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A B S T R A C T

In this work, for the first time bacterial cellulose (BC) hydrogel membranes were used for the fabrication of
antimicrobial cellulosic nanocomposites by hydrothermal deposition of Cu derivative nanoparticles (i.e.Cu(0)
and CuxOy species). BC-Cu nanocomposites were characterized by FTIR, SEM, AFM, XRD and TGA, to study the
effect of hydrothermal processing time on the final physicochemical properties of final products. XRD result
show that depending on heating time (3–48 h), different CuxOy phases were achieved. SEM and AFM analyses
unveil the presence of the Cu(0) and copper CuxOy nanoparticles over BC fibrils while the surface of 3D network
became more compact and smother for longer heating times. Furthermore, the increase of heating time placed
deleterious effect on the structure of BC network leading to decrease of BC crystallinity as well as of the on-set
degradation temperature. Notwithstanding, BC-Cu nanocomposites showed excellent antimicrobial activity
against E. coli, S. aureus and Salmonella bacteria suggesting potential applications as bactericidal films.

1. Introduction

Cellulose is the most abundant polysaccharide in nature (Czaja,
Romanovicz & Brown, 2004; Domini et al., 2010; Esa,
Tasirin & Rahman, 2014; Thakur & Voicu, 2016 Fu, Zhang & Yang,
2013) and the major structural components of the plant cell walls
(Tsouko et al., 2015). Cellulose is composed by D-glucose monomeric
units linked by β-(1 → 4) glycosidic bonds and the extended intra and
inter-molecular hydrogen bonds among the subunits are responsible for
its water insolubility. However, algae and some types of prokaryotic
organisms, such as cyanobacteria (Czaja et al., 2004), have also the
ability to produce this polymer.

Bacterial cellulose (BC) is a biosynthesized cellulose produced by

culturing a strain of aerobic Gram-positive bacteria from the genres
Gluconacetobacter, Rhizobium, Sarcina, Agrobacterium, Alcaligenes,
Aerobacter, Azotobacter and Salmonella (Iguchi, Yamanaka & Budhino,
2000; Jipa et al., 2012). To date, Gluconacetobacter is the highest yield
BC-producing strain (Castro et al., 2013; Domini et al., 2010; Rajwade,
Paknikar & Kumbhar, 2015).

Although the structural formula of BC is identical to vegetable cel-
lulose, it shows a high degree of purity being free of lignin and hemi-
cellulose. In addition, BC has high mechanical stability, high crystal-
linity (70–80%), high degree of polymerization and excellent water
retention capacity. BC fibers are about 100 times thinner than plant
cellulose (i.e. scale downs to nanoscale range), making them a highly
porous biomaterial. Furthermore, the BC is a biodegradable,
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biocompatible, non-toxic and non-allergenic polymer (Barud et al.,
2013; Barud et al., 2016; Czaja et al., 2004; Czaja, Krystynowicz,
Bielecki, & Brown, 2006; Domini et al., 2010; Kiziltas, Kiziltas,
Blumentritt & Gardner, 2015; Iguchi et al., 2000; Jipa et al., 2012;
Lin & Dufresne, 2014; Lin et al., 2013; Pineda, Mesa & Riasco, 2012;
Nishiyama, 2009; Tsouko et al., 2015; Wang et al., 2011; Wang,
Lu & Zhang, 2016; Yang, Xiaoli, Liyong, & Dongping, 2013). BC has
been intensively studied in cosmetics, textile, food, paper and medical
fields (surgical implants, scaffolds, cartilage and meniscus implants,
cardiovascular implants, treatment of chronic wounds, stents coating
and bone regeneration material) (Andrade, Costa, Domingues,
Soares & Gama, 2010; Bodin et al., 2010; Cavka et al., 2013; Domini
et al., 2010; Gao et al., 2011; Keshk, 2014; Kowalska-Ludwicka et al.,
2013; Lopes et al., 2011; Lin et al., 2013 Martínez, Brackmann,
Enejder & Gatenholm, 2012; Svensson et al., 2005; Woehl et al., 2010;
Wei, Yanga & Honga, 2011; Yang, Xie, Hong, Cao, & Yang, 2012; Yang,
Chen, &Wang, 2014). For instance, it has been used in technological
applications such as audio devices, fuel cell membranes, electronic
paper, transparent optical nanocomposites, drug-releasing systems,
vascular grafts, and supports for in vitro and in vivo tissue engineering
(Czaja et al., 2006; Trovatti et al., 2012; Wei et al., 2011).

BC fiber surface accounts to an abundant site rich in hydroxyl
groups, whose feature enables the adsorption of metal ions or metallic
nanoparticles (Kiziltas et al., 2015; Pinto, Marques, Martins,
Neto, & Trindade, 2007). Recently, BC has been engineered as a support
for inorganic nanoparticles possessing antimicrobial activity such as Ag
and Cu (Barud et al., 2011; Cady, Behnke, & Strickland, (2011), Pinto

et al., 2007; Chen et al., 2013; Hu, Chen, Zhou &Waing, 2010; Jiazhi,
Xiaoli, Liyong & Dongping, 2013; Jiazhi et al., 2013; Pinto, Neves,
Neto, & Trindade, 2012; Song, Birbach &Hinestroza, 2012; Maneerung,
Tokura & Rujiravanit, 2008; Yang et al., 2012).

Pinto et al. evaluated the growth and chemical stability of Cu na-
noparticles using bacterial and vegetal cellulose as matrixes. According
to the the authors BC was more efficient matrix to avoid copper surface
oxidation. (Pinto et al., 2007)

Cady et al. have investigated the synthesis of cellulose copper na-
noparticles by an electrostatic assembly process. The obtained cellu-
lose-copper composites displayed antimicrobial effect against resistant
pathogen A. baumannii (Cady et al., 2011Cady et al., 2011). Several
works also show the use of cellulose as reducing matrix to prepare
cellulose-copper composites. Vainio et al. studied the preparation of
cellulose-copper composites by self-supporting Cu ions onto micro-
crystalline cellulose (MC). MC has been acting as catalyst to reduce Cu
in different reduced species such as Cu, CuO and Cu2O (Vainio et al.,
2007). Li et al. developed a green process using a hydrothermal method
under high temperature conditions using cellulose as reducing agent. A
reaction mechanism for the reduction of CuO to Cu using cellulose
matrix was proposed (Li et al., 2012). Therefore, at this moment there
are no reports related to use of bacterial cellulose as matrix to prepare
Cu and CuOx species using hydrothermal synthesis.

Among several inorganic nanoparticles, copper stands out due to its
antimicrobial properties against well-known pathogenic microorgan-
isms, such as Salmonella typhimurium and Listeria monocytogenes
(Ógorman &Humphreys, 2012; Gould et al., 2009). Metallic copper and

Fig. 1. (A and B) Representative scheme of Cu de-
position into BC membrane surface using hydro-
thermal synthesis of BC-Cu nanocomposite. On the
bottom, picture of pristine BC never-dried mem-
branes and, BC-Cu nanocomposites prepared after
hydrothermal condition. The hydrothermal condi-
tion concerns to subject the BC hydrogel immersed in
Cu(II) aqueous solution at temperature of 150 °C
during 3 h. BC-Cu membrane showed a blackish
color as effect of the reduction of Cu (II) to CuNPs
(i.e. Cu(0) or CuxOy nanoparticles).
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copper alloys have also shown bactericidal activity against Salmonella
enterica and Campylobacter jejuni (Zhu, Elguindi,
Rensing, & Ravishankar, 2012). Under sizes down nanometric range,
copper particles display excellent antibacterial and catalytic activity,

distinguished optical and magnetic properties than its bulk counterpart
or similar sized gold, silver or palladium nanoparticles (Umer, Naveed,
Ramzan, Rafique, Imran, 2014; Yao, Huo & Jin, 2011).

Cu nanoparticles (CuNPs) can be obtained by using several physical
methods such as pulsed laser ablation, vapor deposition, high-energy
mechanical milling and even by chemical techniques like microemul-
sion, sonochemical or electrochemical reduction, assisted microwave
and hydrothermal synthesis (Liu & Bando, 2003; Ethiraj & Kang, 2012;
Umer et al., 2014). In this work, we highlight the synthesis of CuNPs
under hydrothermal conditions, which enables to undertake homo-
geneous reaction of acidic or basic aqueous solutions inside sealed
containers under controlled pressure and temperature (Rueff et al.,
2016; Shouhua & Xu, 2001; Shi, Song & Zhang, 2013; Feng & Xu, 2001).

The hydrothermal method has increasingly attracted attention due
to its numerous advantages, especially due to simple, easy-to-handle
experimental apparatus. The employment of the hydrothermal method
allows to form more stable, condensed phases, achievement of high
yield of outcome, as well as low energy consumption. The synthesis
parameters such as temperature and time, pH, concentration of pre-
cursor, among others, are fundamental keys to a successful preparation
of high-quality nanostructures (Shi et al., 2013).

In this study, time-dependent chemical deposition of CuNps (i.e. Cu
(0) or CuxOy nanoparticles) on the BC membranes was successfully
controlled by the hydrothermal synthesis. BC-Cu nanocomposites were
study to confirm presence of the CuNPs and their effect on the final
properties. The antimicrobial activity of the resulting BC-Cu nano-
composites was also evaluated.

2. Experimental section

2.1. Materials and methods

The BC membranes were prepared at the University of Araraquara
(UNIARA). The Gluconacetobacter hansenii bacteria, ATCC 23769 strain,
were grown in 30 × 60 cm2 plates, with growing time of 96 h at 25 °C.
The growth medium was composed by a homogeneous aqueous solu-
tion of 50 g of D-glucose and 4 g of yeast extract dissolved in 1000 mL
of distilled water. After the growth media had been sterilized, 20 mL of
ethyl alcohol were added to it. The highly hydrated BC membranes,
with average thickness in millimeter range were obtained. Then, the
membranes underwent a purification stage, with a solution of 0.1 M
NaOH at 70 °C for 45 min, for removing bacteria that could possibly
exist. After that, BC membrane was washed with distilled water and
stored by immersing in water solution at 5 °C.

2.2. Synthesis of BC-Cu nanocomposite

Never-dried BC membrane (5 cm× 5 cm) was placed in PTFE cup,
with capacity of 30 mL and then 25 mL of copper nitrate solution, Cu
(NO3)2, 0.05 mol L−1 was added. The mixture was stirred for 1 h.
Afterwards, 1 mL of 0.5 mol L−1 solution of NH4OH was added to this
mixture. The cup was introduced inside a steel stainless reactor and
sealed. After that, the reactor was heated in an oven previously set to
150 °C. The thermal treatment was done for different heating times: 3,
6, 24 and 48 h. After the hydrothermal synthesis, the product was
characterized by different morphological, thermal and spectroscopic
techniques.

2.3. Characterization

2.3.1. Fourier transform infrared spectroscopy (FTIR)
The Fourier Transform infrared spectra (FTIR) were performed

using a Nicolet Nexus Spectra device, equipped with Golden Gate ATR
Diamond. The spectra were registered with resolution of 2 cm−1 and
average of 32 scans in the mid-infrared region (4000–400 cm−1).

Fig. 2. FTIR spectra of pristine BC membrane (a), and BC-Cu nanocomposites synthetized
by hydrothermal synthesis during (b) 3 h, (c) 24 h and (d) 48 h.

Fig. 3. X-ray diffraction for (a) dried BC membrane and (b) BC-Cu nanocomposites
synthetized within 48 h under hydrothermal conditions.
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2.3.2. Scanning electron microscope (SEM)
The SEM measurement was carried out using a field-emission

scanning electron microscope JEOL, model JSM-7000F, instrument
operated at 2 kV. The investigated BC membrane and BC-Cu nano-
composites were covered with carbon.

2.3.3. X-ray diffractions (XRD)
Dried BC membrane and BC-Cu nanocomposites, both pure and

after hydrothermal synthesis, were submitted to XRD analysis. The XRD
were performed using a SHIMADZU model D600-XR A equipment. The
Cu Kα X-ray source was set to 40 kV and 100 mA and the investigated
materials were examined over the angular range from 10° to 30° with
the scanning speed of 8.33 × 10−2 s−1.

2.3.4. Thermogravimetric analysis (TGA)
The TGA was performed using a thermogravimetric analyzer TA-

INSTRUMENT (SDT Q600 V20.9 Build 20), in an alumina crucible with
approximately 5 mg of each sample. The temperature varied between
25 and 600 °C with a heating rate of 10 °C/min in an oxidizing atmo-
sphere (air).

2.3.5. Atomic force microscopy (AFM)
The surface of BC-Cu nanocomposites was analyzed by AFM oper-

ating in a tapping mode with a scanning probe microscope Dimension
ICON from Bruker equipped with an integrated silicon tip/cantilever
having a resonance frequency of 300 kHz. Scan rates ranged from 0.7 to
1.2 Hz s−1. In order to obtain repeatable results, different regions of the
specimens were scanned to choose representative AFM images. Taking
into account that obtained height and phase AFM images were very
similar, only AFM phase images are shown.

2.3.6. Study of the antimicrobial activity
BC membranes modified with the HS were applied as antimicrobial

films. The antimicrobial activities of BC-Cu nanocomposite were ana-
lyzed in the presence of Gram-negative bacteria (Salmonella enterica)
and Gram-positive (Staphylococcus aureus), and yeast (Candida albicans)
using the disk diffusion method in agar. The analysis procedure con-
sisted of the catting of BC-Cu nanocomposites in the shape of discs with
1 cm in diameter, and autoclaved them for 15 min at 120 °C. The bac-
teria strains were inoculated in tubes containing 2.0 mL of sterile BHI

and incubated for 18 h at 37 °C. Sufficient inoculum were added in new
tubes containing 2.0 mL of sterile BHI broth until the turbidity equalled
0.5 McFarland (∼1.5 × 108 CFU mL−1). The bacterial inoculum di-
luted with BHI (McFarland standard) were uniformly spread using
sterile cotton swabs on sterile Petri dishes containing MH agar. All BC-
Cu nanocomposite discs were placed on the surface of the solid agar
inoculated with the bacterial and yeast. The plates were incubated for
18 h at 35–37 °C and examined thereafter. Clear zones of inhibition
around the discs were measured and the sensitivities of the complexes
were assayed from the diameter of the inhibition zones (in millimetres).
All the experiments were performed in triplicate. The diffusion inhibi-
tion zones for standard antibiotics can be found in CLSI (CLSI, 2016).

3. Results and discussion

3.1. Hydrothermal synthesis

The hydrothermal synthesis of BC-Cu nanocomposites was per-
formed for different time reactions: 0, 3, 6, 24 and 48 h. BC-Cu nano-
composites displayed different colors depending of the evaluated
heating time: from bright white to dark brown, confirming CuNPs
formation as shown in Fig. 1.

A detailed representative scheme of Cu deposition into BC mem-
brane surface using hydrothermal process is shown in Fig. 1.

It is worth to pointing out that the BC membrane can undertake
lateral reactions during the hydrothermal conditions. In order to
strength our investigation over the mechanism of CuNPs deposition, a
never-dried pristine BC membrane was subjected to the same hydro-
thermal conditions described in the experimental section, except that
Cu(II) solution was replaced by water. Although the outcome resembles
the original color of a regular BC hydrogel, the residual supernatant
displayed a yellow-brownish color after 48 h heating time.

Supernatant was analyzed by complexometric titration with EDTA
and the result for the presence of reducing sugars was positive. This
could be an indicative of the preliminary occurrence of BC hydrolysis
(releasing reducing sugars to the solution) under alkaline medium.
Similar results were obtained by Bobleter (1994). This degradation
process is mostly characterized by the loss of hydroxyl groups, by the
cleavage of polymerization bonds and formation of structures derived
from breakdown of glucose molecules in the structure also called

Fig. 4. SEM images of A) BC membrane and BC-Cu
nanocomposites synthesized, B) 3 h, C) 24 and D)
48 h.
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hydrothermal carbonization (Li et al., 2012, Yao, Huo & Jin, 2012). The
formation of CuNPs under hydrothermal conditions in the presence of
BC hydrogel can be achieved by both lateral reactions with byproducts
of hydrothermal carbonization of BC as well as by undertaking reac-
tions with active hydroxyl sites of BC fibers. Consequently, both
pathway may leverage the synthesis of CuNPs that are finally trapped

under strongly interactions with the surface of the BC fibrils network.
Those interactions can be easily identified by analysis of vibrational
spectroscopy.

Fig. 5. AFM phase images of BC-Cu nanocomposites
synthetized A) and B) 3 h; C) and D) 6 h; E) and F)
48 h.
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3.2. Fourier transform infrared spectroscopy (FTIR)

Fig. 2 shows the FTIR spectra of BC membrane and BC-Cu nano-
composites synthesized within 3, 24 and 48 h. The characteristic vi-
brational bands of BC membrane are: 3344 cm−1 stretch of OH,
2898 cm−1 stretch CH (Tomé et al., 2010; Goh et al., 2012; Ciolacu,
Ciolacu & Popa, 2011, Santos et al., 2015) of alkanes and asymmetrical
stretch of CH2, 1650 cm−1 deformation of OH, 1429 cm−1 deformation
CH2, 1160 cm−1 stretch of CeOeC, 1054 cm−1 stretch CO and CC,
1031 and 983 cm−1 stretch CO, 1371–1280 cm−1 deformation of CH,
1315 cm−1 deformation of OH on the plane (Santos et al., 2015; Goh

Fig. 6. TGA and DTG curves of BC-Cu nanocompo-
sites synthetized by hydrothermal method 3, 6, 24
and 48 h under heating rate of 10 °C/min and oxi-
dizing atmosphere (air).

Fig. 7. Zone of inhibition of bacterial growth by the
action of BC-Cu (3 h, 6 h, 24 h and 48 h). A) inhibi-
tion of yeast growth C. albicans; B) Growth inhibition
of Gram-positive S. aureus; C) growth inhibition of
Gram-negative S. enterica.

Table 1
Mean values of zones of inhibition relative to the different strains for the BC-Cu mem-
branes, including disk diameter in mm.

Inhibition zone in mm (+0.1 mm)

Time C. albicans S. aureus S. enterica

3 h 25.9 24.8 16.9
6 h 24.7 30.0 14.8
24 h 25.9 30.9 13.2
48 h 33.7 30.5 12.5
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et al., 2012; Ashori, Sheykhnazari, Tabarsa, Shakeri, & Golalipour, 2012
Grube, Shvirksts, Denina, Ruklisa, & Semjonovs, 2016).

The band at 3344 cm−1 in the BC-Cu nanocomposites shifts to lower
wavenumbers for longer reaction times, which is an indicative of strong
interactions between the Cu(II) ions and hydroxyls sites of BC fibrils. In
addition, a band at 1646 cm−1 attributed to the out-of-plane de-
formation of OH groups of cellulose chains, appears in lower wave-
numbers.

The crystallinity of cellulose can be estimated by measuring the
ratio between i) 1372 and 2900 cm−1 or ii) 1430 and 893 cm−1 bands
(Ciolacu et al., 2011). However, these bands (1372/2900 and 1430/
893) were not identified in FTIR spectra of BC-Cu nanocomposites
synthetized within 24 h or 48 h.

It is worth to point out that the changes among FTIR spectra of
pristine BC membrane and BC-Cu nanocomposite can be noticed by the
shifting of 2898 cm−1 band to lower wavenumbers followed by de-
creasing of relative intensity. This band is attributed to the stretching of
CH2 and CH3 groups. The FTIR spectrum of BC-Cu nanocomposite
synthetized within 48 h displays three additional bands at 1629 cm−1,
1319 cm−1 and 1419 cm−1 which can be attributed to eC]O, eCH2–
and eCH3 vibrational bands, respectively. Noteworthy, BC-Cu nano-
composite synthetized 48 h shows typical bands of copper oxides.
Specifically, this spectrum shows bands corresponding to 424, 499, 601
and 673 cm−1, all attributed to Cu-O vibrations of copper oxide/hy-
droxide vibrational bands (Ethiraj & Kang, 2012).

3.3. X-ray diffractions (XRD)

X-ray diffractions of BC membrane and BC-Cu nanocomposites are
shown in Fig. 3. The XRD pattern of the BC membrane shows two ty-
pical intense peaks at 14.8 and 22.9°. These peaks can be attributed to
the crystallographic plane of reflection (100) and (200), respectively
(Santos et al., 2015; Zhang et al., 2010; Hu et al., 2010).

The diffraction peaks found for BC-Cu nanocomposites are attrib-
uted to a mixture of Cu species: orthorhombic phase of Cu(OH)2
(JCPDS: #80-0656), monocycle phase of CuO (according to Reference
code: #00-001-1117), the cubic phase of Cu2O and Cu, (according to
Reference code: 00-001-1142 and Reference code: #00-001-1241, re-
spectively). However, there are differences between the XRD of the
pattern of the BC membrane and the BC-Cu nanocomposites.

Further to the copper oxides, Cu(OH)2 phases were also observed in
the composites, that corroborated with ortorrombic structure observed
in SEM images (Fig. 5b–d). Another important feature is the peak
thinning that reflects the best bundling.

3.4. Scanning electron microscope (SEM)

The morphology of BC membrane (Fig. 4a) is represented by long
fibers with nanometric diameter, extending in a network of interwoven
fibers. Fig. 5 shows the SEM images of pristine BC membrane and BC-Cu
nanocomposites synthetized within 3, 24 and 48 h, respectively. As the
hydrogen interactions among BC fibers are weakened with the in-
troduction of CuNPs, the BC-Cu nanocomposites become more compact.
To further confirm the elemental composition of BC-Cu nanocompo-
sites, energy dispersive spectroscopy (EDS) analysis was carried out.

The EDS results indicated the presence of carbon, nitrogen, oxygen
and copper (results not shown here). The presence of oxygen suggested
that the sample has a layer of oxide. However, the deposition me-
chanism of the copper is not totally explained, since the Cu(II) ions can
be reduced in the solution. Once hydrolysis of Cu(II) ions occurs, Cu
(OH)2 and CuxOy deposit directly on the BC fibers surface.

The copper oxides formation mechanism on BC membranes is not
fully understood, but probably involves a reaction with hydroxyl groups
from the surface of BC fibrils and eventually with the reducing sugars
and other products of the alkaline hydrolysis of cellulose (Yao,
Hu & Jin, 2012; Li et al., 2012). The copper reduction process in an

alkaline medium in the hydrothermal synthesis must occur in the fol-
lowing steps: initially, there occurs an alkaline hydrolysis process
(Bobleter, 1994). The alkaline medium facilitates the breaking of the
1–4 β-glycoside bonds of cellulose. The formation of copper oxide oc-
curs by the release, in the hydrolysis process, of monosaccharides
(glucose and others) and/or oligomers of reducing sugars. To obtain
only metallic copper the temperature of the hydrothermal reaction has
to be higher than 250 °C (Li et al., 2012; Yao, Hu & Jin, 2012; Bobleter,
1994).

3.5. Atomic force microscopy (AFM)

AFM phase images of BC-Cu nanocomposites synthetized 3, 6 and
24 h are shown in Fig. 5. Similarly, as from SEM results, one can easily
concluded that BC-Cu nanocomposites maintain the interconnected
nanofibers network independently on hydrothermal synthesis time. The
increase of the hydrothermal synthesis time led to more compact na-
nofiber network structure with clearly CuNPs nanoparticles on the
surface of analyzed BC-Cu nanocomposites. The increase of heating
time provokes appearance of small domains positioned on the BC na-
nofibers, which correspond to formation of CuNPs. The size of these
CuNPs varied between 25 and 35 nm in diameter. Moreover, as clearly
shown in AFM images, CuNPs aggregates are obtained independently
on heating time (Fig. 5a, c and e). Those aggregates consist of few in-
dividual CuNPs and are homogenously dispersed on the investigated
surface of BC-Cu nanocomposites. The increase of heating time results
in smother and more compact interconnected nanofibers network
confirmed with a strong effect on the average roughness (Ra) calculated
from the AFM height images. The Ra decreases with increase of heating
time, being 172 nm after 3 h and 82 nm after 24 h. This phenomenon
can be strongly related to the presence of the CuNPs on the analyzed
surface of BC-Cu nanocomposites.

3.6. Thermogravimetric analysis (TGA)

The thermal stability of the BC membrane and BC-Cu nanocompo-
sites was studied using TGA in oxidizing atmosphere. The BC membrane
curve showed two weight loss steps as shown in Fig. 6. The first one at
the temperature ranging from 50 °C to 150 °C, which was attributed to
loss of volatiles and to the dehydration of the cellulose membrane
(Barud et al., 2007; Cai, Kimura, Wada & Kuga, 2009; Hu et al., 2010;
Chen et al., 2013). The second step, between the temperatures of
280–375 °C, is related with the burning of BC producing carbon di-
oxide, water and carbon residues (Chen et al., 2013; Rambo,
Recouvreux, Carminatti, Pitlovanciv, Antonio , & Porto, 2008). The re-
sidues that are not consumed correspond roughly to 17%.

For the BC-Cu nanocomposites synthetized at 3, 6, 24 and 48 h,
Fig. 6, it is possible to observe that there was no pattern in the weight
loss of the cellulose with copper. The BC-Cu nanocomposites synthe-
tized 3 h shows similar degradation steps to those synthetized 48 h. On
the other hand, the BC-Cu nanocomposites synthetized within 6 and
24 h showed also two steps, and a marked loss of weight in a narrow
temperature range. The residues of the BC-Cu nanocomposites in-
creased if compared with the residues of the BC membrane. This could
be attributed to the presence of copper that cannot be volatilized in the
assessed temperature range. For BC-Cu nanocomposites, the tempera-
ture ranges of the thermal steps had lower weight loss values than the
BC membrane. Possible explanations are a) the presence of copper can
catalyze thermal degradation reactions leading to weight loss in lower
temperatures; b) the copper oxide can react, suffering reduction in the
presence of heated cellulose and subsequent oxidation at higher tem-
peratures.

3.7. Study of the antimicrobial activity

One of the main uses of the BC membrane is as bandage in the
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healing process of wounds. However, pristine BC membrane itself do no
display antimicrobial activity to prevent infection (Maneerung et al.,
2008). Due to the high surface area and the great number of pores in its
structure BC membrane could be acting as a matrix to incorporate an-
timicrobial agents like copper and copper oxides.

For pristine BC membrane, no antimicrobial activity was shown.
This is in concordance with the literature (Maneerung et al., 2008;
Janpetch, Saitb & Rujiravaniti, 2016). Consequently, only CuNPs na-
noparticles may show antimicrobial response in BC-Cu nanocomposites.
From antimicrobial test was also observed that even after a certain time
of exposure, the color of the BC-Cu nanocomposites keeps unchanged,
which indicates resistance against oxidation. The antibacterial activity
of BC-Cu nanocomposites was evaluated employing Gram-positive
bacterial specie (S. aureus) and Gram-negative (E. coli, S. enterica) and
yeast C. albicans. The disk diffusion test (CLSI, 2016) was performed.
The diameter of the inhibition zone reflects the magnitude of the sus-
ceptibility of a micro-organism. Disk diffusion assays showed the in-
hibitory activity of the different BC-Cu nanocomposites against all se-
lected microorganisms strains. The Fig. 7 illustrates the inhibition zone
of growth to the Different types for the BC-Cu membranes on yeast (C.
albicans) and the bacteria Gram-positive (S. aureus) and Gram negative
(S. enterica). According this assays the hydrothermal processing time
has any significance on antimicrobial effect. The results presented in
Table 1 show the measurement inhibition zone of the microorganisms
growth (in millimetres). In fact, Cu(II) ions or CuNPs may be acting on
the cell through different mechanisms. Different studies report that the
metal can act by breaking the membrane, blocking the biochemical
route, forming complexes with proteins and even causing damage to
DNA (Bagchi et al., 2012; Warnes & Keevil, 2011; Ruparelia, Chatterjee,
Duttagupta, &Mukherji, 2008).

4. Conclusions

The hydrothermal process was used to fabricate BC-Cu nano-
composites with different hydrothermal synthesis time leading to BC
based nanocomposites with different copper content. The copper oxide
deposition mechanism on the surface of the BC membranes involved
alkaline hydrolysis and subsequent reduction reactions. The presence of
the of CuNPs on BC-Cu nanocomposites was successfully confirmed by
spectroscopic, morphological and thermal characterizations. The results
of the disk diffusion test of the different BC-Cu nanocomposites showed
significate antimicrobial activity in vitro against all tested microorgan-
isms. The results suggest the potential of BC-Cu nanocomposites to be
use as dressing in contaminated wounds.
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