
typhinmrinm (0.0410 7).

For S. aureus (ATCC2600), the inhibition rate in
water alone and water treated with CNC fits into
the first order rate law but the inhibition rate by the
Ag/CNCs, ZnO/CNCs and ZnO-Ag/CNCs
treated water was best explained by the second
order rate law. It therefore implies that the
composite materials contribute to the rate law in
the water samples treated with the materials. A
comparison of the rate constants (k, and k,) within
the untreated water and the treated water clearly
showed a significant reduction in the rate constant
which is the clear evidence of the inhibition by the
added composite. The first order rate constant
(k,) of untreated water was 0.546 h'' but that of the
composite treated ranged between 0.0195 —
0.0743 h'. This growth rate of . aurens in the
untreated water was between 28 times (0.0195 h™)
and 10 times (0.0743 h™) faster than in the treated

water which implies that the composite materials
can inhibit the growth of the bacteria for over 10 h
when applied as disinfectant. The undoped CNCs
inhibit better than even the doped. The second
other rate constant also support this observed
inhibitory activity of the composite material. In
the untreated water, the second order rate
constant (k,) was 1x10” (cfu) 'mLh" which is a
hundred magnitude higher than the 1x107 (cfu)
'mLh" rate constant obtained for water treated
with CNCs. The rate constant of the water
treated with Ag and ZnO singly doped materials
was even much lower in magnitude (6x10" (cfu)’
'mLh") to the CNCs treated and the composite of
ZnO-Ag/CNCs far much lower. It can be clearly
inferred that the treatment of the S. awreus
contaminated water with the composite materials
created an inhibition in the growth of the . awrens
with better inhibition by the ZnO-Ag/CNCs
composite. This affirms the disinfectant
potentials of ZnO-Ag bimetallic composite
(Karunakaran ez a/, 2010) and the synergistic
impact of ZnO-Ag/CNCs composite.

The result of the inhibition actions of the
composite materials on Bacillus coagulans (ULOZ2)as
presented in Table 3 revealed that the ZnO doped
treated water fits more of first order rate law while
the untreated and CNCs treated fits the second
order rate law. The Ag treated fits equally into
both. The first order rate constant of the Bacillus
coagnlans contaminated untreated water was 0.125
h' which 28 times faster than the 0.0044h’
obtained for the CNCs treated water and the
0.0079 — 0.017 h" obtained for the Ag and ZnO
composite treated ones. There is a likelihood of
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these materials inhibiting the growth of Bacillus
coagulans for up till between 15 to 28 h if applied as
disinfectant. The inhibition rate of CNCs alone
on Bacillus coagnlans is higher than the Ag and ZnO
doped ones which is similar to the result obtained
for S. aureus. 1In the second order rate law of the
materials' inhibition of Bacillus coagulans growth, it
can be deduced that the growth rates of the
treated water were lower by thousands and tens of
thousand times than in the untreated watet.
Comparatively, the materials seem to slightly
inhibit the growth rate of Baci/lus coagulans more
than the growth rate of S. aureus.

Kiebsiella pnenmonia (BAAT705) first order growth
rate constant in untreated water was 0.2639 h' at
R’ = 0.9849. This rate is just 4 time slower that the
0.0609 h' at R’ = 0.8243 obtained for the CNCs
treated water. The growth rate in the Ag treated
was 7 times slower that the untreated water
(0.0374 h" at R* = 0. 8454) while the ZnO and the

Agunbiade et al.: Kinetics of Antibacterial Activities of Cellulose Nanocrystals

Ag-ZnO doped treated exhibit 10 times slower
growth rate. This is a departure from the trend
observed in B. cwagulans and S. aureus. The
undoped CNCs were not able to significantly
inhibit the growth of K. pneumonia but the doping
assisted in increasing the inhibition rate till 10
times. It may be hypothesized that the application
of these materials to inhibit the growth of K
pnenmonia may only work for maximum of 7 h as
against the over 10 h obtained for B. coagulans and
S. aurens. The second order rate law results of K.
pnenmonia also showed thousands and tens of
thousand times slower cfu growth rate in the
treated than in the untreated water.

Finally, the growth rate of Salmonella typhimurinm
(ATCC 13311) as presented in Table 3 should a
higher first order growth rate in untreated water
(0.0410 h" at R* = 0. 8006) than in the CNCs
treated water (0.0040 h' at R* = 0. 8127). The
action of CNCs on the growth of Salmonella

Table 3: Kinetics of inhibitory actions of CNCs, ZnO/CNCs, Ag/CNCs, and ZnO-Ag/CNCs composites on

the bacteria

Order of Reaction

S. aureus (ATCC2600) +

HO () H0+CNCs  H,O+Ag/CNCs  H,0 + ZnO/CNCs  HyO + ZnO-
®) O) © Ag/CNCs (A)
First ki/ht 0.546 0.0195 0.0511 0.0743 0.0230
Order R2 0.8960 0.8826 0.6958 0.7811 0.7370
Second kp/(cfu)y'mLht  1x10° 1x107 6x10 6x108 4x107
Order R2 0.8016 0.8122 0.7620 0.8032 0.8286
Order of Reaction Bacillus coagulans (UL02) +
H0 () H0+CNCs  HO + Ag/CNCs  HO + ZnO/CNCs  H,O + ZnO-
®) D) © Ag/CNCs ()
First ki/ht 0.125 0.0044 0.0079 0.0144 0.0170
Order R2 0.8103  0.8128 0.8120 0.9939 0.9701
Second  ky/(cfu)'mLh! 5x10°% 4x10-8 7x10° 3x10° 3x10°
Order R2 0.8518  0.8258 0.8171 0.9727 0.9400
Otrder of Reaction Klebsiella pneumonia (BAA1705) +
H0 () H0+CNCs HO+ Ag/CNCs  H,0 +ZnO/CNCs  H,O +ZnO-Ag
® (®) © /CNCs (8)
First ki/h! 0.2639  0.0609 0.0374 0.0254 0.0250
Order R? 0.9849  0.8243 0.8454 0.8479 0.9264
Second  ky/(cfu)'mLh! 2x105 3x108 4x108 7x10° 4x10°9
Order R2 0.9913  0.8287 0.9431 0.9000 0.9483
Order of Reaction Salmonella typhimurium (ATCC13311)+
HO (F) HO+CNCs  HO + Ag/CNCs  H0 + ZnO/CNCs  H,O + ZnO-
®) o) © Ag/CNCs (4)
First ki/ht 0.0410 0.0040 0.0261 0.0023 0.0047
Order R? 0.8006  0.8127 0.8583 0.8177 0.9300
Second  ky/(cfu)!mLh! 3x10-3 1x108 4x107 4x10-10 1x10-10
Order R2 0.9686  0.9308 0.9769 0.8242 0.9727
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typhimurinm is 10 times inhibition as against the 28
times witnessed in B. coagulans and S. anreus and 4
times inhibition witnessed on K. preumonia. ‘This
presupposes that CNCs has better inhibition
action rate of gram positive bacteria than on gram
negative.  The inhibition rate of Ag-CNCs
treatment was poor on S. yyphimurium (k, = 0.0261
h") being less that twice reduction on the
untreated. ZnO and Ag-ZnO doped CNCs had
better first order inhibition rate on the growth of
S. typhimurinm with 0.0023 and 0.0047 h'
respectively. This translates to 17 times and 8
times inhibition respectively compared to the
untreated water. It may therefore be implied that
the materials can inhibit the growth of .
typhimurinm for 8 to 17 h. There are indications
that the addition of ZnO improved the bacteria
inhibition better than the Ag,

CONCLUSION

The CNCs acted as capping agent for the
ZnO/CNCs, Ag/CNCs and ZnO-Ag/CNCs
composites production.  The composites
characterization indicated changes in the
functional grouption of the composites. The
CNCs and the composite materials were found to
exhibit antibacterial properties at 100 mg/mlL
with clear zone of inhibition from 9-46 mm. The
kinetic studies showed the growth rate of the
bacteria to be first order in the untreated water and
the rate constants were found to follow the trend
S. anrens (0.546 ') >Klebsiella pnenmonia (0.2639 h
Y >Bacillus  coagnlans (0125 h')  >Salmonella
typhimmrinm (0.0410 h™). A significant reduction in
the growth rates of the CNCs and the composites'
treated water was observed with the rate constants
shown to be 4 to 28 times lower than their
corresponding untreated water. This implies that
the bacteria growth may be impeded for 4 to 28 h
depending on the bacteria and the material
applied. The materials studied showed better
growth inhibition rate for gram positive bacteria
than gram negative. These materials and their
composites (CNCs, ZnO/CNCs, Ag/CNCs and
Zn0-Ag/CNCs) may be applied in personal care
products, antiseptic solutions or, more
concentrated, in wound-healing gels and other
external uses as alternatives to chlorophenols that
is not eco-friendly.
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