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Chitosan and chitosan–ZnO-based complex
nanoparticles: formation, characterization, and
antibacterial activity

Ilana Perelshtein,a Elena Ruderman,a Nina Perkas,a Tzanko Tzanov,b Jamie Beddow,c

Eadaoin Joyce,c Timothy J. Mason,c Maŕıa Blanes,d Korina Mollá,d Anitha Patlolla,e

Anatoly I. Frenkele and Aharon Gedanken*a

Nanostructured chitosan (CS) and a chitosan–Zn based (Zn–CS) complex have been synthesized and

simultaneously deposited on cotton fabrics using ultrasound. SEM measurements revealed that the

coating consists of nanoparticles (NPs) of ca. 40 nm in diameter, homogeneously dispersed along the

yarns. XANES studies pointed out that the complex consisted of a less than 2.1 nm ZnO core to which

the chitosan was bonded. Additionally, FTIR measurements indicated the in situ formation of a Zn–CS

complex which is the only deposited material on the cotton surface. The antibacterial properties of the

CS and Zn–CS coated textiles were tested against Gram positive and Gram negative bacteria species.

More than two-fold increase of the antibacterial activity of Zn–CS NP coated textiles was detected as

compared to the fabrics treated with the sonochemically synthesized CS NPs alone. The sonochemical

technique appears to be a suitable method for producing organic NPs of soluble compounds, without

loss of their intrinsic properties, i.e. the antimicrobial activity of chitosan. Moreover, hybrid

nanoorganometallic particles were simultaneously synthesized and deposited on cotton sonochemically.
1 Introduction

Chitosan, a polysaccharide composed of glucosamine and
N-acetyl-glucosamine units, is well known for its antibacterial
properties. Due to its biodegradability, biocompatibility, and
lack of toxicity, CS in the bulk form has found numerous appli-
cations as an antibacterial coating for textiles.1–7 Recently, Fana
et al. reported on the preparation of chitosannanoparticles (NPs)
by a novel method based on ionic gelation using sodium tripo-
lyphosphate (TPP).8 Wazed et al. have further demonstrated the
advantage of using NPs instead of bulk chitosan in order to
enhance the antibacterial activity of coated textiles.9

Additionally, the combination of CS with inorganic NPs was
an efficient approach to produce antibacterial materials with
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improved functional properties. It has been reported that the
nanosilver– and silver zeolite– or silver hydroxoapatite–CS
composites provide increased mechanical strength and water
barrier properties.10,11 Improved mechanical properties and
superior inhibition of bacterial growth have been observed for
porous CS–silver nanocomposite lms.12 The enhanced anti-
bacterial activity of the CS–Ag–ZnO composite has also been
demonstrated.13 Recent studies on ZnO–CS complexes in the
form of lms, membranes and dyes have indicated that the
presence of ZnO NPs signicantly improved the antibacterial
properties of CS.14,15 The advantages of combining CS with ZnO
NPs as an alternative to the widely used Ag NPs reside in their
lower cost, lack of color and UV-blocking properties.16

Reports for preparing ZnO–CS nanocomposites are based on
the conversion of ZnO into an ionic form followed by
complexation with CS in solution under continuous stirring.14,15

Coating methods for application of a ZnO–CS composite on
cotton fabrics consist of carboxymethylation of CS followed by
reaction with zinc sulfate in concentrated sodium hydroxide.17

In our previous work ultrasound has been used for coating
textiles with antibacterial inorganic NPs. The synthesis and
deposition of these NPs were performed simultaneously under
sonication resulting in strong adherence to the surface of the
brous substrate.18–20 The aim of the present work was to
demonstrate the feasibility of the sonochemical coating of
textiles with CS NPs and a CS–Zn nanocomposite in a single-
step process without the use of any binding agents. The effect of
This journal is ª The Royal Society of Chemistry 2013
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the combination of CS and Zn on the antimicrobial activity of
the coated textile surfaces is discussed in this paper. To the best
of our knowledge, this is the rst study describing the deposi-
tion of organometallic nanocomposites on fabrics in a one-step
sonochemical process. The study is also the rst demonstration
that ultrasonic waves are able to form NPs of an organic water-
soluble compound without the use of a surfactant or any other
mediation product.

2 Experimental

Different types of fabrics such as polyester, cotton and cotton–
polyester supplied by Klopman Int. (Italy) have been used in
the experiments. Independently of the fabric composition, the
coating quality on all materials was the same, and thus only the
results obtained on cotton are reported here. All chemicals from
Sigma Aldrich were of analytical grade, and used without
further purication. Low molecular weight CS (15 kDa) from
Kitozyme S.A. (Belgium), Zn(CH3COO)2$2H2O and aqueous
solution of ammonia (28 wt%) were used in the experiments.

Oxoid plate count agar (PCA), nutrient agar (NA) and nutrient
broth (NB) were purchased from Fisher Scientic, UK. For the
preparation of the neutralising medium (SCDLP), casein
peptone and soybean peptone were purchased from Sigma-
Aldrich. Analytical grade NaCl, KH2PO4, NaOH, D-glucose, leci-
thin and Polysorbate 80 were purchased from Fisher Scientic
(UK). Deionised water was used for preparation of all solutions.

2.1 Chitosan NPs formation and deposition on cotton

CS (30 mg) dissolved in 1 ml of 1% aqueous acetic acid was
added to a mixture of 10 ml water and 90 ml ethanol. The
reaction slurry was irradiated for 1 h with a high-intensity
ultrasonic horn (Ti horn, 20 kHz, 750 W at 24% efficiency) in a
thermostatted (30 �C) sonicator cell during the reaction (1 h).
The reaction was carried out in the presence of a 10 � 10 cm
sample of cotton fabric in the cell. At the end of the process, the
fabric was washed with water and ethanol and dried under
vacuum before being analyzed.

2.2 Synthesis and deposition of Zn–CS hybrid NPs on cotton

CS (30mg) was dissolved in 1ml of 1% aqueous acetic acid. Zinc
acetate (0.022 g) was dissolved in 10ml water and 90ml ethanol,
and added to the CS solution. The reaction mixture, in which
pH was adjusted to 8 by dropwise addition of 25% aqueous
ammonia, was sonicated in the presence of a 10 � 10 cm fabric
sample for 1 h at 30 �C as described above. Thereaer, the fabric
was washed with water and ethanol and dried under vacuum.

2.3 Antibacterial activity testing

The antibacterial efficacy of the treated fabrics was determined
using the absorption method from BS EN ISO 20743:2007 (Anon
2007). Antimicrobial tests were carried out with two bacterial
species: Gram positive Enterococcus faecalis (NCIMB 775) and
Gram negative Escherichia coli (ATCC 8739). Overnight cultures
of each of the bacteria were grown in nutrient broth (NB, Oxoid)
in a shaking incubator at 37 �C and 110 rpm. Following this
This journal is ª The Royal Society of Chemistry 2013
incubation, a 0.4 ml aliquot was transferred to 20 ml of fresh
sterile NB and incubated for 3 h at 37 �C and 110 rpm. This 3
hour culture was then diluted 3-fold in dilute nutrient broth
(1 : 20 dilution in water) to give a bacterial suspension with
between 1 � 105 and 3 � 105 colony forming units per ml (CFUs
per ml).

For each bacterial strain, 0.4 g pieces of control fabric and
0.4 g pieces of the coated test fabric were inoculated with 0.2 ml
of the dilute bacterial suspension. The bacterial suspension was
added dropwise to each fabric sample in order to allow it to be
fully absorbed. Thereaer, the control samples and test samples
were placed in an incubator at 37 �C in capped vials. Further-
more, control and test samples were immediately mixed with
20 ml of a neutralising medium (soybean casein digest lecithin
polysorbate medium, SCDLP). The resulting suspensions of
bacteria were serially diluted in NB to 10�5. One ml of each
dilution was mixed with 17 ml of molten plate count agar (PCA,
Oxoid) and allowed to set in a sterile Petri dish. All plating was
carried out in duplicate. The agar plates were then incubated for
24 � 4 h at 37 �C. The number of colonies on the plates aer
incubation was counted for determination of the inoculum cell
density (CFUs per ml). The remaining control and test pieces
were incubated with the absorbed bacterial suspensions for
between 18 and 24 h at 37 �C, then shaken with SCDLP and
plated as described above. The number of colonies on these
plates was used to determine the level of bacterial growth on the
control and test fabrics. The antibacterial efficiency value (A)
was calculated using the following formula:

A ¼ F � G (1)

where F ¼ growth value on the control fabric sample (log10 CFU
per ml post incubation � log10 CFU per ml prior to incubation)
and G ¼ growth value on the NP treated fabric samples (log10
CFU per ml post incubation � log10 CFU per ml prior to
incubation).

2.4 Characterization

The Zn2+ content on the coated fabric was determined by
inductively coupled plasma (ICP) analysis using a ULTIMA
JY2501 instrument. The morphology and size of the NPs were
studied with an environmental scanning electron microscope
(ESEM), model Quanta 200FEG of FEI. The coated fabrics were
further characterized by Fourier transform infrared spectros-
copy (FTIR) using a Tensor 27 FTIR spectrometer (Bruker, Ger-
many), performing 100 scans for each spectrum. No smoothing
function or baseline correction was applied. Potassium bromide
was used to obtain the background spectrum. The presence of N
and Zn atoms on the coated fabrics was evaluated by X-ray
Photoelectron Spectroscopy (XPS) using monochromatized Al
Ka radiation (Kratos, Japan). The X-ray diffraction (XRD)
patterns of the materials were measured with a Bruker D8
diffractometer (Karlsruhe, Germany) using Cu Ka radiation.
X-ray absorption ne structure (XAFS) spectroscopy experi-
ments were performed at the X18B beamline of the National
Synchrotron Light Source. X-ray detectors for transmission
measurements were gas-lled ionization chambers. A PIPS
J. Mater. Chem. B, 2013, 1, 1968–1976 | 1969
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Fig. 2 Zn K-edge XANES data in Zn–CS complex, Zn(AC)2, ZnO (2.1 nm) and ZnO
(300 nm) particles. The similarity between Zn–CS and ZnO (2.1 nm) is evident in
the main 1s–4p transition region (peaks A and B) and beyond.
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detector was used for uorescence measurements. Up to ve
energy scans were measured and averaged to optimize the
signal to noise ratio. Zn foil was positioned between the trans-
mission and reference detectors and its absorption coefficient
was measured simultaneously with the main sample for energy
calibration and alignment.

3 Results and discussions
3.1 Structural and morphological studies

3.1.1 XRD. The solid precipitates in the sonication cell
aer: (i) the sonochemical deposition of dissolved CS, and (ii)
the simultaneous reaction between dissolved CS and zinc
acetate solution, were analyzed by XRD. Identical patterns were
obtained for both samples revealing the presence of an amor-
phous compound (Fig. 1a). One of the possible pathways for the
reaction between a solution of CS and zinc acetate is the
formation of a crystalline ZnO phase in parallel with the CS
precipitation on the cotton. A crystalline hexagonal ZnO struc-
ture was detected in our previous study involving the formation
and simultaneous deposition of ZnO NPs by ultrasound.20

Fig. 1b shows the diffraction peaks for ZnO obtained from the
hydrolysis of zinc acetate. However, despite the same reaction
conditions as in ref. 20 have been used in the current study, the
characteristic peaks of crystalline ZnO could not be observed in
the XRD pattern of the hybrid Zn–CS coating. The absence of
crystalline ZnO phase indicates either the nanoscale dimension
of ZnO nanocrystals or the formation of an amorphous Zn–CS
composite. This ambiguity prompted us to investigate the local
structure around Zn by XAFS analysis (vide infra).

3.1.2 XAFS. X-ray absorption near-edge structure (XANES)
and extended XAFS (EXAFS) measurements are excellent tools to
Fig. 1 XRD pattern of: (a) the powder collected after the sonochemical reaction of d
reaction of zinc acetate.

1970 | J. Mater. Chem. B, 2013, 1, 1968–1976
investigate the electronic structure and geometry in the nearest
coordination environment around X-ray absorbing atoms. Fig. 2
shows the Zn K-edge XANES data in the Zn–CS system and
relevant Zn-containing compounds with known electronic and
crystallographic structure: Zn(Ac)2 and two samples of ZnO
nanocrystals with 2.1 and 300 nm size, respectively. The latter
data were obtained and published.21 The shape and position of
the 1s–4p absorption peak maximum in ZnO NPs strongly
depend on the particle size. Absorption shi to a higher energy
was observed for 300 nm particles compared to the 2.1 nm ones
(Fig. 2 and ref. 21), in agreement with the theoretical calcula-
tions of Kuzmin et al.22 As expected, the shape and peak
issolved CS and zinc acetate solution; (b) powder collected after the sonochemical

This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 Fourier transform magnitudes of EXAFS data in the 4 compounds
described in Fig. 2.

Table 1 Results of the first shell EXAFS data analysis in the Zn–CS system. The
reference data obtained by a similar analysis for bulk ZnO and 2.1 nm ZnO
particles are from ref. 21

Sample NZn–O RZn–O (Å) sZn–O
2 (Å2)

ZnO bulk [ref. 21] 4(xed) 1.970(7) 0.0040(10)
ZnO 2.1 nm [ref. 21] 3.9(1.1) 1.959(25) 0.004(3)
Zn–CS 4.5(7) 1.990(16) 0.0071(24)
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position of Zn(Ac)2 were similar to those observed in bulk ZnO,
since in both of them ZnO is in the tetrahedral conguration.23

The shape and position of the main absorption peak in the Zn–
CS composite (Fig. 2) are very similar to those in ZnO (2.1 nm),
while very different from either bulk ZnO or Zn(Ac)2. Hence, we
suggest that the Zn–CS complex contains low dimensional
(several nm in size) ZnO crystals that are possibly too disordered
and/or too small to be detected by XRD.

To verify this hypothesis, we compared EXAFS data for the
same systems shown in Fig. 2. In agreement with our hypothesis
drawn from examining the data in Fig. 2, the local structure in
the rst coordination shell of Zn(Ac)2 appears similar to that in
300 nm ZnO (Fig. 3). The similarity between Zn–CS and 2.1 nm
ZnO is also evident in the rst peak region, supporting the
XANES data. The fact that the Zn–CS composite is not so
structured in the more distant shells around Zn as compared to
the 2.1 nm ZnO nanoparticles indicates that the size of ZnO in
the Zn–CS complex is smaller than 2.1 nm and/or the system is
more disordered.
Fig. 4 Fourier transform magnitudes of the EXAFS data and fit for the Zn–CS
complex.

This journal is ª The Royal Society of Chemistry 2013
We have further quantitatively analyzed the collected data to
nd conclusive evidence for the Zn–CS complex formation. Zn
K-edge EXAFS data were analyzed using the IFEFFIT data
analysis program.24 Theoretical model for FEFF calculation25

was constructed using atomic coordinates from the bulk ZnO
structure. The coordination number of the Zn–O bond, the
Zn–O distance and its mean square disorder were varied in the
t. The passive electron reduction factor was found from the t
to bulk Zn foil and xed in the analysis to be equal to 0.86. Fig. 4
shows the data and the t in r-space, whereas the best t results
are presented in Table 1. Data for the bulk and nanocrystalline
ZnO were analyzed under the same conditions as the Zn–CS
complex and are shown for comparison. The coordination
numbers and bond lengths are similar among the three
systems, within uncertainties, although the largest Zn–O
distance is in the Zn–CS complex. We are not ruling out the
Fig. 5 ESEM images of: (a) pristine cotton fabric (MAGX5K); inset image at
MAGX100K; (b) cotton coated with CS (MAGX5K); (c) cotton coated with the Zn–
CS complex (MAGX5K); (d) a selected area on (b) at MAGX100K; and (e) a
selected area on (c) at MAGX100K.

J. Mater. Chem. B, 2013, 1, 1968–1976 | 1971
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possibility that this elongation is caused by the presence of
chitosan in the rst coordination sphere, however, the lack of a
well-dened structure beyond the rst shell precludes the
quantitative investigation of this possibility. By self-consistently
interpreting the results from the long- (XRD) and short-range
(XANES and EXAFS) methods, we conclude that the nature of Zn
in the Zn–CS complex is predominantly a nanocrystalline ZnO,
with the average particle size of less than 2 nm.

3.1.3 Morphology of the coating. Fig. 5a and b show the
SEM images of the pristine and the CS-coated cotton, respec-
tively, while Fig. 5d shows a selected region from Fig. 5b scan-
ned under a higher magnication in order to study the
morphology of the coating. A dense layer of spherical and rod-
Table 2 Atomic concentration from the XPS analysis

Sample
N atomic concentration
(%)

Zn atomic concentration
(%)

CS 6.59 —
Zn–CS 5.59 0.21

Fig. 6 N and Zn XPS spectra of cotton sonicated in the presence of: (a) CS; (b and

1972 | J. Mater. Chem. B, 2013, 1, 1968–1976
like CS NPs with a particle diameter of around 40 nm is
observed on the bers.

The morphology of the bers treated in the presence of
chitosan and Zn2+ solution is shown in Fig. 5c, while Fig. 5e
represents a higher magnication image of Fig. 5c. Again, a
dense layer of spherical NPs ranging from 50 to 70 nm was
observed on the bers. According to the structural character-
ization no individual ZnO and CS nanoparticles can be distin-
guished. To determine the concentration of Zn2+ ions on the
fabric treated with CS and Zn, the coating was dissolved in
acetic acid, and the solution was analyzed by ICP. The amount
of Zn on the surface was estimated to be 0.19 wt%. The XRD and
ESEM surface characterization of the cotton sample sonicated
in the presence of CS and Zn(AC)2 support the hypothesis that
the coating consists of a combination of CS and Zn. Both
components were found in the dense coating layer of NPs.
3.2 Surface composition of the coated fabric

XPS studies were carried out in order to obtain an indication of
the deposition of CS or the Zn–CS complex on the surface of the
fabrics. In addition, the atomic concentration of the elements
c) CS and Zn(AC)2.

This journal is ª The Royal Society of Chemistry 2013

http://dx.doi.org/10.1039/c3tb00555k


Paper Journal of Materials Chemistry B

D
ow

nl
oa

de
d 

by
 B

N
L

 R
es

ea
rc

h 
L

ib
ra

ry
 o

n 
25

 M
ar

ch
 2

01
3

Pu
bl

is
he

d 
on

 0
4 

Fe
br

ua
ry

 2
01

3 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

3T
B

00
55

5K
View Article Online
was derived from the XPS measurement (Table 2). The surface
composition of the cotton sample before the sonochemical
deposition consisted only of C, O and H, while on the surface of
the CS-coated fabric the presence of N was also detected
(Fig. 6a). An increase in the N and Zn contents on the cotton
treated with both CS and zinc acetate was observed (Fig. 6b and
c). The N 1s in the XPS spectrum of chitosan were evidence for
the presence of amino groups with a binding energy of 399.9 eV
(Fig. 6a). The second peak at 401.9 eV (Fig. 6a) was assigned to
the protonated amino groups (NH3

+) from chitosan.26,27 The
decrease of intensity of the N peak at 401.9 eV (Fig. 6b) can be
attributed to the formation of the Zn–CS hybrid by complexa-
tion between Zn and chitosan amino groups.

Assuming the molecular weights of CS and Zn–CS are
similar, the atomic percentages in Table 2 represent the weight
percentages of the two compounds. The weight percentage of
ZnO on the cotton measured by the XPS is very close to the
concentration obtained by the ICP measurements. This indi-
cates that nearly all the zinc is found in the 10 nm surface depth
scanned by the XPS.

3.3 FTIR analysis

The Zn–CS composite sonochemically deposited on the cotton
substrate was further characterized by FTIR (Fig. 7a) and
compared to the FTIR spectra of the pristine cotton (Fig. 7c),
and the cotton coated with CS (Fig. 7b). The FTIR spectrum of
the cotton coated with CS was very similar to the spectrum of
cotton alone. The only distinct difference was the band at
1631 cm�1 which is characteristic for the amino groups from
chitosan.28 Some noticeable differences, however, have been
observed in the spectra of Zn–CS (Fig. 7a) and CS coated cotton
(Fig. 7b). Namely, the peak at 3420 cm�1 corresponding to the
stretching vibration of –OH and –NH2 became broader and of
higher intensity indicating some interaction between these
groups and ZnO.29,30 The bands near 1070 cm�1 in pure CS are
usually attributed to the C–O and C–N stretching vibrations.30,31

The intensity of these characteristic bands signicantly
increased in the spectrum of the Zn–CS complex, indicating
that C–O and C–N groups are involved in Zn coordination. The
new bands appearing in the spectrum of Zn–CS in the range
Fig. 7 FTIR spectra of the Zn–CS composite deposited on cotton: (a) Zn–CS
composite; (b) CS alone; and (c) pristine cotton.

This journal is ª The Royal Society of Chemistry 2013
of 590–560 cm�1 can be attributed to the stretching vibration of
N–Zn and O–Zn.32,33 Thus, both FTIR data and XANES/EXAFS
results indicated the formation of a Zn–CS complex during the
sonochemical irradiation of zinc acetate in chitosan-containing
solution and its simultaneous deposition on the textile
substrate.
3.4 Mechanism of sonochemical deposition of chitosan and
the chitosan–Zn composite on textiles

In a rst set of experiments, CS dissolved in 1% aqueous acetic
acid (pH � 4) was deposited alone on the cotton fabric. Aer
starting the sonication, the pH of the solution was adjusted to 8
by dropwise addition of ammonia. The alkaline medium
converts CS into its non-protonated insoluble form. CS NPs
were simultaneously formed and precipitated under sonication
on the fabric (see the size and shape of CS in Fig. 5b and d). The
phenomenon of using sonochemistry for coating substrates is
well studied and described elsewhere.18–20 Briey, the sono-
chemical irradiation of a liquid causes two primary effects,
namely, cavitation (bubble formation, growth, collapse) and
heating. When themicroscopic cavitation bubbles collapse near
the surface of the solid substrate, they generate powerful shock
waves and microjets that cause effective stirring/mixing of the
adjacent liquid layer. The aer-effects of the cavitation are
several hundred times greater in heterogeneous systems than in
homogeneous systems. In our case, the ultrasonic waves
promote the fast migration of the newly formed CS NPs to the
fabrics' surface. The collision of the impinging NPs with
the solid surface might cause a local “fusion” with the bers at
the contact sites, which may be the reason why the particles
strongly adhere to the fabric. The sonochemical coating is
actually based on physical interactions and not on chemical
bonding of the coating to the substrate.

In a second set of experiments, Zn(Ac)2 solution was added to
the dissolved CS. The pH of the solution was adjusted to 8 and
the solution was further sonicated. Under these conditions two
separate processes may occur, namely, formation of CS NPs (as
above) and formation of ZnO NPs.20 However, the phenomenon
of CS–Zn complexation is well known33 and while exposing the
Zn2+ ions to chitosan solution a CS–Zn2+ complex is formed.
Following the adjustment of the pH to 8, ZnO NPs are formed
and are bonded to chitosan. This experiment for simultaneous
deposition of CS and ZnO revealed synergistic enhancement of
the antibacterial activity of the chitosan coated fabrics.

The concept described in the current paper can be regarded
as a general approach for synthesis of organic and metal–
organic nanoparticles using a sonochemical method. Impor-
tantly, the previous knowledge on the simultaneous sono-
chemical formation and deposition of inorganic NPs on textile
surfaces has been extended and includes now: (i) organic NPs
and (ii) organic–inorganic hybrid NPs. Moreover, these NPs are
generated and applied as coatings in a single-step sonochemical
process. The purpose of creating an organic coating built of NPs
of antimicrobial biopolymers is to achieve even higher antimi-
crobial activity due to the large surface area of the active phase,
coupled to the low amount of the coating material. Although
J. Mater. Chem. B, 2013, 1, 1968–1976 | 1973
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not considered as the main goal of the current paper, a general
technique for the formation of organic NPs from organic
materials solution was developed.
Fig. 8 Antibacterial activity values (A) for CS and Zn–CS coated cotton against E.
coli and E. faecalis. The test was carried out according to the absorption method
from ISO 20743:2007.
3.5 Antibacterial activity

The results of the antibacterial efficacy testing for the coated
fabrics are shown in Fig. 8. According to the BS EN ISO 20743
standard34 used for the antibacterial efficacy tests, only levels
greater than 2 log can be considered as indicating an antibac-
terial effect. The antibacterial activity of the CS treated cotton is
rather low against E. coli (A < 1 log), but satisfactory against E.
faecalis (A > 2 log). In contrast, the Zn–CS composite coating
displayed very good levels of antibacterial activity against both
E. coli and E. faecalis (A > 4 log).

Differences in the antibacterial activity of CS against
different species of bacteria have been already reported.35,36

Here again the Gram-negative bacteria E. coli was less affected
by CS than the Gram positive bacteria E. faecalis. One mecha-
nism through which CS is believed to exert its antibacterial
effect is via perturbation of the bacterial cell membrane.37 As CS
is positively charged it can interact with the negatively charged
lipidic bacterial membranes, and thus can change their
permeability, ultimately effecting cell growth and viability.
Since the Gram negative bacteria E. coli has a double outer
membrane it might be less susceptible to the effects of the
surface disruption than the Gram positive bacteria E. faecalis
which only has a single membrane.

One of the goals of the current research was to increase the
antibacterial activity of both chitosan and ZnO NPs. The
enhanced antibacterial properties of the Zn–CS complex were
deduced from the comparison with the antibacterial efficiency
of the same amount of Zn alone on the fabric. From our
previous studies on ZnO-coated textiles19 we found that 0.5 wt%
ZnO on the bers sufficed for a good antibacterial effect.
Nevertheless, a very low antibacterial activity was detected in the
current study for fabrics coated with either 0.4 or 0.3 wt% ZnO.
Less than 2 log reduction of bacterial growth was measured for
the sample coated with 0.4 wt% ZnO, while no killing of bacteria
was achieved with 0.3 wt% ZnO coating. The fact that only
0.18 wt% ZnO incorporated in the hybrid Zn–CS NPs coating
decreased the bacterial growth by log 4 demonstrates the
superiority of the biopolymer–metal oxide complex over the
coating containing a similar amount of ZnO NPs alone. This
enhanced antibacterial effect is partially due to the incorpora-
tion of ultra-small ZnO NPs (2.1 nm) in the composite coating. It
should be pointed out that our previous and current attempts to
reduce the ZnO particle size were not successful due to NP
aggregation. Particles no smaller than 30 nm were obtained by
varying sonochemical parameters such as temperature, soni-
cation time, concentration of Zn(Ac)2, and ultrasonic power. In
the current study, the use of CS assisted the formation of 2.1 nm
size ZnO particles. As a consequence of the ultra-small particle
size, ZnO coating of only 0.18 wt% efficiently killed bacteria.

Generally, ZnO displays a broad spectrum of antibacterial
activity through a number of mechanisms including the
production of reactive oxygen species and membrane
1974 | J. Mater. Chem. B, 2013, 1, 1968–1976
disruption.38,39 Taking into account the mechanism that
requires contact of ZnO with moisture, the hydrophilicity of CS
favors the moisture uptake unlike the hydrophobic ZnO.
Finally, enhanced biocompatibility of the CS–ZnO NPs in
comparison with ZnO could be also expected due to the reduced
water solubility of the CS–ZnO complex.
4 Conclusions

The current study presents a methodology for a one-step
deposition of an organic and a metal–organic compound with
intrinsic antibacterial properties on textiles. The sonochemical
technique proved to be a feasible approach for producing
organic NPs from soluble compounds without loss of antimi-
crobial properties. Physico-chemical methods of characteriza-
tion revealed the in situ sonochemical formation of a Zn–CS
complex that was subsequently deposited on the fabric surface
as NPs with a size of about 60 nm. The antibacterial perfor-
mance of the coated fabrics was tested against both Gram
positive (Enterococcus faecalis) and Gram negative (Escherichia
coli) bacteria species. The fabric coated with Zn–CS NPs showed
higher levels of antibacterial activity than CS coated cotton. The
existence of ultra-small ZnO NPs (less than 2.1 nm) might lead
to higher antibacterial activity. In addition, the Zn–CS coating is
not soluble in water and this is a clear advantage in various
applications where the stability of the coating is of utmost
importance.
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