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ABSTRACT: The dielectric and biological properties of chitosan (CTS)-based nanocomposites were analyzed by dielectric spectroscopy,

and antibacterial and antifungal assays. Carbon nanotubes (CNT) and CNT decorated with silver nanoparticles (AgnP) were incorpo-

rated into a CTS matrix at different concentrations to obtain bionanocomposite thin films. The conductivity of pristine CTS is con-

siderably enhanced, by six orders of magnitude, with the inclusion of CNT; however, with the addition of CNT decorated with AgnP

it only increases by two orders of magnitude because of strong chemical interactions between the CNT and AgnP that also affect the

antibacterial activity of the composite. The percolation threshold in the CTS/CNT composites is ca. 1.3 wt %, while in CTS/CNT-

AgnP composites the strong CNT-AgnP chemical interactions give a percolation threshold of ca. 2.2 wt % of CNT-AgnP. In both

cases, DC conductivity exhibits a three-dimensional hopping conductivity, and the r- and a-relaxation processes are disclosed in

agreement with the pristine CTS relaxation processes previously reported; however, these two relaxations vanish in the vicinity of the

saturation concentration. Finally, the antifungal activity of the CTS/CNT-AgnP composites is comparable with the activity of other

composites, while their antibacterial activity seems to be competitive with respect to commercial antibiotics, indicating the effective-

ness of these composites in potential hygienic applications. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40214.
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INTRODUCTION

Polymer nanocomposites are an important class of materials

that have numerous applications in a number of different

industrial sectors, which is why they have been extensively stud-

ied in recent decades. Organic/inorganic nanocomposites, spe-

cifically bionanocomposites, represent an emerging group of

nanostructured hybrid materials. Bionanocomposites are formed

by the combination of natural polymers with organic and/or

inorganic solids; they show at least one dimension on the nano-

meter scale. The use of bionanocomposites has been preferred

because most of the synthetic polymers are not biocompatible,

so natural polymers such as polysaccharides are ideal compo-

nents in this type of composite material. A very attractive bion-

anocomposite is formed by chitosan (CTS) and carbon

nanotubes (CNT); this combination is not new, and it has been

studied for biosensor modification1,2 or with a focus on its

preparation, structural characterization and mechanical proper-

ties3–9; however, to our knowledge, there has been only one

study on the dielectric properties of this composite.10 Recently,

CNT have been decorated with silver nanoparticles (AgnP) to

enhance their electrical conductivity11,12 so that they can be

subsequently combined with polymers to fabricate electrically

conductive polymer composites with antibacterial activity.11,13

CTS films doped with CNT decorated with AgnP have been

developed, representing an improved material for biosensor

applications.14 To the best of our knowledge, the latter is the

only study regarding this combination; neither a detailed char-

acterization about its dielectric properties nor a comparison

VC 2013 Wiley Periodicals, Inc.

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.4021440214 (1 of 13)

http://www.materialsviews.com/


with CTS/CNT composites without silver decoration have been

studied. Thus, the dielectric characterization of this composite

is a promising topic of investigation, and it will help us under-

stand some specific behaviors and differences between the two

combinations.

In polymer nanocomposites, a complete description of the

internal structural details of the conducting medium is

extremely difficult due to the complex nature of the composite.

The electrical conductivity depends on the microscopic and

macroscopic states of the composites and gives information on

the interaction of individual components inside composite

material systems. Determining the electrical properties of a

material is one of the most convenient and sensitive methods

for studying polymer structures,15 and knowledge of the dielec-

tric relaxation processes in bionanocomposites is very important

for their applications in different fields and for optimizing the

processing parameters.

Several polymer-based composites have been investigated for

their antibacterial activity. Campoccia et al.16 reported numer-

ous classes of antibacterial polymers as a function of the

anti-adhesive polymer coating: poly(ethylene oxide) (PEO),

poly(ethylene glycol) (PEG), or polyacrylamide, and polymers

with intrinsic antibacterial properties, i.e., CTS derivatives and

polycationic polymers such as arginine or bioactive glass materi-

als and alloys containing antibacterial metals. In addition, they

reported a list of nonantibiotic antimicrobial drugs associated

with different biomaterials that have been used as delivery sys-

tems for a given substance, for example, metallic nanoparticles,

peptides and functionalized polyanilines (fPANI). In this way,

Gizdavic-Nikolaidis et al.17 investigated the antimicrobial prop-

erties of conductive fPANI by exploring their interactions with

bacterial cells, and Gizdavic-Nikolaidis et al.18 suggested that

the length of the polymer chain could also contribute to the

antibacterial activity. As can be observed, polymer-based com-

posites with biological activity are currently of great interest

because of their potential uses in different applications were

hygiene is a key factor.

The antibacterial and antifungal activities of CTS and CTS-

based composites are well known, and more recently, Gonzalez-

Campos et al.19 proposed a method that correlates electrical

properties to antibacterial activity. They found that the percola-

tion threshold concentration of this composite correlates well

with the maximum of bactericide activity, and therefore, the

percolation effect might help to explain the observed maximum

bactericide activity of CTS/AgnP composites. It also seems that

the mechanism by which CTS exerts some of its effects on the

anionic cell membranes resembles the mechanism of other

potential antibacterial conducting polymers such as (fPANI).17

Because of the results described above, the aim of this work is

to investigate the dielectric relaxation properties of the CTS/

CNT and CTS/CNT-AgnP biocomposites to gain a better under-

standing of the nature of their molecular dynamics and their

dielectric properties. Additionally, the antibacterial and antifun-

gal activity of both combinations was evaluated to examine if

there is a relationship between the electrical properties and the

biological activity of these composites.

MATERIALS AND METHODS

CNTs were synthesized by the spray pyrolysis process; a vycor

tube was attached to a pneumatic device used as a solution

atomizer. The overall tube dimensions were 0.9 cm internal

diameter and 23-cm length. A cylindrical furnace (Barnstead,

Thermolyne 1200, California) equipped with a high precision

temperature controller (61 K) was used to achieve the desired

reaction temperature. a-Pinene (Aldrich, 98.00%) was used as

the carbon source. For the synthesis, 25 mL of the selected car-

bon feedstock and 1.00 g of ferrocene (Aldrich, 98.00%) were

placed in a glass container and carried through the pneumatic

device with Argon (99.99%, Praxair) at an 83.33 cm3/s flow rate

for 30 min at 800�C. The multiwalled carbon nanotube

(MWCNT) films produced during each reaction at the inner

surface of the vycor tubing were removed from the vycor sub-

strate to be purified and functionalized by a conventional acid

treatment to achieve their dispersion in water. Silver nanopar-

ticles were supported on the MWCNTs by the microwave

method. Silver nitride (Aldrich, 99.99%) was used as a metal

source; dioctyl sodium sulfosuccinate (AOT) was used as a sur-

factant, and NaBH4 was the reducing agent. The microwave

method was performed in a Synthos 3000 microwave reactor

(Anton-Parr) at 120�C for 15 min. The produced MWCNTs

and composites were characterized by HRTEM, Raman spec-

troscopy and thermogravimetric analysis (TGA).

The TEM micrographs were obtained using a Philips CM-200

analytical (TEM) operating at 200 kV. The TEM specimens

were prepared by dispersing them in acetone and sonicating for

2 min. A drop of the suspension was placed on a perforated

carbon coated Cu grid and allowed to dry. Raman spectroscopy

was performed using a Labram system model Dilor micro-

Raman equipped with a 20 mW He-Ne laser emitting at 632.8

nm and a holographic notch filter made by Kaiser Optical Sys-

tems, Inc. (model supertNotch-Plus) with a 256 3 1024-pixel

charge-coupled device (CCD) used as the detector. All measure-

ments were carried out at room temperature with no special

sample preparation.

CTS/CNT and CTS/CNT-AgnP Films Preparation

CTS of medium molecular weight (Mw 5 150,000 g/gmol) with

an 82% degree of deacetylation, as reported by the supplier, and

silver nitrate (99.99% trace metal basis) were purchased from

Sigma–Aldrich. Acetic acid from Baker was used as received.

CTS/CNT films were obtained by dissolving 1 wt % of CTS in a

1 wt % aqueous acetic acid solution with subsequent stirring to

promote dissolution. This solution was poured into a Petri dish,

and the water was allowed to evaporate at 60�C to obtain a

pristine CTS film. The corresponding amount of CNT or CNT-

AgnP powder (0.5, 1, 1.5, 2, 3, 4, 5, and 8% w/w respect to the

weight of CTS dry film) was poured into a 1 wt % aqueous ace-

tic acid solution and further sonicated for 30 min to obtain the

nanotube or nanotube/nanoparticle solution. The silver content

in the CNT-AgnP powder was estimated to be �20% wt %.

Afterward, the pristine CTS film previously prepared was dis-

solved into the CNT or CNT-AgnP solution and further soni-

cated for 10 min to eliminate bubble formation. CTS/CNT and

CTS/CNT-AgnP films were prepared by the solvent cast method
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by pouring the final solution into a plastic Petri dish and allow-

ing the solvent to evaporate for 24 h at 60�C. A thin layer of

gold was vacuum deposited onto both film sides to serve as

electrodes. Rectangular small pieces (5 mm 3 4 mm) of these

films were prepared for measurements.

The free water content of the films was determined by thermog-

ravimetrical analysis on Mettler Toledo apparatus, model TGA/

SDTA 851e, using an aluminum sample holder under argon

atmosphere with a flow rate of 75 mL/min. The amount of free

water may be evaluated by the decrease in sample weight during

the heating scans with a heating rate of 5�C/min. The sample

masses ranged from 5 to 10 mg with no special preparations

required.

Infrared Measurements and Morphology Analysis

The chemical analysis of CTS/CNT and CTS/CNT-AgnP compo-

sites was performed by FTIR on a Perkin–Elmer spectropho-

tometer using an ATR accessory in the 4000–650 cm21 range.

The resolution was set to 4 cm21, and the spectra shown are an

average of 32 scans.

Dielectric Measurements

Dielectric measurements were carried out using an Agilent Pre-

cision Impedance Analyzer 4294A operating at a 100 Hz to 110

MHz frequency range. The amplitude of the collected signal was

100 mV. A peltier and a resistance heating element were used to

perform measurements from 2 to 250�C. Each sample was left

at each measured temperature for 3 min to ensure thermal

equilibrium. Triplicate measurements were performed to verify

repeatability.

Antimicrobial Assay

The antimicrobial susceptibility of silver nanoparticles was eval-

uated using the disc diffusion Kirby-Bauer method.20 Two bacte-

ria and two fungi were used in this study. Escherichia coli and

Streptococcus aureus were used as model Gram-negative and

Gram-positive bacterium, respectively, and the fungi tested were

Saccharomyces cerevisiae (YSH1170) and Debaryomyces hansenii

(PYC2968). Commercial antibiotics: ampicillin, cephalothin,

cefotaxime, dicloxacillin, clindamycin, ciprofloxacin, erythromy-

cin, tetracycline, vancomycin, sulfamethoxazole, and trimetho-

prim were used as bacteria controls, and ketoconazole and

miconazole in ethyl acetate were used as controls for fungi.

RESULTS AND DISCUSSION

CNT Synthesis

Figure 1 is an HR-TEM image of the CNT produced by the

method described above. MWCNTs with �88 walls, a 69 nm

external diameter and a 7.8 nm internal diameter were pro-

duced. The FTT image analysis (not shown) indicates that the

interplanar distance is �0.335 nm. The high alignment walls

and the homogeneous spacing suggest a high crystallinity of the

CNT. According to TGA measurements (not shown), the purity

of the CNT synthesized in this work is �96.08%.

Figure 2(a) shows the HR-TEM image and EDAX analysis from

which it can be confirmed that the CNTs were decorated with sil-

ver nanoparticles by the microwave method, using AOT as the sur-

factant and NaBH4 as the reducing agent. It can be observed that

silver nanoparticles are discretely dispersed on the CNT surface.

The histogram of the size distribution is shown in Figure 2(b).

CTS/CNT and CTS/CNT-AgnP Films

The solvent cast method used for the CTS/CNT and CTS/CNT-

AgnP nanocomposite films synthesis allows the formation of

Figure 1. HR-TEM image of synthesized CNTs.

Figure 2. (a) HR-TEM image of CNT decorated with silver nanoparticles and EDAX analysis and (b) nanoparticle size distribution histogram.
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self-supported, stable, and flexible cellophane-like appearance

films, �30-mm thick. As it is shown in Figure 3, a change from

transparent to gray, dark gray and black ascribed to the presence

of CNT or CNT-AgnP is noticeable when compared with pris-

tine CTS films. The amounts of CNT and CNT-AgnP were 0.5,

1, 1.5, 2, 3, and 4 wt %.

FTIR Analysis

The Infrared spectra of pristine CTS, CTS/CNT and CTS/CNT-

AgnP (0.5, 1, 3, and 4 wt %) composites are shown in Figure

4(a,b). It can be observed that nanocomposites with 3 wt % of

CNT-AgnP show a clear difference from pristine CTS, specifi-

cally in the stretching and bending vibration bands

Figure 3. (a) Pristine CTS film, (b) CTS/CNT-AgnP 1 wt % film, and (c) CTS/CNT-AgnP 3 wt % film.

Figure 4. FTIR spectra of (a) CTS/CNT-AgnP composites and (b) CTS/CNT composites.
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corresponding to the amine, amide and hydroxyl groups; the

characteristic peaks at 1639 cm21 (amide I group), 1549 cm21

(bending vibrations of NH2), 1379 cm21 (amide III), and 1314

and 1259 cm21 bands (OH bending vibrations) show a slight

shift to lower wave numbers, indicating interactions between

these functional groups and the filler. However, this case does

not hold for 0.5 and 1 wt % nanocomposites. As can be

observed in Figure 4(a,b), at these low concentrations, there is

no evidence of chemical interaction between the CONH2, NH2,

and OH hydrophilic groups of CTS, given that their corre-

sponding vibration bands do not change their position or inten-

sity. This result indicates that at least 3 wt % CNT-AgnP filler

with respect to the dry weight of CTS is needed to demonstrate

chemical interactions between the components; this amount

represents �0.6 wt % of AgnP and 2.4 wt % of CNT (the

weight percent of AgnP in CNT-AgnP powder is estimated to

be �20%). The shift of these characteristic vibrations to lower

wave numbers is proportional to the weight percent of the filler,

in agreement with previous reports on the CTS/AgnP composite

with commercial silver nanoparticles mechanically incorporated

into the CTS matrix,21 where a very significant shift (in some

bands up to 20 cm21) of IR bands is observed in the CTS/AgnP

composites with 1, 3, 5, and 10 wt % of AgnP with respect to

the pristine CTS IR spectrum. In addition to the higher concen-

tration of silver nanoparticles compared with the one presented

here, this larger shift could also be related to the larger size of

commercial nanoparticles used in the previous work (25 nm for

the CTS/AgnP composite versus �4 nm in this case).

Special mention should be made of the band observed at 1406

cm21; this band has been related to the antimicrobial character

of CTS in the literature,21 and the change in intensity of this

band related to the CTS-based films’ antimicrobial testing has

recently been reported.22 In the CTS/CNT-AgnP composites

shown in Figure 4(a), it is evident that at concentrations of the

filler above 1 wt %, this band is always higher than the one at

1389 cm21, which is not the case for CTS/CNT composites [see

Figure 4(b)]. From these results, it seems that the presence of

silver nanoparticles tends to enhance the antimicrobial activity

of CTS. These results will be discussed below in relation to the

antimicrobial activity.

On the other hand, for the CTS/CNT bionanocomposites [Fig-

ure 4(b)], there is no evidence of chemical interaction among

the CONH2, NH2, and OH groups of CTS and CNT, as the

characteristic bands of these groups remain unchanged. This

result leads us to the conclusion that these groups of CTS inter-

act chemically only if silver nanoparticles are present. In this

case, the interaction between CTS and CNT is different: the IR

band at 1149 cm21 assigned to the special broad peak of the

b(1–4) glucosidic band in a polysaccharide unit that changes

into a doublet at 1154 cm21 and 1146 cm21, revealing that the

CAOAC groups in the glucose ring interact with CNT via weak

interactions and thus confirming the formation of the CTS–

CNT nanobiocomposites. The same phenomenon happens with

the vibration band at 1120 cm21 corresponding to the CAOAC

and CAO vibrations dominated by ring vibrations in various

polysaccharides. The appearance of two new bands at 1154

cm21 and 1115 cm21 is ascribed to the interaction of carboxylic

groups of CNT and hydroxyl groups of CTS that originate these

bending vibrations of CAOAC groups due to the formation of

ester bonds. It is important to note that this case does not hold

for CTS/CNT-AgnP composites; therefore, the inclusion of

AgnP to CNT inhibits the interaction between CNT and CTS,

and there is no formation of ester bonds; this fact therefore

supports a strong chemical interaction between AgnP and CNT.

Thermogravimetric Analysis

The moisture contents of the CTS/CNT and CTS/CNT-AgnP

bionanocomposite films were determined by thermogravimetric

measurements and are shown in Figure 5. There is a slight dif-

ference in the water content at different concentrations in both

composites. The lowest moisture content is for pristine CTS

films, increasing as the weight percent (wt %) of the fillers

(CNT or CNT-AgnP) increases up to 1 wt %. However, in both

cases, above 1 wt % filler, the moisture content decreases, more

evidently in the CTS/CNT-AgnP films. It is well known that the

functionalization of CNT is an effective way to prevent nano-

tube aggregation; it yields a better dispersion and stabilizes the

CNT within a polymer matrix. Carboxylic and hydroxyl groups

are polar groups and can take part in hydrogen bond formation,

so these groups attached to CNTs give them a hydrophilic

character.

As can be observed in Figure 5, the incorporation of low quan-

tities of CNT-AgnP (i.e., below 1 wt %) into the CTS matrix

significantly increases the hydrophilic character of the biopoly-

mer. As shown by FTIR analysis, at concentrations below 1 wt

% of the filler, there is no evidence of chemical interaction

between the CTS hydrophilic groups and CNT-AgnP, and there-

fore, both components preserve and combine their capacities to

bond with water through hydrogen bonds, increasing the mois-

ture content in composite films. However, above this concentra-

tion, the moisture absorption capacity decreases as the AgnP

content increases, which is in agreement with the incorporation

of commercial silver nanoparticles into the CTS matrix,23 where

at concentrations of 1 wt % of AgnP and above, the moisture

content decreases as the wt % of AgnP increases. This result is

ascribed to the chemical interaction of the hydrophilic groups

of CTS and silver nanoparticles that leads to the formation of a

polymeric composite structure.23

Figure 5. Moisture content of pristine CTS, CTS/CNT films, and CTS/

CNT-Ag films as a function of the wt % of the filler.
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On the other hand, it has been suggested that CNT are wrapped

by CTS,24 and therefore, as the CNT concentration increases,

the possibility of an interaction between the hydrophilic groups

of CTS and functionalized CNT is lower. This effect is responsi-

ble for the production of polymeric composite structures with

nanotubes, which decreases the water absorption ability of the

composites as the CNT content increases. It is noteworthy that

the CTS/CNT-Ag films with concentrations above 1 wt % show

slightly higher moisture content with respect to CTS/CNT films.

It was shown in the IR analysis that CNT does not interact with

hydrophilic groups of CTS, and therefore, these groups are

available to link with water, resulting in a higher water absorp-

tion capacity compared with CTS/CNT-Ag composites.

Dielectric Measurements

In general, the electrical conductivity of composites depends on

the microscopic and macroscopic states of the composites and

provides information on the interaction of individual compo-

nents inside composite material systems. In a mixture between

a dielectric and a conducting component, the conductivity of

this mixture shows a critical behavior if the fraction of the con-

ducting component reaches the percolation threshold.25

The DC conductivity of the composites was obtained from the

extrapolation of impedance measurements to zero frequency, as

previously described10,26,27 and using the dimensions of each

film. The DC conductivity of pristine CTS, CTS/CNT, and CTS/

CNT-AgnP films at 25�C is shown in Figure 6. It is noteworthy

that neat CTS exhibits low ionic conductivity, which can be

related to the presence of small concentrations of conductive

species in the form of NH3
1 groups and H1 ions.26 A signifi-

cant increase in the CTS conductivity is observed with the

inclusion of the fillers; in CTS/CNT composites, the conductiv-

ity increases as CNT wt % increases up to 3 wt %, where the

conductivity enhancement is greater than five orders of magni-

tude. Above this concentration, the conductivity monotonously

increases with the wt % of CNT. This conductivity augmenta-

tion has been observed in previous reports on macro porous

CTS/CNT scaffolds28 and CTS/CNT fibers29 where the percola-

tion threshold was 3 wt % of CNT.

In CTS/CNT-AgnP composites, the increase in conductivity

compared with pristine CTS is approximately three orders of

magnitude; this increment is comparable to the results reported

for a CTS/AgnP composite.23 This lower conductivity compared

with the CTS/CNT composite may be a consequence of the Ag-

CNT chemical interaction (see FTIR analysis). An enhanced

conductivity within the sample as a result of increasing the

number of mobile charge carriers and a synergistic effect of

CNT and AgnP was expected; however, this case does not hold.

As shown by FTIR analysis, there is a strong interaction

between CNT and AgnP that could be hindering charge carriers

mobility and leads to no substantial change in conductivity

below 2 wt %, in contrast to expectations. Previous XPS (X-ray

photoelectron spectroscopy) analysis of CTS/AgnP composites19

indicates the presence of Ag1 ions by the appearance of two

new peaks. These silver ions interact with the amine and

hydroxyl moieties in CTS and are in turn a driving force for

ionic conduction that could change DC conductivity in biona-

nocomposites; however, higher concentrations compared with

CS/CNT composites are needed to increase the conductivity of

CS/CNT-AgnP composites. Potara et al.30 indicates that CTS

confers a positive change on AgnP, thus increasing the conduc-

tivity of composites; nonetheless, the interaction between AgnP

and CNT interferes in this process, directly affecting the con-

ductivity of composites.

When metallic fillers are dispersed in an insulating matrix, per-

colation theory predicts that the DC conductivity of the com-

posite in the vicinity of the percolation threshold varies as

follows31:

raðx2xcÞt (1)

where x is the weight percent of the conductive phase; xc is the

critical concentration at the percolation threshold; and t is a

critical exponent that depends only on the dimensionality of

the percolation system with values typically at 1.3 and 2.0 for

two and three dimensions, respectively.32 This dependence pro-

duces a straight line with a slope equal to t in a double log–log

plot of the electrical conductivity versus x 2 xc as shown in the

window inset of Figure 6.

In our case, the percolation threshold indicates that the non-

conducting—conducting state transition takes place in the CTS/

CNT composite at ca. 1.3 wt %, which was calculated by fitting

Figure 6. Room temperature (25�C) DC conductivity of CTS/CNT (a)

and CTS/CNT-AgnP (b) composites as a function of filler content.
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the experimental data to eq. (1) [Figure 6(a), continuous line],

while for CTS/CNT-Ag, the composite percolation threshold is

2.2 wt %. The percolation threshold is a critical value that is

due to formation of the conductive path. At this value, the con-

version of insulator to conductor will occur. Low xc values have

been encountered in systems where the conducting phase is

inhomogeneously distributed along the paths running from one

electrode to another.33 It has been demonstrated that in CTS/

AgnP composites, the antibacterial activity is directly related to

the percolation threshold concentration determined by conduc-

tivity measurements19; therefore, in this instance, it is also pos-

sible to analyze the composites studied herein in this regard.

On the other hand, the critical exponents (t) for CTS/CNT and

CTS/CNT-AgnP composites are t 5 2.08 6 0.06 and 1.87 6 0.08,

respectively. These values imply that both systems are three-

dimensional according to the well-established values.32 This

result is in agreement with previous reports on composite con-

taining CNTs.34 In contrast, when CTS is combined with AgnP

only, these composites exhibit a two-dimensional hopping con-

ductivity with a critical exponent t of 1.32.35 This result indi-

cates that the presence of CNT in composites leads to 3D

conductivity systems.

Figure 7 shows the ln rDC versus temperature dependence for a

1.5 wt % CTS/CNT nanocomposite calculated at zero frequency

according to Gonz�alez-Campos et al.26 This conductivity trend

is the typical behavior of pristine wet-CTS and wet CTS/AgnP

composite films23,27,35; the nonlinear a-relaxation can be clearly

observed. This process corresponds to the segmental relaxation

associated with the glass rubber transition temperature, Tg, at

which the micro-Brownian motion of a long chain segment in

the amorphous phase of CTS takes place, where relaxation is

followed by the water evaporation region, characterized by

almost no change in conductivity.23,27 The Arrhenius type r-

relaxation process is associated with the hopping motion of

ions in the disordered structure of the biomaterial,36 and finally

the thermal degradation above 160�C.28 It is important to note

that this typical behavior observed in Figure 7 and described

above was disclosed exclusively in samples with CNT-wt %

below 1.5 wt % CNT (i.e., 0.5, 1.0, and 1.5 wt %), whereas in

samples with higher CNT contents, the conductivity trend is

almost constant (see Figure 8). This feature distinguishes sys-

tems above the percolation threshold (remember that the perco-

lation threshold for CTS/CNT composite was ca. 1.3 wt %).

On the other hand, from Figure 8, it can also be observed that

the thermal degradation of pristine CTS is not modified regard-

less of the filler’s concentration. However, the water evaporation

region is more evident in CTS/CNT composites because of the

different interactions with water compared with pristine CTS,

which modifies the starting temperature for the r-relaxation

being higher for CTS/CNT composites.

The nonlinear a-relaxation can be well described by the Vogel–

Fulcher–Tammann (VFT) relationship, rdc5r0exp ð2 D
T2T0
Þ,

where r0 is the pre-exponential factor; D is a material constant;

and T0 is the so-called Vogel temperature related to the glass

transition temperature.37 From the fitting of the experimental

data to this model (as shown in the window inset of Figure 7),

T0 can be calculated and the glass transition temperature (Tg)

can be assigned as previously described27,37 (where T0 is 50 K

below Tg). It is noteworthy that in CTS/CNT nanocomposites,

the calculated Vogel temperature increases as the CNT concen-

tration increases (not shown). Although there is a slight differ-

ence in the water content of the composites (see Figure 5),

which in turns could be affecting their Vogel temperature, the

effect of the weight percent of the CNT on the Vogel tempera-

ture is stronger than the water content’s effect as a result of the

restricted motion of the main chains because of the chemical

interaction between CTS and CNT. It is important to note that

this calculation can only be performed on samples that show

the appropriate behavior region (e.g., CTS with 0.5, 1, and 1.5

wt % CNT).

The metallic type conduction is evident in CS-CNT at concen-

trations of CNT greater than 1.5 wt %, as seen in Figure 8. This

event can also be observed in the dielectric modulus versus fre-

quency dependence as is shown in the window inset of Figure 9

(only selected temperatures are shown). The complex modulus

Figure 7. ln rDC versus 1000/T (K) for CTS/CNT 1.5 wt % composite

film.

Figure 8. ln rDC versus 1000/T (K) for CTS/CNT composites.
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M�5M 01jM 00 is the reciprocal of the permittivity (M*5

jxC0Z*), which is a very useful and convenient tool to analyze

and interpret the dielectric relaxations of polymeric materials,

as by this formulism the electrode polarization effect can be

suppressed.38 This formulism corresponds to the relaxation of

the electric field in the material when the electric displacement

remains constant; therefore, the electric modulus represents the

real dielectric relaxation process. Because the electrode effect is

very important in CTS systems,26,27 we have analyzed the dielec-

tric spectrum by M00, which can be determined from the follow-

ing relations38:

M 05xC0Z 00;M 005xC0Z 0

where M0 and M00 are the real and imaginary parts of the dielec-

tric modulus, respectively, and C0 is the vacuum capacitance

given by e0A/t, where t is the thickness, A is the area of the

film, and e0 the permittivity of free space, which has the value

8.854 187 3 10212 (F 3 m). The value x is the angular fre-

quency that is equal to x 5 2pf, and f is the frequency of the

applied field.

Figure 9 shows the imaginary part of the dielectric modulus

(M00) versus the frequency at selected temperatures from 20 to

200�C for a CTS/CNT 0.5 wt % wet-film; the change from the

a-relaxation process below 60�C to the water evaporation region

between 60 and 100�C (where peaks frequency is almost con-

stant) and later, above 100�C, to the thermally activated r-

relaxation process, is clearly observed. The r-relaxation peaks

shift toward the higher frequency side with increasing tempera-

ture, as the motion of the polymer chains increases due to the

increase in temperature; the accumulation of the free charges

occur at the interface within the sample. Additionally, there is

an increase in the charge carrier mobility. As a result, the relax-

ation time decreases, and there is a shift of the loss peak toward

the higher frequency side with increasing temperature. The

processes associated with these peaks should obey the Arrhenius

dependence, according to Figures 7 and 8. However, such is not

the case for CTS/CNT films with CNT contents above 1.5 wt

%; as shown in the window inset of Figure 9, from 20 to 200�C

the dielectric modulus does not reveal any peaks as evidence of

the a or r relaxation processes previously mentioned, as these

concentrations are above the calculated percolation threshold

(1.3 wt %). This indication of saturation agrees with Figure 6(a).

From the M00 peaks disclosed in the wet films (Figure 9), the

transitions from one relaxation process to another as the tem-

perature rises can be clearly observed, and it might even be pos-

sible to differentiate wet from dry films. In the case of dry films

of CTS-based composites, the M00 versus temperature depend-

ence shows no peaks related to the a-relaxation or water evapo-

ration; only peaks belonging to the r-relaxation process are

observed.35 Similarly, from this dependence, it is possible to cal-

culate the relaxation time and, as a result, the activation energy

of this relaxation process. The corresponding relaxation is time

sr 5 1/(2pmp), where mp is the peak frequency of M00 at each

temperature.39 For the r-relaxation process, the relaxation time

shows an Arrhenius type dependence, and the slope is the acti-

vation energy for the process. In these composites, the calcu-

lated activation energies of the composites are between 80 and

83 kJ/mol, and these values correlate well with the values

obtained by fitting the complex permittivity in CTS/AgnP com-

posites using the Havriliak-Negami model.23,27 This linear

behavior was also observed above 70�C in wet CTS/AgnP com-

posite films, and according to the dielectric and DMA results, it

does not depend on moisture content.23

The ln rDC versus 1000/T (K) dependences for CTS/CNT-AgnP

nanocomposites are shown in Figure 10. The same behavior

described above for wet CTS/CNT composites and previously

described for wet CTS/AgnP composites23 is observed; i.e., the

a-relaxation, the water evaporation, the r-relaxation and finally

the thermal decomposition above 160�C (not shown). This

dependency was observed in composites with filler contents

below 3 wt %. As observed in the CTS/CNT composites, for 3

and 4 wt %, no relaxation processes are revealed in the ln rDC

versus temperature dependencies for these concentrations (see

Figure 10), and only thermal degradation is clearly observed.

Thermal degradation does not change with varying the concen-

tration of the filler, in contrast to the CTS/AgnP composite

films previously reported, where thermal stability increases by

�20�C compared with pristine CTS films.23 On the other hand,

the Vogel temperature increases as the CNT-AgnP content

increases (see window inset of Figure 10); the opposite was true

of CTS/AgnP composite films.23 It was established that in CTS/

AgnP composite, the addition of AgnP screens the CTS-CTS

interactions and facilitates segment motion, leading to lower

glass transition temperatures as the wt % of AgnP increases23;

however, in the case of CTS/CNT-AgnP composites, the chemi-

cal interaction between CNT and AgnP described above elimi-

nates this possibility, and the incorporation of the fillers in the

polymer matrix increases the glass transition temperature due

to the hindered chain and segmental mobility of the polymers.

The water evaporation region is more evident in CTS/CNT-

AgnP composites than in pristine CTS. This water evaporation

region masks the thermally activated r-relaxation process in this

temperature region, but it is possible to avoid this masking if

an annealed pretreatment is performed to obtain dry

samples.23,27

Figure 9. Dielectric modulus versus frequency dependence for CTS/CNT

0.5 wt % composite. Window inset: Dielectric modulus versus frequency

for CTS/CNT 3 wt % composite.
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Bacteriological Analysis

The antibacterial activity of the three components that make up

the composites presented here is well known19,30,40–43 and a

source of great commercial potential: the antibacterial activity

of CTS and its composites has been attracting substantial atten-

tion from researchers. Recently, Gonzalez-Campos et al.19 have

proposed a method that correlates electrical properties with

antibacterial activity. They found that the percolation threshold

concentration of this composite correlates well with the maxi-

mum bactericide activity.

In this regard, CTS/CNT and CTS/CNT-AgnP composite films

were tested for their antibacterial activity using the disc

diffusion method.20 Escherichia coli was used as a model

Gram-negative bacterium and Streptococcus aureus as a model

Gram-positive bacterium. The CTS/CNT and CTS/CNT-AgnP

composite film contents tested were 0.5, 1, 1.5, 3, 4, 5, and 8 wt

% of either CNT or CNT-AgnP with respect to the CTS weight.

They were cut into discs of 1 cm diameter, UV sterilized for 24

h and placed in the Moller-Hilton agar where the model bacte-

ria were previously cultivated. The agar plates were then incu-

bated for 24 h at 37�C, and the inhibition zone was measured

directly for each specimen and each bacteria species.

Figure 11(a) shows the antibacterial activity results. The graph

shows the bactericide efficiency of the CTS/CNT and CTS/CNT-

AgnP composite discs. There is a similar trend in both compo-

sites, and the highest inhibition efficiency against E. coli was

obtained with 0.5 wt % regardless of the filler. The inhibition

diameter changed from 11 mm for pristine CTS to 15 mm and

13 mm for CTS/CNT and CTS/CNT-AgnP, respectively. It can

be observed that in the case of the Gram-negative bacteria,

CNT are slightly more effective than CNT decorated with AgnP,

while for the Gram-positive bacteria S. aureus [Figure 10(b)],

the best result was with the CTS/CNT-AgnP 1 wt % composite,

in which case the diameter changed from 14 to 16 mm in com-

parison to pristine CTS.

From the results in Figure 11, it can be observed that the CTS/

CNT-AgnP 1 wt % composite shows the best performance

against Gram-positive bacteria. As shown by FTIR analysis,

above this concentration of filler, there are chemical interactions

between CNT and AgnP that in turn could affect the antibacte-

rial activity. The enhanced antibacterial activity of CTS films

with the inclusion of silver nanoparticles has been previously

reported.19,30,40 This antibacterial activity increases as the load

of silver nanoparticles increases until it reaches a maximum at a

critical concentration that correlates well with the percolation

threshold concentration determined by conductivity measure-

ments.19 Therefore, the percolation effect could help explain the

observed maximum bactericide activity of CTS/AgnP compo-

sites. Nevertheless, in these cases, there is not a clear relation-

ship between the electrical properties of the composites and

their antibacterial activity. However, the maximum bactericide

activity observed in the CTS/CNT composite against S. aureus

Figure 11. Microbiological analysis of each material, graphically evaluated

(a) for E. coli and (b) for S. aureus.

Figure 10. ln rDC versus 1000/T (K) for CTS/CNT-AgnP composites. Window inset: Vogel temperature versus CNT-AgnP content.
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is near the percolation threshold concentration (1.3 wt %) [see

Figure 11(b)].

In the presence of MWCNT, direct cell contact seriously impacts

the cellular membrane’s integrity, metabolic activity and mor-

phology in E. coli, and the bacterium endures stresses related to

cell membrane damage and oxidative stress.42 In CTS/CNT com-

posites, there is a distinct possibility that strong hydrogen and

ester bonds may form between CTS and CNTs (see FTIR results).

Consequently, this compatibility and strong interaction between

CNT and the matrix could affect the individual antibacterial

activity of each component, reducing the possibility of interac-

tions with the cell membrane, especially at filler concentrations

above 1 wt %, according to the FTIR results presented above.

On the other hand, CTS may prevent silver nanoparticle agglom-

eration below a critical concentration19 and confer a positive

charge to nanoparticles, enhancing their binding to the negative

charges present at the cell surface.19,30 The antibacterial mecha-

nism of silver ions has been related to their interaction with the

thiol group of cysteine in the cell membrane of bacteria42 while

AgnP may attach to the surface of the cell membrane disturbing

permeability and respiration functions of the cell or even pene-

trate it.43 In CTS/AgnP composites, a synergistic effect of CTS

with silver ions and metallic silver nanoparticles is responsible

for the higher antibacterial properties of this composite.19

As mentioned above regarding the FTIR analysis, the band aris-

ing at 1406 cm21 had been previously related to the antimicro-

bial character of CTS in the literature.21 In the FTIR spectra of

the CTS/CNT-AgnP composite [Figure 4(a)], it is evident that

at concentrations of the filler above 1 wt %, this band is always

higher than the one at 1389 cm21 [which is not the case for

CTS/CNT composites, see Figure 4(b)]. From these results, it

seems that the presence of silver nanoparticles enhances the

antimicrobial activity of CTS for a filler content above 1 wt %.

However, in the CTS/CNT-AgnP composite, the antibacterial

activity is strongly affected by the chemical interaction between

CNT and AgnP shown above by FTIR, especially at concentra-

tions above 1 wt % of the filler; this affinity may disturb the

interaction between the CTS and AgnP, and no positive charges

are being induced by CTS to the nanoparticles. Therefore, less

damage to the cell membrane is produced by the individual

components, making the antibacterial activity of this composite

less effective. As shown by FTIR analysis, composites with filler

content below 1 wt % do not show evidence of chemical inter-

action between the fillers and the matrix, and for CTS/CNT-

AgnP composites, 1 wt % filler is the concentration with the

best performance against bacteria. Above this concentration,

both the formation of agglomerate and the interaction between

CNT and AgnP reduce the antibacterial effectiveness.

As the CTS/CNT-AgnP 1 wt % composite showed the best anti-

bacterial activity, the inhibition activities of these composites

and commercial antibiotics against S. aureus are compared in

Figure 12. The concentration of each antibiotic is given in the

graph. The results show that the synthesized composite eval-

uated at 5 mg possesses higher inhibition activity than ampicil-

lin, cephalothin, cefotaxime, tetracycline, vancomycin,

sulfamethoxazole and trimethoprim, which were all evaluated at

concentrations above 5 mg. Similarly, the activity against E. coli

was compared with commercial antibiotics (not shown), and

better results were obtained for the composite compared with

the antibiotics.

The antibacterial activity of the composites presented here is

comparable and in some cases superior to some polymer matrix

composite materials recently reported. Anisha et al.44 showed

the antibacterial activity for a sponge composed of CTS, hyal-

uronic acid (HA) and nanosilver (nAg). They obtained the best

performance against E. coli with a maximum inhibition diame-

ter of 13 mm (CTS–HA/0.01% nAg composite), the same as

our CTS/CNT-AgnP 0.5 wt % composite and lower than the

CTS/CNT 0.5 wt % composite presented here [see Figure

11(a)]. Against S. aureus, the maximum inhibition diameter

obtained in the CTS–HA-nAg composite was 14 mm,44 which is

slightly higher than the CTS/CNT 0.5 wt % composite, equal to

the CTS/CNT-AgnP 0.5 wt % composite [Figure 11(b)] but

lower than the CTS/CNT-AgnP 1 wt % composite presented in

Figure 11(b). Das et al.45 used the diffusion disc method to

investigate the effect of CTS/silver nanocomposites against P.

aeruginosa, S. enterica and S aureus. They found that the porous

nanocomposite films exhibited superior antibacterial properties

against Gram-negative bacteria compared with Gram-positive

bacteria, but the inhibition diameters observed in the photo-

graphs are very small and no numerical value is given.

Erdohan et al.46 used olive leaf extract (OLE) as an antimicro-

bial agent in polylactic acid (PLA) films and against S. aureus.

They concluded that increasing the amount of OLE in the film

Figure 12. Commercial antibiotics compared with CTS/CNTs-AgnP 1% wt. composite against S. aureus bacterium.
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discs from 0.9 to 5.4 mg produced a significant increase in the

inhibitory zones from 9.10 to 16.20 mm, respectively. This inhi-

bition diameter is comparable to the inhibition diameter of

CTS/CNT-AgnP 1 wt % composite (5 mg) with the best per-

formance in this study. Lately, the antimicrobial activity of poly-

aniline (PANI)-based conducting polymers has also been

recorded.47,48 However, Gizdavic-Nikoladis et al.17 demonstrated

better antimicrobial and antioxidant properties for functional-

ized PANIs (fPANIs). Meanwhile, Tamboli et al.49 evaluated the

antibacterial activity of a Ag–PANI nanocomposite against B.

subtilis. The inhibition zone was between 10 and 18 mm in

diameter around the disc with 25 mg and greater than that of

Ag-PANI. Our triad CTS/CNT-AgnP 1 wt % (5 mg) was also

tested against this bacillus, obtaining an inhibition diameter of

15 mm (not shown).

The mechanism of action of these CTS-based composites

against bacteria is not well understood, and a synergistic effect

of the three components would be expected; however, it seems

that the chemical interaction between the silver nanoparticles

and CNTs hinders this activity.

The inhibition diameters for the antifungal analysis of pristine

CTS, CNT, CNT-AgnP and CTS/CNT and CTS/CNT-AgnP

composites as well as the comparison with commercial controls

are shown in Figure 13. The concentration of controls used was

10 mg, compared with 5 mg of our samples. Slightly better

results against D. hansenii can be observed, and better results

were obtained against this yeast with CTS/CNT 0.5 wt % and

CTS/CNT-AgnP 1 wt % composites compared with the activity

of the individual components. In these cases, the inhibition

diameter changes from 7 mm for pristine CNT to 13 mm for

CTS/CNT 0.5 wt %, from 9 for CNT-AgnP to 13 mm for CTS/

CNT-AgnP 1 wt % and from 12 mm for pristine CTS to 13

mm for CTS composites. Compared with the controls, in all

cases, the inhibition was better than miconazole, taking into

account that the weight of the controls used was higher.

For S. cerevisiae, the composites CTS/CNT 1 wt % and CTS/

CNT-AgnP 1 wt % were more active compared with pristine

CTS, pristine CNT and CNT-AgnP. In this case, the diameter

changed from 7 mm for pristine CNT to 11 mm for the CTS/

CNT composite, from 7 mm for CNT-AgnPs to 11 mm for the

CTS/CNT-AgnP composite and from 9 mm for pristine CTS to

11 mm for both composites. Compared with the weight of

miconazole used, in all cases, better activity against this yeast

was observed. However, for both yeasts, ketoconazole inhibition

was superior. These inhibition diameters are competitive with

the inhibition diameters reported for MCNTs functionalized

with lysine and arginine.50

Galv�an-M�arquez et al.51 proposed a mechanism of action of

CTS against S. cerevisiae. They stated that it is due to the dis-

ruption of protein synthesis by CTS in the cell membrane, with

a minimum inhibitory concentration of 1.5 mg/mL. Sanone

et al.52 determined that the activity of CTS against fungi is due

to the electrostatic interaction of the protonated amino groups

of CTS with the negatively charged cell wall surface of the tar-

geted microorganisms, which can lead to the disruption of the

cell wall and therefore to cell death. Thus, in the literature, it

has been concluded that the polycationic feature of CTS and

CTS derivatives is fundamental for its antifungal activity,53 and

the effectiveness of CTS is real but complicated to control, as it

depends not only on the CTS formulation but also on the fun-

gus type and on the type of treatments (coating or film).52,53

On the other hand, CNT have been successfully used in compo-

sites with a ceramic matrix as filters.54 The performance of these

new filters was assessed for the removal of yeast and heavy met-

als from water, and the results demonstrated that CNT plays the

decisive role in the filter. It was also found that yeast cells were

physically captured and immobilized by the tangled CNT net-

works. The mechanism of antifungal activity may be due to the

disruption of the intracellular metabolic pathway, with oxidative

stress as well as physical membrane damage causing rupture,55

whereas Kim et al.56 suggest that silver nanoparticles exert an

antifungal activity by disrupting the structure of the cell mem-

brane and inhibiting the normal budding process due to the

destruction of the membrane’s integrity.

In our composites formed by CTS, CNT, and AgnP, a synergistic

effect of the three components was expected, but such a synergy

is not fully demonstrated by the results. This result could be

ascribed to the strong chemical interaction between Ag and

CNT that limits the antifungal activity of the composites.

CONCLUSIONS

The dielectric properties of CTS-based composites have been

analyzed from 20 to 250�C in the 0.1 to 106 Hz frequency

range. CNTs decorated with silver nanoparticles by the micro-

wave method were incorporated into pristine CTS at different

concentrations to obtain bionanocomposite films. FTIR analysis

revealed a strong interaction between CNT and AgnP, which in

turn directly affects the conductivity enhancement of CTS/CNT-

AgnP composites compared with CTS/CNT films, contrary to

expectations. This chemical interaction between CNT and AgnP

also affects the antibacterial activity of the composites. The a-

and r-relaxation are disclosed in CTS/CNT and CTS/CNT-AgnP

composite film processes, in agreement with pristine CTS

behavior. These relaxation processes are affected in the vicinity

of the percolation threshold but not observed for composites

with concentrations greater than 2 wt %. The Vogel temperature

was observed to be more strongly influenced by the wt % of the

Figure 13. Antifungal analyses for CTS, CNT, CTS/CNT, CTS/CNT-AgnP

composites, and controls.
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filler (either CNT or CNT-AgnP) compared with the water con-

tent. This temperature increases as the wt % increases as a

result of the restricted motion of the main polymer chains due

to their chemical interaction with the fillers. Finally, the antibac-

terial activity of CTS/CNT-AgnP composites, especially at 1 wt

% filler, seems to be competitive with respect to commercial

antibiotics, and their antifungal activity is considerable. This

evidence supports the effectiveness of these composites in

potential applications where hygiene is important.
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