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Chitosan, associated with cellulose fibers, can be used for elaborating sponge-like structures (membranes,
foams) for the binding of silver ions. The composite material has very promising antibacterial properties
versus Pseudomonas aeruginosa (Gram�)� Escherichia coli (Gram�) > Staphylococcus hominis (Gram+)
� Staphylococcus aureus (Gram+). The amount of silver required for bactericidal effect is quite low (below
0.1 mg per disk, this means less than 6 mg Ag g�1) in antibiogram-type test but also for the treatment of
water suspensions (in dynamic mode with water recycling). The presence of cellulose fibers improves the
efficiency of metal binding, due to chitosan dispersion and enhancement of the availability and accessi-
bility of amine groups. Silver nanoparticles (about 100 nm) were observed by scanning electron micros-
copy. The photo-reduction (exposure to sun light or UV lamp) leaded to the partial aggregation of silver
nanoparticles: metal ions that were released tended to aggregate at the surface of the material.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Chitosan is a biopolymer obtained by the deacetylation of chi-
tin, one of the most abundant polysaccharide in Nature (Scheme 1).
This aminopolysaccharide has found many applications in biomed-
ical field, including wound dressing [1,2], cartilage, bone, and nerve
repair [3]. One of the most interesting properties of chitin/chitosan
material for biomedical applications is attributed to the hemostatic
behavior of the biopolymer. Platelets are activated by chitin. In
addition, the activation of macrophages with chitin/chitosan in-
duces the controlled production of vascular endothelial growth
factor [4].

Chitosan has also interesting antimicrobial properties for
wound dressing applications [5] and for water disinfection [6].
The action of the chitosan depends on several characteristics such
as the degree of acetylation, in relation to the cationic behavior of
the polymer, the molecular weight, and its ability to bind/chelate
trace metals. The pKa of amino groups (which depends on the de-
gree of acetylation) is in the range 6.4–6.7 for most commercial
chitosan samples [7]. This makes the biopolymer efficient as a dis-
infecting agent only in acidic solutions (where amino groups are
ll rights reserved.

al).
protonated, making the polymer simultaneously active and solu-
ble). Four possibilities have been reported for improving this anti-
microbial effect: (a) preparing cationic water-soluble forms of
chitosan, (b) modifying chitosan by insertion of iodinated com-
pounds [8], (c) incorporating antibiotics in the conditioned chito-
san matrix [9], and (d) preparing metal–chitosan composites
[10]. Several metal ions were associated with chitosan for prepar-
ing antimicrobial supports: Ag+, Cu2+, Zn2+, Mn2+ [10]. These inter-
actions proceed through binding on amino groups of chitosan via
chelation or complexation mechanism [11]. However, the highest
efficiency in disinfection was observed with silver [10,12–15].
The efficiency of silver as an antimicrobial agent has been abun-
dantly discussed [16–26]. The broad-spectrum antimicrobial prop-
erties have already been reported in relation to biomedical
applications, water and air purification, food production, cosmet-
ics, clothing [22]. A great diversity of silver forms has been inves-
tigated: metallic silver nanoparticles, silver chloride particles,
silver-impregnated zeolite or activated carbon, polymer–silver
composites, bio-supports [19], such as cotton fabrics, textiles, cel-
lulose fibers, or polysaccharides [18,20,27,28]. In particular, chito-
san has retained a great attention [6,12–15,28–31]. These
materials were tested for antibacterial [32–34], antifungal [35–
37], and even antiviral effects [38,39]. The activity of the composite
materials strongly depends on silver particle size, shape, metal
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Scheme 1. Ideal structures of chitin (fully acetylated form, acetylglucosamine
monomer) and chitosan (fully deacetylated form, glucosamine monomer).
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environment (capping), solution pH, ionic strength, and presence
of ligands [22]. The support controls the stability of silver nanopar-
ticles as well its availability. Despite the huge number of papers
dealing with silver antimicrobial effects, the mechanisms involved
in the disinfection process are not fully understood. For example, in
the case of antibacterial effects, the main effect of silver is sup-
posed to be related to its release followed by (a) the uptake of free
silver ions, which, in turn contribute to disrupt ATP production and
DNA replication, (b) the generation of reactive oxygen species (by
either silver ions or silver nanoparticles), (c) and cell membrane
damage (by silver nanoparticles) [22]. However, there is a growing
attention paid to the negative effects of the release of silver nano-
particles that may cause cytological damages. The release of silver
is thus a great concern to be balanced between positive effect (dis-
infection efficiency) and negative impact (cell, organism viability).
The efficiency of the silver-support composite is thus controlled by
the stability of the interactions. In the solid state, the combination
of silver with chitosan dressing reveals very efficient as an antimi-
crobial (and hemostatic) support [30,31]. Travan et al. compared
the bactericidal and cytotoxic effects of a chitosan/alginate/silver
composite to those of silver nanoparticles stabilized by chitosan-
derivative (i.e., lactose-substituted chitosan) [28]. They show that
the 3D arrangement allows decreasing the cytotoxic effect that
can be observed with free silver nanoparticles. Indeed, the immo-
bilization of the nanoparticles in the gel matrix maintains the anti-
microbial activity (through a simple contact with the bacterial
membrane) while preventing the nanoparticles to be undertaken
and internalized by eukaryotic cells. This study confirmed the
importance of chitosan conditioning on the functionalities of the
biopolymer.

Chitosan is a very versatile material that can be readily modified
by chemical grafting of new functional groups. It is also physically
versatile. It is possible to modify the conditioning of the polymer
by dissolving in an acid solution before extruding or conditioning
the material under the form of gel beads [40,41], films, membranes
[42–44], fibers [45,46], hollow fibers [47–49], and 3D scaffolds
[50–53]. The porous properties of these materials are strongly
influenced by the drying process, and it was proved that original
porosity can be optimally maintained using a drying under super-
critical CO2 conditions [54,55].

The present study investigates the potential of chitosan-based
supports for the immobilization of silver and the ability of the
composite material for bacterial disinfection. The chitosan material
is conditioned under the form of foams; cellulose fibers were
added to reinforce the mechanical properties of the foams. The first
part of the study deals with silver binding (sorption isotherms for
different dosages of cellulose fibers). The characteristics of the
composite materials are evaluated in a second step using SEM–
EDAX (this part also includes the characterization of the foam un-
der traction which is followed using the SEM). The last part of the
work deals with the test of bactericidal effects. Two techniques
were used for characterizing the antimicrobial efficiency of the
composite materials: (a) antibiogram-type test (on a nutritive agar
plate), (b) filtration mode (liquid sample pumped through the
foam). The presence (and dosage) of cellulose fibers and the con-
centration of silver are the operative parameters considered for
optimizing the synthesis of antibacterial supports. The presence
of cellulose fiber is supposed to reinforce the mechanical proper-
ties of the materials and their shape stability (see Additional Mate-
rial Section). Though the use of silver for improving bactericidal
effect of chitosan has been previously investigated, the present
sponge-like material is tested for the first time as an antimicrobial
filtration system.
2. Material and methods

2.1. Material

Chitosan was supplied by Mahtani Chitosan Pvt., Ltd. (Veraval,
India). The deacetylation degree, determined by FT-IR spectrome-
try, was 97%. Taking into account the deacetylation degree, it
was possible calculating the mass of the equivalent repeating unit
of the biopolymer (i.e., 162.3 g mol�1). The viscosity measured by
Brookfield-type viscosimeter (LVT model, 1 g of chitosan in 99 g
of 1% w/w acetic acid solution) was in the range 500–2000 cPs. Cel-
lulose fibers were prepared from an Ahlstrom raw paper substrate
(Pont-Evêque, France) by dilacerations and rehydration. This is a
Roburflash-type paste prepared from resinous wood (long fibers)
and with poor refinery level (flash). All other reagents were analyt-
ical grade products supplied by Carlo Erba (France): The Ahlstrom
raw paper was cut in small pieces (more or less 5 � 2 mm in size),
before being dropped in water, and the suspension was dispersed
at high velocity (1000 rpm) for 1 h. The dispersed suspension
was then submitted for 15 min to IKA Ultra Turrax T-25 (about
15,000 rpm). The excess of water was removed (the percentage
of dry material was determined in parallel, for the determination
of appropriate amounts of cellulose fibers in the final composite
materials). The dilacerations process resulted in dispersed fibrillary
material. Ethanol, methanol, acetic acid (80% w/v), nitric acid (65%,
w/v) and silver nitrate (0.1 M solution) were supplied by Carlo Erba
(France) as reagent grade products.

Four bacteria were tested for antibacterial effects: Escherichia
coli BL21 (contaminant) obtained from Dr. Siatka (Ecole de l’ADN,
D.N.A. school, France), Staphylococcus hominis (contaminant), Pseu-
domonas aeruginosa (pathogen) and Staphylococcus aureus (patho-
gen) obtained from Dr. Lavigne (CHU de Nîmes, University
Hospital Center of Nîmes, France).
2.2. Synthesis of bactericidal supports

2.2.1. Chitosan-based supports
The biopolymers (chitosan and cellulose fibers) were pre-hy-

drated before use by agitation in water overnight. Chitosan parti-
cles were dissolved by adding acetic acid at the appropriate
concentration (in most cases 1 g of acetic acid per gram of chito-
san) in the suspension (containing cellulose fibers, at the appropri-
ate concentration/percentage; the percentages are calculated on
the basis of total mass of suspension). After complete dissolution
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of the chitosan, the solution was degassed using a vacuum pump
for 15 min, and the solution was left to stand for 2 h.

Different molds were used to prepare three different condition-
ings of composite foams: (a) rectangular plate (117 � 90 �
15 mm3) for plane membranes (to prepare stripes), (b) 12 wells-
plate (Ø: 22 mm; height: 22 mm) for disks, and (c) perforated plate
(holes: Ø: 10 mm; height: 10 mm) for cylindrical foams. The molds
were lubricated with silicone oil before adding the viscous com-
posite biopolymer suspension.

Suspension-loaded molds were stored for 1 h in a �80 �C free-
zer. Frozen materials were freeze-dried overnight. Dried supports
were removed from molds and then coagulated in an ethanol/
ammonia mixture. An appropriate amount of a 25% ammonia solu-
tion (adjusted in function of the amount of support to be coagu-
lated on the basis of acid–base characteristics) was added to
200 mL of ethanol. The reaction took place under reflux for 1 h at
the temperature of 80 �C. The supports were rinsed several times
with ethanol to remove ammonia and finally dried overnight at
50 �C.

2.2.2. Silver sorption
For sorption isotherms, dried disks (weighted, m, in g) were

mixed under agitation, in the dark, with a fixed volume (V; i.e.,
2 mL) of silver nitrate solution at different concentrations (C0,
mg Ag L�1, in the range 0–3 g L�1) without controlling the pH of
the solution. The molar ratios of chitosan/silver were close to 1/
1, 1/0.8, 1.0.6, 1/0.4, 1/0.2, 1/0.1, 1/0.05, 1/0.025, 1/0.01, 1/0.005,
1/0.0025, and 1/ 0.00125 (Table 1) to cover a wide range of silver
concentration (for detecting the impact of impregnation level on
disinfection effect). After 24 h of agitation, a sample was collected
for analysis using a Jobin–Yvon (Longjumeau, France) Activa-M
ICP-AES (inductively-coupled plasma atomic emission spectrome-
ter). The residual metal concentration (Ceq, mg Ag L�1) was used
for determining the sorption capacity (q, mg Ag g�1 disk and
mg Ag g�1 chitosan) by the mass balance equation (q = (C0 � Ceq)-
V/m). The silver-impregnated disks were then rinsed with demin-
eralized water to remove non-sorbed metal ions. The stability of
silver on the support was tested by contact of silver/biopolymer
composite with a water solution, and the amount of silver released
after 3 days of contact was measured by ICP-AES: this was under
detection limits.

For other composite shapes, the same procedure was used for
impregnating silver on membranes and cylindrical foams. The
mass balance equation was used for evaluating the amount of me-
tal bound to the polymer support.
Table 1
Amount (mg) of silver immobilized on disks (about 18 mg) tested for antibiogram-
type study of bactericidal effect.

No. Chitosan/silver mass ratioa Disk reference

S7 S8 S9 S12
Chitosan (%) 1 0.5 0.75 0.5
Cell. fiber (%) 0.75 1 1 –

1 1/1 2.38 1.82 1.51 0.75
2 1/0.8 2.24 1.38 1.58 0.68
3 1/0.6 2.37 1.24 1.56 0.78
4 1/0.4 2.35 1.01 1.38 0.72
5 1/0.2 1.61 0.79 1.13 0.64
6 1/0.1 0.89 0.4 0.64 0.39
7 1/0.05 0.45 0.2 0.33 0.20
8 1/0.025 0.22 0.11 0.17 0.10
9 1/0.01 0.09 0.05 0.07 0.04

10 1/0.005 0.05 0.02 0.04 0.02
11 1/0.0025 0.02 0.01 0.02 0.01
12 1/0.00125 0.01 0.01 0.01 0.01

a In the silver impregnating bath.
Being silver very sensitive to light exposure, the experiments
were performed in the dark. However, the precautions could not
be sufficient to prevent a partial reduction of the metal, especially
during the testing of bactericidal properties. When required, the
silver has been reduced by irradiation for 1 h under an UV-
365 nm lamp (12 � 2 W).

2.3. Support characterization

SEM-EDX analysis was performed on the plane membranes for
observation of foam morphology and identification of metal spe-
cies on specific areas of the foam. The dry sorbent was analyzed
using an Environmental Scanning Electron Microscope (ESEM)
Quanta FEG 200, equipped with an OXFORD Inca 350 Energy Dis-
persive X-ray microanalysis (EDX) system. Standard conditions
for ESEM observations were set to Voltage 15 kV; Pressure
0.75 Torr, and room temperature.

A pycnometer was used to roughly evaluate the free volume of
cylindrical foams; the void volume was close to 90%, using alcohol
as the filling liquid to limit the swelling of the biopolymer. The sus-
pension was passed under ultrasonic treatment for 10 min before
filling the pycnometer in order to facilitate solvent diffusion.

2.4. Test of antibacterial properties

2.4.1. Petri plate inoculation
The test was carried out through the antibiogram method on

agar plates. Petri dishes were prepared using a LB agar medium
(composed of 10 g L�1 NaCl, 10 g L�1 tryptone, 5 g L�1 yeast extract
and 15 g L�1 agar). A bacterial suspension (volume: 5 mL; initial
colony-forming units, CFU: 3 � 105 bacteria mL�1) was spread on
the nutritive agar plate. The excess of water suspension was re-
moved, and the agar plate was left to stand for 15 min. The dry
disks (containing increasing amounts of silver, Table 1) were rehy-
drated with 100 lL of autoclaved demineralized water and dis-
posed on the inoculated Petri dishes. The Petri dishes were
incubated at 37 �C. After 24 h, the Petri dishes were photographed,
the disks were removed, and the Petri dishes were then incubated
for another 24 h-period to evaluate the type of antibacterial effect.
In case of bactericidal effect, the microorganism should not grow
again, while in the case of bacteriostatic effect, the bacteria can
grow up again when the disk is removed.

The antibacterial effect is measured by comparison of the exclu-
sion zone around the silver–biopolymer composite disk for the dif-
ferent supports: the comparison is based on the ratio of surface
area exclusion zone/disk surfaces.

2.4.2. Dynamic system
In this case, the composite is used under the form of cylindrical

foams inserted in a column. In order to improve the mechanical
stability of the foams, they were prepared using a 1% chitosan con-
centration/1% cellulose fibers mixture (w/w). The amount of silver
immobilized on the foam was varied. The E. coli bacterial suspen-
sion (volume: 100 mL; CFU: 3 � 108 bacteria mL�1 in 9‰ NaCl
solution) was re-circulated through the column at different flow
rates. At different times (first 20 drops for initial time, 1 h, 2 h,
3 h, 4 h, 5 h 30 min and 7 h), 100 lL of the suspension was col-
lected and diluted in cascade by one order of magnitude (from
10�1 to 10�5) and spread out with a rake on a nutritive agar plate.
The inoculated agar plates were returned on the back and incu-
bated for 24 h at 37 �C. The enumeration was then operated to
evaluate the log abatement of bacteria. Experiments were dupli-
cated and showed a deviation lower than 10%. Data will be
exploited in function of (a) the operating time to evaluate the effi-
ciency of the process and (b) the mean residence time (which rep-
resents the cumulative time of contact of the suspension with the
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support, taking into account the average number of recirculation of
the solution through the foam, the flow rate and the vacuum frac-
tion in the operatory volume of the foam). Samples of the suspen-
sion were collected at the end of the experience and analyzed by
ICP-AES to evaluate possible Ag release (which remained below
detection limits).
3. Results and discussion

3.1. Effect of cellulose fibers on the morphology of composite materials

The introduction of cellulose fibers (CF) in the composite allows
changing the properties of the material in terms of both mechani-
cal aspects (see below), but also morphology terms. During the
drying of the materials, there is a collapse of the polymer structure
that causes a decrease in the size of the stripes (see Fig. AM2 in the
Additional Material Section). The cellulose fibers prevent the size
restriction, especially when CF and chitosan loads reach the same
level. The cellulose fibers act as a reinforcing structure that par-
tially prevents the collapse of the chitosan network. In addition,
the incorporation of CF prevents the deformation of the stripes that
remain plane at the highest CF load. The incorporation of CF in-
creases the relative opacity of the material (see Fig. AM3 in the
Additional Material Section). The introduction of CF also contrib-
utes to decrease the electrostatic effect of pure chitosan (see
Fig. AM4 in the Additional Material Section).
Porous chitosan
membrane (S4)

Porous chitosan
membrane (S10)

Cellulose fi

(a)

(c)

Fig. 1. SEM photograph of different lots of chitosan/cellulose fiber composites (scale ba
3.1.1. SEM observations and SEM-EDX analysis
The incorporation of CF allows reorganizing the biopolymer

network. Increasing the proportion of CF tends to qualitatively in-
crease the opening the structure of the composite material (Fig. 1);
the true porosity was not measured (preliminary measurements
using BET-surface analysis were not conclusive due to the large
porosity of the material).

The presence of the fibers may prevent the aggregation of the
polymer chains during the drying step. The fibers of cellulose do
not appear to be really embedded in the biopolymer matrix but
seem to contribute to the dispersion of the biopolymer chains. It
is noteworthy that the fibers were not homogeneously distributed.

The SEM-EDX analysis allows identifying the main elements
present at the surface (micron-scale depth) of the samples in a
fixed area (delimited Specter i in Fig. 2).

The first panel shows the microanalysis and the SEM photo-
graph of the composite S4 (C1%/CF0.5%)): the main elements are
those constitutive of chitosan and cellulose (i.e., C, O and N). Addi-
tionally, the SEM-EDX analysis detects the presence of Si element.
The presence of traces of Si element can probably be explained by
the silicone oil that was used to impregnate the molds (for facilitat-
ing the removal of foams) and that was insufficiently washed off.
The second panel shows the same analysis for the sample S10
(C1%/CF1%) after Ag sorption (but without metal reduction). The
sorption of the metal is appearing with small dots at the surface
of the membrane on the SEM photograph. The SEM-EDX analysis
Porous chitosan
membrane (S7)

Porous chitosan
membrane (S10)

(Phase contrast image)

ber

(b)

(d)

r: (a–c): 500 lm; (d): 100 lm) (S4: C1%/CF0.5%; S7: C1%/CF0.75%; S10: C1%/CF1%).



Porous chitosan
membrane (S4)

Porous chitosan
membrane (S10)
+ Ag (not reduced)

Porous chitosan
membrane (S10)
+ Ag (reduced)

Fig. 2. SEM-EDX analyses of porous chitosan membranes at different stages of the synthesis of the silver/chitosan composite (S4: C1%/CF0.5%; S10: C1%/CF1%).
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shows the presence of silver and some traces of chloride ions that
remain debatable since chloride ions were not introduced in the
synthesis procedure. Additionally, Cl element is superimposed
with the Ag element for some rays. The last panel shows the same
type of material after metal reduction.
This sample was reduced after being used for an antibacterial
test (on a Petri dish): this may explain the presence of higher sig-
nals for Cl element and by the appearance of Na element (indeed,
NaCl was present in the nutritive agar plate); this can be a fist
explanation for the formation of large aggregates. Indeed, it is
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noteworthy that silver is present under two morphological forms
on the membrane (SEM photographs): small circular particles
(from about 0.1 to 1 lm) and larger square particles (about
3 lm). The analysis of the square particles (see Fig. AM5 in the
Additional Material Section) shows much higher bands for silver
that confirm that these large crystals are silver compounds (though
the area for analysis usually covers a broad space in width and
height, this is sufficient here to confirm the identification). The
reduction of silver by photo-irradiation may contribute to the for-
mation of nanoparticle aggregates. During silver adsorption, the
metal binding occurs through direct interaction of the metal with
individual reactive groups (i.e., amine groups) without interactions
between adjacently bound silver atoms. After being used and/or
being reduced, there was a partial mobility of silver ions that can
further aggregate (especially in the presence of chloride ions) to
form these ‘‘organized’’ structures. Actually, the formation of these
aggregates can be explained by either the photo-reduction effect or
the migration/precipitation of silver in the presence of chloride an-
ions. Similar observations were obtained with other composite
membranes, and they are not reported.

3.1.2. Silver sorption
Silver sorption isotherms were established for different lots of

composite materials and compared with pure chitosan support
(Fig. 3). All the curves present a similar shape: (a) an initial sharp
increase in the sorption capacity at low metal concentration fol-
lowed by a saturation plateau. This shape is typical of Langmuir-
type sorption isotherms. The experimental data can be modeled
using the Langmuir equation:
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Fig. 3. Ag(I) sorption isotherms for different lots of composite chitosan/cellulose
fibers disks (sorption capacity in function of disk mass: top figure; in function of
chitosan mass: down figure) (S7: C1%/CF0.75%; S8: C0.5%/CF1%; S9: C0.75%/CF1%;
S15: C1%/CF0.25%).
q ¼ qmbCeq

1þ bCeq
ð1aÞ

where qm (maximum sorption capacity at monolayer saturation;
mg Ag g�1 or mmol Ag g�1) and b (affinity coefficient; L mg�1 or
L mmol�1) are the parameters of the Langmuir equation. The
parameters of the Langmuir equation were calculated using the lin-
earized form:

Ceq=q ¼ ð1=ðqmbÞÞ þ ðCeq=qmÞ ð1bÞ

Table 2 reports the parameters (of the Langmuir equation) for the
different materials with sorption capacities reported in function of
total mass of the disks and in function of chitosan mass in each disk
series. Great differences are observed on sorption isotherms when
the capacities are given in function of the total mass of the disks:
from 75 mg Ag g�1 for S8 (C0.5%/CF1%) and S9 (C0.75%/CF1%) up
to 120–150 mg Ag g�1 for 1% chitosan (with variable content of
CF). Free cellulose fibers were also tested, and the sorption of silver
was negligible (below 5 mg Ag g�1): this means that the incorpora-
tion of CF in chitosan will directly impact the sorption capacity of
the composite. However, the differences induced by the CF are
not proportional to their fraction in the composite. Actually, the
variation in the maximum sorption capacity is less than 15%, de-
spite the fractions as high as 40% (of total mass). For this reason,
the second panel of Fig. 3 reports the sorption isotherms as a func-
tion of chitosan amount. For composite materials, the sorption iso-
therms are very close and the relative proportion of CF/chitosan
hardly affected sorption capacity: the maximum sorption capacity
was close to 220 mg Ag g�1 chitosan (±10%). This is much higher
than the levels reached with pure chitosan (i.e., about
140 mg Ag g�1 chitosan). This means that the incorporation of CF
substantially improves the binding efficiency of chitosan. The cellu-
lose fibers contribute to disperse the polymer chains that are more
accessible and available for metal binding. In the absence of cellu-
lose fibers, some interactions may exist between the different
chains of the biopolymer (inter- and intra-chains) that contribute
to decreasing the availability of reactive groups [56]. In order to
confirm this interpretation, the maximum sorption capacity (in mo-
lar units) was compared for the different materials with their chito-
san content (also on the basis of molar units of free amine groups).
While for composite materials, the molar ratio was closed to
2.5 mol –NH2/mole Ag in the case of free chitosan, it was close to
4 (see Fig. AM6 in the Additional Material Section). The calculation
of the molar ratio –NH2/Ag was based on the determination of the
mass of the equivalent monomer unit of chitosan taking into ac-
count the deacetylation degree (i.e., 162.3 g mol�1, see Additional
Material Section). This confirms that the incorporation of CF im-
proves the efficiency in the use of free amine groups probably by
a greater dispersion of biopolymer chains. The crystallinity of the
material, the interactions between the polymer chains, the condi-
tioning of chitosan may impact the hydration of the polymer, which
in turn influences the accessibility to reactive groups, and their
availability for interacting with metal ions [56–58].

3.1.3. Antibiogram-type test
The inoculation of nutritive agar plates with selected bacterial

strains followed by the disposal of composite silver disks allows
inhibiting cell growth not only on the disk area but also on a
peripheral zone, the exclusion zone (Fig. 4). In this figure (corre-
sponding to E. coli inoculation and sample S8: C0.5%/CF1%), the ef-
fect of silver content on the composite material can be evaluated
taking into account bacteria growth on the nutritive agar plate.
The main criterion is the formation of the exclusion zone around
the disk. Similar experiments were performed with silver-free
disks (and silver-free cellulose fibers bands): in the absence of sil-
ver, no exclusion area was observed (Fig. AM7, see Additional



Table 2
Ag(I) sorption isotherms for different chitosan/cellulose fibers composites – parameters of the Langmuir equation.

Material Support composition Langmuir parameters

Chitosan (%) Cellulose fibers (%) qm (mg Ag g�1 disk) qm (mg Ag g�1 chitosan) b � 103 (L mg�1) R2

S7 1 1 135.3 ± 2.2 243.5 ± 4.0 7.0 ± 1.2 0.997
S8 0.5 1 77.8 ± 4.0 233.4 ± 11.9 8.4 ± 3.0 0.975
S9 0.75 1 86.1 ± 1.4 212.5 ± 3.4 8.8 ± 1.5 0.998
S15 1 0.25 169.1 ± 4.2 219.8 ± 5.4 14.2 ± 3.3 0.996
Chitosan 1 0 147.7 ± 3.6 147.7 ± 3.6 13.0 ± 3.3 0.994

(1)

(2)

(3)

(4)(5)

(6)
(7)

(8)

(9)

(10)(11)

(12)

S8

Fig. 4. Antibiogram-type results for E. coli (0.5% chitosan/1% cellulose fiber, reference sample S8 (C0.5%/CF1%); 1–12: decreasing amounts of silver – Table 2).
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Fig. 5. Influence of silver loading on the antibacterial effect (SAR) of Ag/chitosan/
cellulose fiber composites against E. coli and S. hominis for different supports (S7:
C1%/CF0.75%; S8: C0.5%/CF1%; S9: C0.75%/CF1%; S12: C0.5%/CF0%).
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Material Section). But, it is noteworthy that the no bacterial devel-
opment was observed under the disks. The antibacterial effect of
chitosan and cellulose fibers (without silver sorption) was shown
by the absence of growth after removing the disks from the plate.
The absence of growth for chitosan-based composites (after being
re-incubated) shows that the biopolymer has an antibacterial ef-
fect (and not a bacteriostatic effect as in the case of growing
bacteria).

For the samples 1–7 (this means a silver content in the range
0.2–1.82 mg per disk, Table 1 in the Additional Material Section),
the exclusion zone hardly varied with silver content, for lower
Ag-content, the exclusion zone tended to decrease and to become
negligible. Similar studies were performed with different
composites (samples S7 (C1%/CF0.75%), S9 (C0.75%/CF1%) and S12
(C0.5%/CF0%)) and with different bacterial strains (S. hominis, S.
aureus and P. aeruginosa). Fig. 5 compares for both E. coli and S.
hominis the evolution of the exclusion zone (as the surface area ra-
tio between the exclusion zone and the surface area of the disk
used for given experiments). For E. coli, the surface area ratio
(SAR) increased with the amount of silver immobilized on the disk.
When the amount of silver exceeds 0.4–0.6 mg (per disk), the effi-
ciency of the antibacterial effect no more increased and tended to
stabilize. For S. hominis, the SAR also increased with metal content;
however, for most of the tested samples, the SAR slowly increased
even above 0.4–0.6 mg Ag-content contrary to E. coli (for which,
there was a stabilization of the bactericidal effect). In addition, it
is possible to observe that the surface area for the exclusion zone
was systematically lower for S. hominis than for E. coli. The size
of the exclusion zone was systematically higher for disks made
of pure chitosan than those of the composite materials. The size
of chitosan disks was much lower than that of chitosan/CF because
the presence of cellulose fibers increases the mechanical stability
of the disks and limits the collapse of the porous structure. This
means also that the active surface surrounding the disk
(corresponding to silver action) represents in proportion a
greater fraction of the disk surface than with composite materi-
als. This is probably one of the reasons that can explain the
higher SAR.
In the case of S. aureus (pathogenic bacteria), the exclusion area
surrounding the disk was much thinner than for E. coli and S. hom-
inis. Additionally, the amount of silver required slightly increased
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compared to other strains. This means that S. aureus was probably
less sensitive to silver nanoparticle than the other bacteria. The
case of P. aeruginosa (pathogen bacteria) is substantially different.
Indeed, Fig. AM8 (see Additional Material Section) shows that a
very large exclusion zone appears around the disks. In the case of
the higher silver charges (samples 1–5; i.e., 0.8–1.8 mg per disk),
only a very limited central area was colonized.

The exclusion area was much larger than those found with
E. coli, and S. aureus. In addition, the amount of silver needed for
detecting an appreciable limitation of bacteria growth (i.e., about
0.1 mg) is lower than for E. coli, for example. P. aeruginosa appears
to be significantly more sensitive to silver than other bacteria
strains.

The comparison of antibiogram tests for sample S8 (C0.5%/
CF1%) (Fig. 6) shows that the efficiency of the silver composites fol-
lows the series:
P: aeruginosa ðGram�Þ � E: coli ðGram�Þ > S: hominis ðGramþÞ
� S: aureus ðGramþÞ:
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The bactericidal effect of the composite disk can be correlated to the
minimum inhibitory concentration (MIC) of silver for these differ-
ent strains.

The mechanism of silver ion (Ag+) action may be attributed to
the sorption of silver ions on biological molecules inside the bacte-
rial cells: they bind on dithioketal moieties of the cellular proteins
and enzymes [22]. They also replace metal ions in enzyme pros-
thetic groups causing the disruption of the enzyme structure and
the inhibition of its proper functions. They can also bind to natural
DNA. The Ag–DNA complexes displace hydrogen bonds between
adjacent nitrogen of purines and pyrimidines causing the denatur-
ation of DNA and RNA and preventing replication. Additionally, sil-
ver nanoparticles, when released from the support (or directly
present in the suspension, depending on the mode of administra-
tion of the antibacterial agent), may contribute to generate reactive
oxygen species but also to directly damage the cell wall [22].

The exclusion zone observed on the antibiogram tests could
indicate that a fraction of silver was released from the disks, due
to the affinity of silver for agar plate and the presence of salt in
the gelose, the metal was mobilized and migrated at the surface
of the plate. In the case of dynamic tests (see below), the effect
of possible silver release is minimized by the recirculation of the
solution and the great affinity of silver for chitosan (metal binding
to amine groups of chitosan by chelation). This could explain that
the concentration of silver in the solution remains negligible.
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Fig. 6. Influence of silver loading on the antibacterial effect (SAR) of Ag/chitosan/
cellulose fiber composites against E. coli, S. hominis, S. aureus, and P. aeruginosa
(sample: S8: C0.5%/CF1%).
The state of silver on the disks was not fully characterized.
Though the synthesis was as far as possible performed in the dark
to prevent the reduction of silver ions, it is not possible to reject
the hypothesis of, at least, a partial reduction of the metal. Comple-
mentary experiments were performed with composite materials
that were subjected to photo-reduction. The treatment was fol-
lowed by a darkening of the disks that proves the reduction in
the metal. Antibacterial tests were performed using the same
experimental procedure on reduced-Ag disks (those containing
the lowest amounts of silver, that is, samples S7–S12, see Table 1).
It was not possible detecting significant differences in the antibac-
terial efficiency after silver was photo-reduced (see an example in
Fig. AM9, in the Additional Material Section). This section shows
that the oxidation state of silver (reduced or not) on the composite
materials had a little effect on their antibacterial property.
3.1.4. Antibacterial effect in column system
In order to verify the bactericidal effect of chitosan–silver com-

posite materials in a different mode of application, complementary
tests were performed in liquid systems using the composite mate-
rial under the form of cylindrical foams immobilized in a column.
The bacterial suspension (E. coli in 9‰ NaCl solution) was pumped
up-flow through the loaded column. The solution was recycled,
and samples were regularly collected for colony counting on a LB
nutritive agar plate. The foams were prepared with the composi-
tion corresponding to sample S10 (C1%/CF1%) loaded with 3.1 mg
of silver (mass of the foam: 17 mg; apparent volume: 0.265 mL;
void percentage: 90%). The flow rate was varied between
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Fig. 7. Antibacterial effect in dynamic mode using composite Ag/chitosan/cellulose
fibers foams – influence of flow rate on the abatement of E. coli colony number
(CFU/mL): plots in function of time and mean residence time (S10: C1%/CF1%; mass
of foam: 17 mg; silver amount 3.1 mg).
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126 mL h�1 and 648 mL h�1. This corresponds to mean residence
times (in a single cycle) between 1.3 and 7 s. The cumulative resi-
dence time will be calculated as the mean residence time (at fixed
flow rate) multiplied by the number of cycles (total volume of the
suspension divided by the flow rate reported to operating time)
through the foam for target contact time. The colony-forming units
per mL (CFU) were plotted in function of time and mean residence
time (i.e., cumulative residence time) in Fig. 7. The figure shows
that (a) the flow rate had a limited impact on the abatement of bac-
terial population; (b) it is possible to reach a 7/8-log abatement of
the population within 4–6 h of operating time. Logically, increasing
the flow rate required a greater number of cycles to reach the tar-
get level of bacteria abatement because it decreases the time
passed in the foam (Fig. AM10, Additional Material Section). The
number of cycles varied between 8 and 32 with increasing flow
rate. The cumulative residence time required for complete disin-
fection varied between 40 and 55 s. On the second panel of
Fig. 7, it appears that the impact of flow rate is limited when the
bacteria abatement is plotted versus cumulative residence time:
an effective contact time of 1 min reveals sufficient to reach the
target abatement. It is noteworthy that all the curves begin with
a lag-phase corresponding to about 10 min for which the bacteria
abatement was limited to one log-unit.

This lag-phase can probably be explained by the huge porosity
of the foam (several dozens of micrometer favorable for water per-
meation) that makes the formation of preferential channels. As a
consequence, the bacteria cells may pass through the foam without
being in contact with silver nanoparticles. Several passes may be
necessary for making detectable inactivation of the bacterial load.

Complementary experiments were performed with the same
support changing silver loading: the amount of silver bound to
the support was decreased to 0.2 and 0.1 mg (Fig. 8). The figure
clearly shows that even at the lowest silver loading (i.e., 0.1 mg),
the bacteria abatement was comparable to the levels reached with
a charge of 3.1 mg (for 17 mg of chitosan/CF composite foam. Sim-
ilar profiles were observed when plotting bacteria abatement in
function of operating time and number of cycles (not shown).
4. Conclusion

The immobilization of silver on chitosan foams allows manufac-
turing very efficient antibacterial supports that were demonstrated
on both antibiogram-type tests (on nutritive agar plates) and in dy-
namic tests (aqueous suspension). The amount of silver to be
immobilized is quite low (as low as 6 mg Ag g�1 on foams) for
achieving a 7/8-log abatement level on E. coli. In antibiogram-type
tests, the efficiency of the composite material was also demon-
strated on other bacteria such as P. aeruginosa, S. hominis and to
a lesser extent to S. aureus. The inclusion of cellulose fibers in the
composite material brings interesting mechanical properties pre-
venting the collapse of the structure of the conditioned polymer
(size, morphology). Additionally, the presence of cellulose fibers
enhances the dispersion of the biopolymer and the sorption prop-
erties of the composite chitosan/cellulose fibers for silver are sig-
nificantly improved (when compared on the basis of chitosan
amount) since the amine groups become more accessible and/or
available. The release of silver from the support was not detected
in the suspension (below detection limits) though it cannot be re-
jected: this can be explained by the affinity of silver for chitosan
(metal chelation). The oxidation state of the metal (and more gen-
erally the metal speciation) is a key parameter for the understand-
ing of the mechanisms involved in the antibacterial effect of these
materials (and the evaluation of their efficiency). Appropriate ana-
lytical tools (such as XPS) were not available for the determination
of the oxidation state of silver at the different stages of the use of
these materials. However, as previously indicated, the UV irradia-
tion of the antimicrobial supports (using an UV lamp) changed
the color of the disks (darkened, as en evidence of metal reduction
at the surface of the biopolymer) without changing the antimicro-
bial activity.

The combination of hemostatic properties of chitosan and its
sorption properties (for Ag(I)) allows synthesizing a very promising
support for biomedical applications (providing the release of silver
ions or silver nanoparticles could be prevented or controlled).
However, the conditioning of the support under the form of very-
opened foams opens also the route for applications in the field of
water disinfection in crisis environment (securing water supply).
The potential of these materials will be evaluated in the future
for long-lasting use in order to better define the application field
of these materials.
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