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Green synthesis is employed to prepare cobalt/cellulose nanocomposites with cubic (e-cobalt) cobalt as
a main component with antibacterial and magnetic properties. An in situ reduction of aqueous solutions
of cobalt ions on a model cellulose substrate surface using hydrogen gas affords spherical, cellulose-
stabilised cobalt nanoclusters with magnetic properties and an average diameter of 7 nm that are
distributed evenly over the surface of the cellulose fibres. These cobalt/cellulose nanocomposites exhibit
good antibacterial action against opportunistic pathogens both Gram-positive (S. aureus) and Gram-
negative (E. coli, A. baumannii and P. aeruginosa), with zones of inhibition up to 15 mm, thereby
encouraging the deployment of these advanced materials for the treatment of wastewater or within
medical dressings. This method of preparation is compared with the analogous in situ reduction of
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Introduction

Magnetic nanoparticles have attracted attention due to their
potential applications in a wide range of technologies, for
example environmental remediation, catalysis, magnetic fluids
and magnetic resonance imaging." There are three main types
of magnetic nanoparticles: pure metals, metal oxides and
alloys.*® Various synthetic approaches have been developed to
synthesise magnetic nanoparticles, such as co-precipitation,
sol-gel, chemical reduction, gas reduction, thermal decompo-
sition, micelle synthesis and ultrasonic spray pyrolysis.””*
Chemical reduction in aqueous solution is a convenient and
cost effective approach to prepare magnetic nanoparticles,>*°
usually using strong reducing reagents, such as sodium and
potassium borohydrides.**"**

However, this approach poses several challenges: magnetic
nanoparticles are thermodynamically unstable due to the high
surface energy and so they manifest a pronounced tendency to
aggregate in order to minimise the effective surface energy.>'*
For the solution-phase synthesis of magnetic metallic nano-
particles of cobalt, there are two further aspects to consider:
first unwanted cobalt by-products may be generated during the
reaction;'>** second, in the absence of a surfactant coating,
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cobalt ions on a cellulose surface using sodium borohydride as reducing agent.

aerial oxidation of naked magnetic nanoparticles may result in
a loss of magnetism."***® Therefore, a successful synthesis of
air-stable magnetic nanoparticles would be highly desirable,
especially in terms of the potential benefits in handling and
processing for practical applications.' One of the approaches to
stabilise and protect magnetic nanoparticles from aggregation
and oxidation is to coat them with either a thin organic layer,
consisting of polymers or surfactants, for example, or an inert,
inorganic coating, such as silica.®***

Recently, a diverse range of green chemistry approaches to
the synthesis of many kinds of nanoparticles has been devel-
oped in order to minimise the generation or utilisation of
hazardous and toxic reagents and side products.”**® Cellulose
has been used as an organic surface coating and stabiliser in
such approaches due, to its combination of advantageous
properties: it is naturally abundant, biodegradable and readily
available at low cost.>”*® Cellulose fibres can be combined with
a wide variety of nanoparticles to create new cellulose nano-
composites, which may possess an advantageous combination
of properties, such as magnetic, photo-catalytic antibacterial
and electrically conductive properties.””** Modified cellulose
nanocomposites have been used as an adsorbent to remove
heavy metals from water.””** Furthermore, nanomagnetic
cellulose could be a leading means to produce cheap devices for
data storage and security purposes.'>*® Moreover, for synthetic
transformation cellulose and its derivatives often combine the
roles of reducing agent, with stabiliser and solubiliser.’"**

There is a paucity of work published pertaining to the anti-
bacterial activity of cobalt nanoparticles: almost all research has
investigated complexes of cobalt and other metals/organic
materials, such as zinc oxide and cobalt-doped zinc oxide

This journal is © The Royal Society of Chemistry 2017
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nanoparticles.*® However, very little data on the concentrations
required for antibacterial action have been reported, and little
difference in antibacterial activity has been observed between
zinc oxide and cobalt-doped zinc oxide nanoparticles. It has been
found that pure, irregular-shaped cobalt-ferrite nanoparticles
show antibacterial action against Staphylococcus aureus and
Escherichia coli** However, zinc or cobalt-substituted cobalt-
ferrite nanoparticles produced significantly greater antibacterial
activity than the cobalt-ferrite nanoparticles alone. Cobalt-
ferrite nanoparticles produce minimal antibacterial activity
against several species of bacteria including E. coli, S. aureus and
Pseudomonas aeruginosa.** This poor antibacterial action could
be due to the ferrite complexes inhibiting the release of cobalt
ions and thereby reducing the natural antibacterial action.

Metal nanoparticles have great importance in health and
medicine, with metal and metal oxides being more stable at
high temperatures and pressures than traditional organic
antimicrobials.*® The use of nanoparticles could have a signifi-
cant impact on minimizing the transfer of bacteria, such as S.
aureus, a constituent part of the natural skin flora and E. coli,
part of the natural gut flora of the human body, between
patients in a hospital environment. S. aureus and E. coli are
opportunistic pathogens responsible for serious infections,
which can often be treated with broad-spectrum antibiotics.
However, due to the growing concern of antimicrobial resis-
tance, alternative antimicrobials are needed. Hospital infec-
tions can occur in immune-suppressed or immune-
compromised individuals, such as the elderly, patients with
cancer or HIV/AIDS and post-operative patients.*””** Infection
leads to extensive hospital stays, resulting in increased health-
care costs and increased patient morbidity/mortality.

Accordingly, the prevention of infections caused by bacteria
could reduce patient mortality and associated treatment costs.
Antibacterial coatings of cobalt nanoparticles with a large active
surface area on cellulose bandages, uniforms, bed linen,
surfaces and medical equipment could make a significant
contribution to reducing bacterial transfer and also preventing
injury, or elective surgery-related wound infections.

In this work, we present a new green approach to the
synthesis and stabilization of pure cobalt nanoparticles with
antibacterial, as well as magnetic, properties using cellulose as
a stabilizer and sodium borohydride or hydrogen gas as the
reducing agent. The antibacterial effect of these nanoparticles
on bacterial pathogens is investigated.

Experimental
Chemicals

Cellulose paper samples of 1 mm thickness, were generously
provided as a gift from Mondi Uncoated Fine Paper, Austria.
Cobalt(n) nitrate hexahydrate (Co(NOj3), - 6H,0, purity = 98.0%),
sodium borohydride (NaBH,, purity = 98.0%) were purchased
from Sigma Aldrich, UK. Ethanol was purchased from Fisher
Scientific, UK. All reagents were used without further purifica-
tion. Hydrogen and nitrogen gas were obtained from BOC (UK).
Cellulose paper was dried overnight at room temperature and
under vacuum conditions. All other reagents were dried to

This journal is © The Royal Society of Chemistry 2017
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remove any adventitious or bound water prior to their use. All
aqueous reaction solutions were prepared using doubly deion-
ised and filtered water with a resistivity greater than 18 MQ cm
at a temperature of 20 + 3 °C. Liquids (water, aqueous solutions
and ethanol) were oxygen-purged with impurity-free nitrogen
immediately prior to reaction.

Bacterial type strains used in this investigation: Staphylo-
coccus aureus ATCC 25923, Escherichia coli ATCC 12241, Acine-
tobacter baumannii ATCC 19606 and Pseudomonas aeruginosa
ATCC 27853 were purchased from the Public Health England
bacterial collections laboratory (Colindale, UK). All dehydrated
culture media was purchased from Oxoid (Basingstoke, UK) and
autoclaved prior to experimentation.

Procedures

The synthesis of cobalt nanoparticles was conducted under
anaerobic conditions within a bespoke containment facility
exploiting a nitrogen blanket. Specific procedures are outlined
below.

Synthesis of cobalt cellulose nanocomposites using NaBH, as
a reducing agent

An aqueous solution (20 ml) of cobalt(n) nitrate (0.1 M) was
placed in a sealed three-necked round bottom flask, which
contained a sample of cellulose paper (100 mg), at room
temperature and incubated for three minutes, after which the
solution was discarded, and the paper sample rinsed with
degassed ethanol for ca. 30 s. Subsequently, the cellulose paper
was incubated for ten minutes with 20 ml of an aqueous 0.2 M
sodium borohydride solution. The cellulose paper was then
rinsed with water (one minute) and dried at room temperature
in vacuo. The nucleated cobalt metal nanoparticles obtained
through the reduction of cobalt ions by sodium borohydride
were subsequently enabled to grow through heating the modi-
fied cellulose paper within a tube furnace with inert gases,
either N, or H, at 165 °C for 8 h. These protocols were repeated
through altering the cobalt(u) concentration in aqueous solu-
tion from 0.1 M, and through changing the reduction time from
ten minutes, as indicated in the Results & discussion section.

Synthesis of cobalt cellulose nanocomposites using H, as
a reducing agent

An aqueous solution (20 ml) of cobalt(u) nitrate (0.1 M) was
placed in a sealed three-necked round bottom flask, which
contained a sample of cellulose paper (100 mg), at room
temperature and incubated for three minutes, after which the
solution was discarded, and the paper sample rinsed with
degassed ethanol for ca. 30 s. The cobalt(u) ions were reduced in
a stream of hydrogen gas at 200 °C for 20 h. These protocols
were repeated through altering the cobalt(u) concentration in
aqueous solution from 0.1 M to 1.0 M.

Characterisation of the cobalt cellulose nanocomposites

The cobalt content within the nanoparticle-modified cellulose
nanocomposite was obtained using inductively coupled plasma

RSC Adv., 2017, 7, 20020-20026 | 20021
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mass spectrometry (ICP-MS, Perkin Elmer DRC ICP MS ultra-
trace metal analyser).

The structure of the cobalt nanoparticles within the nano-
composite samples was characterised using powder X-ray
diffraction (PXRD), using a diffractometer (Siemens D 5000)
fitted with an Ni-filter, emitting at Cu K,, (A = 0.154 nm), using
an airtight sample holder. The samples were loaded into the
sample holder under an inert atmosphere.

The morphology of the cobalt-cellulose nanocomposite
samples were obtained from images captured during trans-
mission electron microscopy (TEM) with an Ultra Scan 4000
digital camera (Gatan UK, Abingdon) attached to a Jeol 2010
transmission electron microscope (Jeol UK Ltd. Welwyn Garden
City) running at 120 kV. The diameters of the nanoparticles
features were estimated using Image] software. EDX spectra
were obtained using an INCA X-sight system running
through INCA Analyser software (Oxford Instruments, High
Wycombe, UK).

Antibacterial assays

Individual Iso-Sensitest agar plates were inoculated with
isolates of S. aureus (ATCC 25923), E. coli (ATCC 12241), A.
baumannii (ATCC 19606) and P. aeruginosa (ATCC 27853) using
a standardized method.** Cellulose/nanoparticle
composites were added to individual inoculated agar plates
(10° colony forming units [CFU] ml™"), which were then incu-
bated at 37 °C for 24 h. This process was repeated for cellulose-
stabilised cobalt nanoclusters as powders, which were coated
onto blank, sterile paper discs (0.5 mg per disc surface) before
being added to inoculated agar plates. Blank sterile papers were
also used as controls.

The antibacterial activity of these samples was evaluated
using a method based on that by Pollini et al.*® Zones of inhi-
bition surrounding the coated samples were measured and the
antibacterial action was rated “good” (zone of inhibition > 1
mm), “fairly good” (zone of inhibition = 1 mm), “sufficient”
(growth up to, but not on, the paper sample), “limited” (limited
growth on the paper sample) or “poor” (paper sample is over-
grown with bacteria = 50%).

nano-

Results and discussion
Synthesis of cobalt cellulose nanocomposites

In undertaking the synthetic procedure, the initially cream-
coloured cellulose paper, first developed a pink colouration,
as the result of adsorption of the cobalt ions onto the surface of
the cellulose fibres. Then, the cellulose paper rapidly turned
black on the addition of the reducing agent (hydrogen gas or
a sodium borohydride solution), which is indicative of the
reduction of cobalt ions. The rate of the reduction reaction
increased, evidenced through the time taken for the cellulose to
blacken, at higher temperature of reaction. The paper remained
a black colour after drying in vacuum. Samples subsequently
heated under a stream of either hydrogen or nitrogen exhibit
either a deeper black or brown colour, respectively (inhomoge-
neous colour) and also exhibit some magnetic properties, see
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Fig. 1. The black colour and magnetic properties are a strong
indication for the presence of metallic cobalt nanoparticles on
the cellulose samples. Some of the samples developed a green,
rather than a black or brown colour and lost their magnetic
properties over time on exposure to air, which is strongly
indicative of oxidation of the surface of the metallic cobalt
nanoparticles to cobalt oxide.

Table 1 records the amount of cobalt in the cobalt/cellulose
nanocomposite samples as determined using ICP analysis. The
first set of data, samples 1-5, represents the in situ synthesis of
cobalt nanoclusters, using sodium borohydride as the reducing
agent. The quantity of cobalt and boron in the samples
increased with increasing concentrations of the reaction
precursors. Increasing the reduction time led to the same trend.
Surprisingly, sample 3 contains lower concentrations of cobalt
and boron than that in other samples (samples 2 and 4). This
probably erroneous phenomenon may be due to a significant
loss of these elements during washing with either ethanol or
water. The cellulose-stabilised cobalt nanoclusters appear,
generally, to be fixed to the cellulose fibre surface of the other
samples and are not removed by repeated washing with water.

The concentrations of cobalt in the second group of samples
6-9, synthesised by reduction of cobalt ions with hydrogen gas,
also increase with the concentration of cobalt ions in the reac-
tion solution as expected. The contamination of the samples 6-
9 with boron is negligible. These results indicate that pure,
cellulose-stabilised, metallic cobalt nanoclusters are formed on
the fibre surface of the cobalt/cellulose nanocomposites 6-9
prepared using hydrogen gas as reducing agent.

The PXRD patterns of the cobalt/cellulose nanocomposites
as received and after heating under nitrogen or hydrogen are
shown in Fig. 2. Surprisingly, no peaks attributable to hexag-
onal (B-cobalt) cobalt or cubic (a-cobalt) can be observed
amongst the peaks for cellulose, although these samples show

Fig. 1 Photographs of the effects of attraction between the cobalt/
cellulose nanocomposites and a magnet. 1(a) and 2(a) sample 5 and
1(b) and 2(b) sample 9, synthesised from reduction of cobalt ions using
either sodium borohydride or hydrogen gas, respectively.

This journal is © The Royal Society of Chemistry 2017
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Table1l The reaction conditions for the preparation of the cobalt cellulose/nanocomposites 1-5 or 6-9 produced by using either reduction with
sodium borohydride or hydrogen gas, respectively, as the reducing agent and the concentration of metallic cobalt and boron in the samples 1-9

Concentration, M Volume, ml Conditions % wiw
Samples Co** BH,~ Co** BH,~ Temp. °C Time, min Co B
1 0.1 0.2 15 15 N, RT 10 0.51 2.04
2 0.1 0.2 20 20 N, RT 10 1.10 0.12
3 0.1 0.2 20 20 N, RT 20 0.57 0.075
4 0.1 0.2 20 20 N, RT 30 2.25 0.21
5 1 2 20 20 N, RT 10 5.88 3.98
6 0.1 0 20 0 H, 200 1200 1.99 0.016
7 0.4 0 20 0 H, 200 1200 4.25 0.006
8 0.7 0 20 0 H, 200 1200 4.54 0.000
9 1 0 20 0 H, 200 1200 5.01 —0.002

magnetic properties, see Fig. 1. ICP analysis indicates the
presence of significant amounts of boron in the samples 1-5
and residual amounts of boron in the samples 6-9 (Table 1).
Cobalt boride (Co,B) should be formed as the primary product
in these reactions.'** It has also been suggested that the cobalt
boride formed initially could react with more cobalt to produce
cobalt boride (Co;B).**** Co,B could also be converted to other
compounds, e.g., Co(BO,), and Coz(BOs),.*"** However, no
peaks for these compounds can be observed in the XRD
patterns. One possible explanation for this finding is that the
cobalt metal and the cobalt boron complexes in the cobalt
cellulose nanocomposites may be amorphous. Another possible
reason is that any small peaks, potentially attributable to cobalt
metal and cobalt boron complexes, are masked by the large
cellulose peaks due to the low concentration of cobalt and
boron as shown in Table 1. Heating of the samples under N, or
H, flow at 165 °C for 8 h does not lead to the observation of any
cobalt peaks in the PXRD patterns. The PXRD patterns are
similar for other samples prepared at different concentration of
starting materials or at different reaction times (not shown).
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Fig. 2 PXRD pattern for cobalt/cellulose nanocomposites 1-5. Black
patterns are experimental data: (a) sample as received, (b) sample after
heating under N, (c) sample after heating under Hy. Lines are refer-
ence data: blue lines are a hexagonal structure of cobalt; red lines are
a cubic structure of cobalt.*>4¢
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Fig. 3 displays the PXRD patterns of cobalt/cellulose nano-
composites prepared by hydrogen gas reduction of different
concentration cobalt ions at 200 °C for 20 h. The PXRD pattern
of the sample prepared from 0.1 M of Co(NOj3), shows no peaks
other than cellulose peaks as the content of cobalt is too low to
be determined in the nanocomposite (Fig. 3a). Increasing the
concentration of Co(NOj3), to 1.0 M, facilitates the observation
of weak peaks ascribed to the formation of cobalt metal, with
cubic (a-cobalt) cobalt as a main component.*”*® No other peaks
from cobalt-boron complexes can be observed, consistent with
the ICP results shown in Table 1.

Fig. 4 shows TEM images of the cobalt/cellulose nano-
composites, the corresponding size distribution of the nano-
clusters as well as the results of elemental analysis using EDX.
As can be seen in Fig. 4a, spherical cobalt nanoclusters with

a diameter of 2.5 + 0.7 nm can be observed for the
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Fig. 3 PXRD of cobalt/cellulose nanocomposites 6-9 prepared at
different concentrations of cobalt ions, reduced by hydrogen gas.
Black patterns: 3(a) 0.1 M of Co(NOs),; 3(b) 1 M of Co(NOs),. Reference
data: the blue lines are characteristic of a hexagonal crystal structure of
cobalt*® and red lines are characteristic of a cubic crystal structure of
cobalt.*¢
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Fig. 4 TEM images of cobalt/cellulose nanocomposites prepared
using different reducing agents, their corresponding size distribution
and elemental analysis by EDX. 4(a) Sample 5 and 4(b) sample 9 syn-
thesised from reduction of cobalt ions using sodium borohydride and
hydrogen gas, respectively.

nanocomposites 1-5, synthesised by sodium borohydride
reduction. These small metallic nanoclusters aggregate on the
cellulose fibre surface to form much larger, amorphous aggre-
gates without any characteristic shape or form. Elemental
analysis using EDX reveals the presence of metallic cobalt in the
samples 1-5. Although the results of ICP analysis indicate the
presence of boron in these samples, a peak attributable to
boron is not evident in the EDX spectra, which is probably
attributable to an overlap between the boron and the carbon
peaks. In the nanocomposites 6-9, prepared using hydrogen gas
reduction, see Fig. 4b, larger spherical nanoclusters, with
a diameter of 7 £ 1.6 nm, than those determined for the
nanocomposites 1-5 synthesised by sodium borohydride
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reduction, see Fig. 4a, are observed. The greater diameter may
be due to the fact that hydrogen reductions were carried out at
200 °C, rather than at room temperature, as was the case for the
sodium borohydride reductions. The cellulose-stabilised cobalt
nanoclusters appear to be homogenously distributed on the
surface of the cellulose fibres. The larger surface area and the
presence of cellulose may help prevent aggregation and
agglomeration of the cobalt nanoclusters in the samples 6-9.
The high reaction temperature may have also induced further
growth of the cobalt nanoclusters. The elemental analysis using
EDX suggests that boron is not present in the samples 6-9, in
agreement with ICP results recorded in Table 1.

Antibacterial assays

The results of the antibacterial assays are collated in Table 2.
The cobalt/cellulose nanocomposites produce good antibacte-
rial action against all bacterial isolates tested, with the size of
the zone of inhibition greater than 1 mm. Samples 7-9,
prepared using hydrogen gas reduction, produce the greatest
antibacterial activity against all of the bacterial species tested
with the zone of inhibition reaching a diameter of up to 15 mm
against S. aureus (Fig. 5) and 14 mm against E. coli (Fig. 6a).
Cellulose alone produces no antibacterial activity and samples
are overgrown with bacteria (Fig. 6b). S. aureus and E. coli are
the most susceptible, with all samples producing good activity,
with the exception of sample 6/2, which still generates sufficient
activity against the bacteria. The cobalt/cellulose nano-
composites are least effective against A. baumannii, although
antibacterial activity is observed for each sample tested. Lower
susceptibility is probably due to metal ion resistance mecha-
nisms, such as active efflux.

There are several potential mechanisms for the antibacterial
action observed. Highly reactive oxygen species (ROS), such as
hydrogen peroxide, can be formed in the presence of metallic
nanoclusters and air, resulting in substantial damage to
bacterial DNA, cell membranes (lipid peroxidation) and protein
dysfunction.”*® Equally, cobalt ions released from metallic
cobalt nanoclusters can interact with thiol groups on essential
bacterial enzymes, resulting in their inactivation and leading to
cell death. Another potential mode of action is through
impaired membrane function, which is thought to be due to
electrostatic interaction of the metal nanoparticles and the

Table 2 Antibacterial effects of the cobalt/cellulose nanocomposites, 2 and 5, synthesised by sodium borohydride reduction, and the corre-
sponding samples 6-9, synthesised by hydrogen gas reduction, along with a control sample®

Bacterial pathogens

Samples S. aureus 25923 E. coli 12241 A. baumannii 19606 P. aeruginosa 27853
2 1 mm good 0 mm sufficient 0 mm sufficient 0 mm sufficient

5 5 mm good 5 mm good 0 mm sufficient 1 mm good

6 0 mm sufficient 1 mm good 0 mm sufficient 0 mm sufficient

7 12 mm good 10 mm good 2 mm good 7 mm good

8 12 mm good 14 mm (good) 1 mm good 5 mm good

9 15 mm good 10 mm good 5 mm good 2 mm good

¢ Zones of inhibition are presented as the diameter of the area of no bacterial growth, minus the diameter of the sample itself.
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Fig. 5 (a) Antibacterial action of the cobalt/cellulose nanocomposite
sample 9 producing a zone of inhibition of 15 mm against S. aureus
ATCC 25923 and (b) of cellulose alone showing bacterial overgrowth.

Fig. 6 (a) Antibacterial action of the cobalt/cellulose composite
sample 8 producing a zone of inhibition of 14 mm against E. coli ATCC
12241 and (b) of cellulose alone showing bacterial overgrowth.

surface of the bacteria. This results in aggregation of nano-
clusters on the cell surface and changes in cell morphology,
leading to growth inhibition. Each of these potential mecha-
nisms has greater potency for metallic nanoclusters than for
metallic macroparticle/solid metal surfaces, due to the greater
active surface area of the metallic nanoclusters, associated with
a highly reactive surface. This leads to greater interactions with
cells and the release of higher concentrations of metal ions.**
Cobalt resistance has mainly been described in Alcaligenes spp.
and Ralstonia spp. although it has also been observed for E. coli
via CzcABC efflux pumps.>* However, cobalt nanocomposite
resistance in this study was not observed, as evidenced by the
fact that all the cobalt/cellulose nanocomposite samples tested
produce sufficient/good antibacterial action against each of the
bacterial species tested.

Conclusions

A green synthetic approach to prepare cobalt/cellulose nano-
composites with antibacterial and magnetic properties has
been developed by in situ reduction of cobalt ions on the
substrate surface using hydrogen gas. Spherical, cellulose-
stabilised cobalt metallic nanoclusters with an average diam-
eter of 7 nm are formed with cubic cobalt (a-cobalt) as a main
component. The cellulose-stabilised, metallic cobalt nano-
clusters are homogenously distributed on the surface of the
cellulose fibres. The cobalt/cellulose nanocomposites are
contaminated with almost insignificant traces of boron. In

This journal is © The Royal Society of Chemistry 2017
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contrast, in situ reduction of cobalt ions on cellulose surface
with sodium borohydride gives amorphous cobalt/cellulose
composites with a significant contamination with boron. All
of the cobalt/cellulose nanocomposites show good antibacterial
action against the bacterial isolates tested. A detailed investi-
gation of the magnetic properties of these nanocomposites and
the dependence of antibacterial action on the nanocomposite
concentration will be the focus of future work.
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