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Chitosan cross-linked cellulose fibers were prepared using non-toxic procedures in order to confer anti-
microbial properties to cellulose fibers. Citric acid was used as the cross-linker and NaH,PO4 as catalyst in
previously UV-irradiated cellulose fibers. Further heat dried-cure process and washing with detergent,
water and acetic acid (0.1 M) gave a maximum incorporation of chitosan of 27 mg per gram of function-
alized textile. The thermogravimetric analysis of the material with the highest chitosan content showed
an increased thermal stability compared to cellulose and chitosan. The UV-irradiation induced morpho-

Ic(Zﬁv:fc:geS:ﬁber logical changes, such as less entangled cellulose fibers, as observed by scanning electron microscopy,
Chitin which was prompted to enhance the chitosan incorporation. The biomass and spore germination percent-
Chitosan age of Penicillium chrysogenum and colony forming units per millilitre for Escherichia coli decreased sig-

nificantly on the composed materials as compared to raw cellulose fiber and it was similar to that
obtained with a commercial antimicrobial cellulose fiber.
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1. Introduction

Bacteria, gram positive and gram negative, as well as fungi have
been commonly found in textiles, including bedclothes and cloth-
ing. Many of these microorganisms are pathogens or opportunistic
pathogens quite often related to nosocomial infections (Takai et al.,
2002). Escherichia coli and Penicillium chrysogenum are very com-
mon pollutants that cause diseases and deteriorate textiles by dis-
coloration, disintegration as well as emission of foul smells. These
microorganisms are ubiquitous, for instance, P. chrysogenum is an
airborne contaminant on heating, ventilating and air conditioning
systems and it is pointed that might cause health problems such
as rhinitis or asthma (Chang, Foarde, & VanOsdell, 1996). There-
fore, the development of non-toxic synthetic process for the prep-
aration of biodegradable and biocompatible textiles with
antimicrobial capacities, also known as antimicrobial-finished tex-
tile products is encouraged. These antimicrobial-finished textile
products usually contain inhibitory compounds such as silver, qua-
ternary ammonium chloride, metals, aromatic, halogen com-
pounds and chitosan (Kenawy, Worley, & Broughton, 2007; Takai
et al., 2002).

Chitosan, the deacetylated form of the polysaccharide chitin,
which is mainly found in the exo-skeleton of crustaceans, is the
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second most abundant polysaccharide in nature which has re-
ceived much attention due to its wide versatility, non-toxicity
and antimicrobial properties. Its antimicrobial property is related
to the interaction of charges between the amino groups of the
polycationic form of chitosan with the microbial cell walls (Fang,
Chan, Mao, & Leong, 2001). The degradation of proteins and other
intracellular constituents then occur, as well as alterations on the
permeability of the microbial cell, which induces the loss of essen-
tial nutrients and eventual death (Chan, Mao, & Leong, 2001). It has
been shown that chitosan displays fungistatic effect on Aspergillus
niger due to the direct interaction with the cell wall of the spores
(Plascencia, Viniegra, Olayo, Castillo, & Shirai, 2003), therefore it
induces delay in the spore germination. Due to this antimicrobial
activity, chitosan has been applied in several applications such as
the control of common postharvest fungal phytopathogens such
as Botrytis cinerea, Rhiozopus stolonifer, Penicillium digitatum (Pach-
eco et al., 2008; Tharanathan & Kittur, 2003). Chitosan derivatives
have been prepared by several methods in order to increase the
antimicrobial activity by means of grafting with N-alkyl groups,
quaternary ammonium groups, esters among others (Kenawy
et al., 2007). In this sense, the chemical fixation of the chitosan
by covalent cross-linking into the cellulose or wool matrices may
improve the endurance and efficiency of the resultant functional-
ised textile (Lim & Hudson, 2004; Zhang, Chen, Ji, Huang, & Chen,
2003). The chemical fixation treatment applied to cellulose fibers
is known as durable press finishing (DP) and it is of increasing
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interest in textile industries as to increase textile properties, such
as anti-odour, low-shrinkage capacities and wrinkle resistance, as
well as antimicrobial properties. DP involves nowadays the use
of cross-linking agents, which are mainly composed of formalde-
hyde reactants. These materials have several constraints like the
reduction of mechanical properties, fiber degradation, but above
all, the release of toxic and irritant formaldehyde vapours during
DP process and even during storage (Yang, 1993a, 1993b). In order
to address this issue, polycarboxylic acids, such as butanetetra-
carboxylic acid and citric acid (CA), have been used as alternatives
to formaldehyde reactants. However, earlier reported procedures
to attain the covalent linkage of the chitosan into textiles often in-
volved the use of toxic reagents or additives, such as glutaric dial-
dehyde or other cross-linkers (Schiffman & Schauer, 2007; Zhang
et al.,, 2003). Instead, the use of CA and low toxic oxidizing agents,
such as potassium permanganate and sodium hypophosphite, have
been shown to promote an effective cross-linking between chito-
san and the cellulose by ester formation (Chung, Lee, & Kim,
1998; Lim & Hudson, 2004). Although the production of such mate-
rials still involved some risks associated with the human health
and environment due to the use of additives in their manufacture.

The UV-irradiation has been proposed as a suitable procedure to
achieve adequate polymer surface modifications by means of the
generation of reactive sites, which can be of further use to attach
many compounds of interest (Goddard & Hotchkiss, 2007). Expo-
sure of polysaccharides to UV-irradiation is reported to enhance
chemical reaction due to photooxidative degradation. This photo-
degradation process involves photochemical reactions, such as
chain scission, dehydroxylation and dehydrogenation, which are
responsible for the formation of free radicals on nitrogen or oxygen
atoms of the polysaccharide (Goddard & Hotchkiss, 2007; Rabek,
1996; Schiffman & Schauer, 2007).

In the present work, pre-UV-irradiated raw cellulose fibers were
treated with acidic aqueous solutions of chitosan prepared with
different concentrations of CA as cross-linker, as well as several ra-
tio of sodium phosphate as reaction catalyst. The conditions were
evaluated in order to attain the highest covalent attachment of
chitosan using non-toxic methodologies and reagents (Scheme 1).
All the synthesized fibers and a commercial one, which contained
quaternary ammonium salts as chemical antimicrobial com-
pounds, were evaluated on the inhibition of growth of P. chrysoge-
num and E. coli.

2. Experimental
2.1. Materials

Citric acid monohydrate (CsHgO7-H,0) and sodium phosphate
(NaH,P0O,4) were purchased from ].T. Baker (Mexico) and used as
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supplied. Chitosan was provided by Heppe Gmb (Germany) and
used as supplied. The fraction of acetylated units (Fx) was 0.1886
determined by 'H NMR spectroscopy and the average molecular
weight was 387900 g/mol determined by Mark-Houwink-Sakura-
da equation using intrinsic viscosities (Pacheco et al., 2008). Raw
cellulose fiber was a kind gift from Casa Miyako (Mexico). Com-
mercial cellulose fiber with ammonium salts as antimicrobial
agent was supplied by Comercializadora del Rio (Mexico).

2.2. Microorganisms

Freeze dried P. chrysogenum (CECT 2267 from Spanish Culture
Type Collection) was kept at —20 °C and it was subsequently acti-
vated in dextrose Sabouraud broth (Bioxon, USA), then it was cul-
tivated at 30 °C during 4 days. P. chrysogenum was cultivated in
potato dextrose agar, PDA, (Bioxon, USA) and maintained at 4 °C
until used.

Similar procedure was carried out for E. coli (NRRLB 14218 from
USDA ARS Culture Collection). Bacteria was cultivated and main-
tained at 4 °C in nutrient agar (Bioxon, USA) until used.

2.3. Fungal spore and bacterial cell suspensions as inoculum

P. chrysogenum was cultivated in Czapeck agar media with the
following composition (g/L): sucrose (30), NaNOs (1), MgS0,4-7H,0
(0.5), KCl (0.5), K;P04-3H,0 (1) and FeSO,4-7H,0 (0.01). The spore
suspension was obtained by agitation of these fungal cultures in
a Tween-80 solution at 0.1 vol/vol%. The spores were counted in
a Neubauer chamber using a light microscope (Axiostar-plus Zeiss,
Germany) and they were adjusted to a final concentration of
1 x 10° spores/mL.

Bacteria were inoculated in 50 mL of nutrient broth and incu-
bated at 37 °C for 24 h. Then, several decimal dilutions were pre-
pared in NaCl solution (0.09 wt/vol%) and inoculated in nutrient
agar plates. Cell suspensions were used as inoculum for further
experimentation with 1 x 10”7 CFU/mL.

2.4. Cellulose fiber treatment procedures

2.4.1. Cellulose cross-linked chitosan without NaH,PO, catalyst
addition

The acetic acid aqueous solution was evaluated as suitable acid-
ifier for the chitosan cross-linking reaction with cellulose. Raw cel-
lulose fibers were immersed into chitosan aqueous solution 1.5 wt/
vol% in acetic acid (0.1 M) with pH 3. Then, different amounts of
citric acid, up to concentrations in final solutions of 4 wt/vol%,
8 wt/vol% and 12 wt/vol%, were added to the mixture and heated
at 70 °C for 5 min. Cellulose fiber was removed from the solution
and cured in an oven at 130 °C for 3 min. The samples were dried
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Scheme 1. Proposed scheme reaction for cross-linking chitosan to cellulose using citric acid, NaH,PO,4 and UV-irradiation.
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under vacuum at room temperature, accurately washed with com-
mercial ionic soap and rinsed with distilled water. The samples
were further washed with acetic acid solution (0.1 M) in order to
remove the excess of the non-reacted chitosan. Then, they were
rinsed with distilled water, dried overnight under vacuum and
weighted prior to analyses. This washing-drying procedure was re-
peated until the weight of the fiber was invariable.

2.4.2. Cellulose cross-linked chitosan with NaH,PO, catalyst addition

Improved materials, with higher chitosan content, were pre-
pared in a modified procedure based on the addition of 2.3 wt/
vol% of NaH,PO,4 before the thermal pre-treatment and the absence
of acetic acid. Citric acid was used as the only acidifier as well as
cross-linker agent and it was added to the aqueous solutions at
three different concentrations; 4 wt/vol%, 8 wt/vol% and 12 wt/
vol%. The final pH of the CA-NaH,P0,4-chitosan solutions was 3.4,
2.83 and 2.4 for 4 wt/vol%, 8 wt/vol% and 12 wt/vol% of CA, respec-
tively. The effect of the NaH,PO,4 concentration was also studied in
4 wt/vol% citric acid aqueous solution with two different catalyst
concentrations of 9.2 wt/vol% and 18.4 wt/vol% at the thermal
pre-treatment at 70 °C. The pH of the CA-NaH,PO4-Chitosan solu-
tions was 3.8 and 4.1 for 9.2 wt/vol% and 18.4 wt/vol% of NaH,PO,,
respectively.

2.4.3. Cellulose cross-linked chitosan with NaH,PO, catalyst addition
and previous UV-irradiation of the raw cellulose samples

A batch of synthesized materials were prepared by previous
UV-irradiation of the raw cellulose fibers with a high intensity
UV lamp (UVGL-58, Ultra-Violet Products, USA) at wavelength of
254 nm with different times of exposure, 4 h, 8 h and 20 h and fol-
lowed by identical procedure described above using CA concentra-
tions of 4 wt/vol%, 8 wt/vol% and 12 wt/vol% with a fixed NaH,PO,4
concentration of 2.3 wt/vol%.

2.5. Determination of fungal growth and spore germination rates in
culture media within the obtained materials

Spore suspension was added to 40 mL of Czapeck broth in
125 mL flask until a concentration of 1 x 10° spores/mL. Commer-
cial cellulose fiber, raw cellulose fiber and the different materials
produced herein were cut in 2 cm? squares and added into the
flasks (Table 1). Blank samples were also prepared by inoculation
of the media without any cellulose fiber. The inoculated flasks

Table 1
Composition of several formulations for the functionalization of the cotton fibers with
chitosan.

Entry? Acetic acid®  Citric acid (wt/ ~ NaH,PO4 (wt/  Time of UV-
(M) vol%) vol%) irradiation® (h)
1 0.1 4 0 0
2 0.1 8 1] 0
3 0.1 12 0 0
4 0 4 0 0
5 0 4 23 0
6 0 8 2.3 0
7 0 12 2.3 0
8 0 4 9.2 0
9 0 4 184 0
10 0 4 2.3 4
11 0 4 23 8
12 0 4 2.3 20
13 0 8 2.3 8
14 0 12 2.3 8

2 All entries were treated with chitosan at 1.5 wt/vol% and with thermal pre-
treatment at 70 °C/5 min, dry curing at 130 °C/3 min.

b Acetic acid solution at 0.1 M as chitosan solvent.

¢ UV-irradiation of raw cotton before treatment with chitosan solution.

were incubated at 25 °C with mechanical agitation at 200 rpm.
Samples (flasks) were taken by duplicates every 6 h and up to a fi-
nal time of 120 h. The content of each flask was filtered through a
Whatman No. 40 paper filter and the biomass weight was gravi-
metrically determined.

Spore germination assays were carried out in 125 mL flasks
with 40 mL of Czapeck broth equipped with 48 glass coverslips.
Then, they were inoculated until final concentration of
1 x 10° spores/mL. Samples were taken every 2 h by duplicates
and up to a final time of 24 h. 200 spores per glass coverslip were
counted using a light microscope (Axiostar-plus Zeiss, Germany)
after fixation with a formaldehyde solution at 3.7 wt/vol%, Triton
X-100 0.2 wt/vol% and potassium phosphate buffer 50 mM (pH
7). A given spore was considered germinated when the length of
its germinal tube reached one-half of the spore diameters follow-
ing a similar methodology reported by Plascencia et al. (2003).

Fungal biomass and germinated spore percentages were ad-
justed with logistic model (Eq. (1)) using software Origin 7.0 SRO
(Microsoft):

a

Y(t) “Ateb ) (1)

where Y is biomass (X; in mg/mL) or germinated spores (S; in%) at a
certain time, a is the initial value (Xo in mg/mL, or Sy in%), b is the
maximum biomass production obtained when % =0 (Xmax in mg/
mL) or the maximum percentage of germinated spores (Spax in%)
and c is the specific growth rate ({max in h™1!) for biomass when
X << Xmax OF the specific spore germination rate (k in h™') when
S<< Smax-

2.6. Determination of bacterial inhibition with the obtained materials

Evaluation of bacterial growth was carried out by inoculation of
nutrient broth with cell suspension of E. coli in 7 mL tubes until a
final concentration of 1 x 107 CFU/mL. Subsequently, 0.02 g of
the commercial fiber, raw cellulose fiber without treatment and
the prepared materials were added and incubated at 37 °C with
stirring at 100 rpm. Samples were taken by duplicates every 4 h
and up to a final time of 43 h. Each sample was decimally diluted
in saline solution 0.09 wt/vol% and was inoculated in nutrient agar
plates. Then they were incubated at 37 °C for 24 h in order to
determine viable bacterial counts (CFU/mL). The bacterial growth
experimental data were adjusted to exponential model (Eq. (2)):

y(t) = ae®™ (2)

where y is the cells number (N; in CFU/mL) at certain time, a is the
initial value (No in CFU/mL), b is the growth rate (x in h™!). The per-
centage of inhibition (%I) was calculated considering the cell num-
ber in the blank (inoculated culture media without any fiber) and
compared to each material.

2.7. Materials characterization

The elemental analyses on nitrogen content incorporation to
the treated fibers were determined in a CHN Perkin-Elmer 2400
series (Connecticut, USA). A modification of the technique with
ninhydrin reported by Chung et al. (1998) was also used to deter-
mine the concentration of nitrogen, as free amino group, from the
chitosan in the prepared cellulose fibers. The obtained materials
were pulverized until a particle size of 1 mm. Then, 1 mL of dis-
tilled water was added to 0.05 g of treated sample and 1 mL of nin-
hydrin solution at pH 5.8 (Beckman Coulter, USA). The mixture was
boiled in water for 10 min and paper filtered through a Whatman
No. 40 in a similar procedure as that reported by Sun, Lin, Weng,
and Chen (2006). The absorbance was spectrophotometrically
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determined at 570 nm (Jenway 6305, UK), using chitosan as stan-
dard. All determinations were carried out by triplicates.
Polymer loading (PL) was calculated according to Eq. (3):

PL(%) (100(‘/\‘;2/17 W1)>

where W, and W, were the weights of the materials on dry basis be-
fore and after cross-linking procedure, respectively.

Thermogravimetric analyses (TGA) were recorded on a Perkin-
Elmer, Pyris 1 TGA (Connecticut, USA) with a heating rate of
10 °C/min within a range of 30-450 °C.

Infrared spectra (FTIR) were obtained in a Perkin-Elmer Spec-
trum GX FTIR System (Connecticut, USA) from samples of each step
of the preparation procedure described in the experimental Section
2.4. Each sample was 120-times scanned against a blank of KBr pel-
lets. Samples were coated with carbon and gold prior examination
in the scanning electron microscope (JEOL JSM-5900 LV, Tokyo).

(3)

3. Results and discussion

3.1. Preparation and characterization of the antimicrobial-finished
textiles of chitosan cross-linked to cellulose

The non-toxic procedures carried out in this work to attain
chitosan functionalised cotton fibers are summarized in Table 1.
The polymer loadings (PL) and chitosan contents in the textiles as-
sessed by elemental analyses and that obtained by ninhydrin based
method are summarized in Table 2. The difference observed be-
tween the chitosan concentration determined by the ninhydrin as-
says and that from the elemental analyses might be attributed to
other factors involved in the reaction of chitosan with ninhydrin,
such as Fa, degree of polymerization and pH (Prochazkova, Varum,
& @stgaard, 1999). The ninhydrin assay was based on the reaction
of available free amino groups of the chitosan which produce pur-
ple colour compounds, diketohydrindylidene-diketohydrinda-
mine, as it is reported elsewhere (Curotto & Aros, 1993;
Prochazkova et al., 1999). The results of the assay pointed out that
the esterification of chitosan with cellulose and citric acid occurs
mainly on the hydroxyl group of the C6 of chitosan. This is relevant
as the positively charged amino groups are responsible of most of
the biological activities of chitosan related products. Therefore, the
presence of free and non-reacted amino moieties would be
preferred.

The methodologies involving the use of AA with CA or CA alone
displayed the lowest chitosan incorporation being 6.78 mg/g,
6.93 mg/g, 7.75 mg/g and 6.45 mg/g for entries 1, 2, 3,and 4 in Table

2, respectively. The competition between the carboxyl moieties of
AA and those from CA towards the alcohol groups in the polysac-
charides was reported by Chung et al. (1998), which could diminish
the final cross-linked chitosan and thus the consecution of non-
durable textiles, however, the comparison of nitrogen content and
PL in entries 1 and 4, in Table 2, were not different. The use of AA
however is less handy due to its higher volatility and acidity than
CA, which could damage the fiber. Therefore for further experimen-
tation CA was used alone as acidifier and cross-linker.

The mechanism involved in the cross-linking of cellulose with
polycarboxylic acids catalyzed by phosphates is reported to pro-
ceed throughout a two-step process, where the formation of a cyc-
lic anhydride from the acid takes place in the first step. This
intermediate is then able to react throughout its ring-opening with
the alcohol groups of the polysaccharide forming the ester binding
group (Blanchard & Graves, 2002; Yang, 1993a, 1993b). Yang
(1993b) reported that the pH of a solution containing polycarboxy-
lic acids should be kept in the 1.5-4.5 range in order to successfully
crosslink the fibers, however, relatively high acidities are not con-
venient because it can damage the fibers. Instead, more ideal con-
ditions are recommended using adequate catalysts in the pH range
of 3.7-4.5 (Blanchard & Graves, 2002). In our experience, the addi-
tion of relatively low amount of NaH,PO,4 (2.3 wt/wt%) in a chito-
san solution with the presence of CA increased the fixation of the
polysaccharide (entries 4-7 in Table 2), which might be explained
by the presence of the phosphate and the partial sodium salt of the
polycarboxylic acid to accelerate the esterification reaction (Blan-
chard & Graves, 2002). It is worth mentioning that the increase
of phosphate (9.2 and 18.4 wt/wt%) at a fixed CA concentration
(4%) resulted in a decrease of the chitosan content (entries 5 and
8, 9 in Table 2), which may be attributed to the neutralization of
free-carboxyl groups, thus restricting the esterification with the
chitosan hydroxyl moieties. These results are in agreement with
a previous work reported by Coma, Sebti, Pardon, Pichavant, and
Deschamps (2003) in which the increase in the NaH,PO,4 concen-
tration resulted in the decreasing cross-linking between hydroxyl-
propylmethylcellulose and CA.

In the experiments without catalyst, the reaction underwent
low ester cross-linking to chitosan, since the contents were lower
than those attained using the phosphate catalyst (entries 1-4 in
Table 2).

On the other hand, it was expected that the increase in CA con-
centrations would increase the chitosan content in the textiles,
however these synthesized materials presented similar chitosan
contents (entries from 5 to 7 in Table 2). The amount of the catalyst
could have affected the cross-linking reaction since it might be

Table 2

Chitosan content in the treated cotton fibers®.

Entry Treatments PL (%) Elemental analysis (Mgchitosan/Esample) Ninhydrin assay (Mgchitosan/Esample)
1 4% CA-AA 0.68 6.78 £0.94 4.613 £0.47
2 8% CA-AA 0.69 6.93 +0.20 8.15 +0.66
3 12% CA-AA 0.77 7.75+0.48 5.73+0.30
4 4% CA 0.64 6.45 +0.09 8.44+0.75
5 4% CA-2.3% NaH,PO4 1.65 16.53 +5.93 15.63 +2.18
6 8% CA-2.3% NaH,PO4 1.31 13.07 £0.38 19.05 £ 0.59
7 12% CA-2.3% NaH,PO4 1.20 12.02 £0.94 14.77 £1.53
8 4% CA-9.2% NaH,PO4 1.20 12.02 +0.74 10.71+0.16
9 4% CA-18.4% NaH,PO4 1.07 10.75 £ 0.50 10.33+1.13

10 4% CA-2.3% NaH,PO4-4 h UV 2.68 26.81 £0.05 22.01+0.54

11 4% CA-2.3% NaH,PO4-8 h UV 2.72 27.19 £0.42 23.46 £2.84

12 4% CA-2.3% NaH,P04-20 h UV 2.27 22.67 £0.12 23.55+1.88

13 8% CA-2.3% NaH,PO4-8 h UV 1.61 16.07 £1.51 11.59 +£0.96

14 12% CA-2.3% NaH,P04-8 h UV 1.50 15.02 £ 1.09 16.19+0.77

@ All the results shown are the mean of three determinations and their standard deviations.

b Polymer loading calculated according to Eq. (3).
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insufficient to neutralize the carboxylic groups to favour the ester-
ification at increasing CA (Blanchard & Graves, 2002).

As can be observed in Table 2, entries 10-12, the chitosan con-
tent increased significantly when UV-irradiation was previously
applied to the cotton fibers using 4 wt/vol% of CA. The content of
chitosan in the final materials ranged from 22.67 mg/g to
27.19 mg/g according to elemental analysis (Table 2) and from
22.01 mg/g to 23.55 mg/g by the ninhydrin method. The highest
incorporation of chitosan was achieved with the 8 h UV-irradiated
cotton fiber (entry 11 in Table 2), which is ca. 40% more chitosan in
the textile than that without irradiation at the same catalyst and
CA contents (entry 5 in Table 2). Sionkowska et al. (2006) have re-
ported surface polarity changes on polysaccharide films due to
photooxidation caused by the UV-irradiation, as well as the photo-
destruction of glycosidic bonds and rings with the formation of
reactive carboxyl groups. In our case, longer irradiation times than
8 h did not increase the chitosan incorporation, as it is shown in
Table 2 (entries 11 and 12). In a related work based on grafting
of chitosan films with acrylate has been reported that at increased
UV-irradiation doses, a maximum polymer loading is achieved and
then decreases (Khan, Ferdous, & Mustafa, 2005). It is worth to
mention that there are disadvantages related with the use of UV-
irradiation as a method to modify the surface reactivity due to
the morphological heterogeneity of the material. Goddard and Hot-
chkiss (2007) reported that graft polymerization of bioactive mate-
rials can be initiated by irradiation, although the UV-light could be
blocked by particles on the surface of the material that might affect
treatment consistency.

The SEM micrographs of samples with and without UV-irradia-
tion treatment are shown in Fig. 1. It can be observed that the UV-
irradiated samples (Fig. 1b and d) displayed morphological
changes compared to those non-UV-irradiated ones (Fig. 1a and
). Indeed, fibers treated without UV-irradiation presented rela-

Non-UYV irradiated

tively high entanglement, whereas previously UV-irradiated fibers
were appreciably loose and separated from each other. The lowest
entanglement of the cellulose fibers after UV-irradiation might be
due to photoablation. This photoablation in UV-irradiated chitosan
may induce changes in the material surface, such as foam forma-
tion and expansion of the whole material (Sionkowska et al.,
2006). As well, the fibers coated with chitosan showed a veil-form-
ing like onto the cellulose fibers as can be seen in the correspond-
ing SEM micrographs (Fig. 1a and b).

The FTIR spectra from samples of the different steps of the
method involving previously UV-irradiation, which is described
in Section 2.4.3 of the methodology, show the presence of the
C=0 ester stretching band (1723 cm™!), which points out that
the covalent attachment of the chitosan into cellulose underwent
through an ester bond formation. The intensity of the carbonyl es-
ter band decreases after the laundry due to removal of non-reacted
CA (traces 1-3 in Fig. 2) and its subsequent decrease in the spec-
trum of the final treated sample (trace 4 in Fig. 2) might be attrib-
utable to partial hydrolyses of the formed ester groups under the
final acidic conditions, as described in experimental section. The
absorption band at 1653 cm~! due to C=0 stretching of the sec-
ondary amide of chitosan (trace 5 in Fig. 2) is also observed in
the FTIR spectra of the treated fibers (1642 cm™!). As well, the rep-
resentative N—H vibration band at 1593 cm™! assigned to the pri-
mary amine of chitosan (trace 5 in Fig. 2) are slightly visible in the
spectra of the cellulose cross-linked chitosan samples (traces 1-4
in Fig. 2).

The TGA thermograms shown in Fig. 3 display a weight loss DTG
peak of the chitosan sample at ca. 300 °C (trace a in Fig. 3), which is
similar to that reported by Cardenas and Miranda (2004) for a
chitosan with similar molecular weight and acetylating degree.
The raw cotton fiber (trace b in Fig. 3) presented a single DTG peak
at 350 °C, this temperature lies between the range of 243 °C and

UV-Irradiated

Fig. 1. Scanning electron micrographs of cellulose fibers: (a) chitosan in 4 wt/vol% of CA and 2.2 wt/vol% NaH,POy; (b) chitosan in 4 wt/vol% of CA and 2.3 wt/vol% NaH,PO4
over an 8 h UV-irradiated cotton fibers; (c) raw cotton fiber; (d) raw cotton fibers after 8 h of UV-irradiation.
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Fig. 2. FTIR spectra during heat-treatment of UV-irradiated cellulose with chitosan using 4 wt/vol% of CA and 2.3 wt/vol% NaH,PO,4, where FTIR traces: (1) pre-treatment at
70 °C for 5 min; (2) curing at 130 °C for 3 min; (3) after laundry with commercial ionic soap; (4) washed with acetic acid solution (0.1 M); (5) chitosan.

360 °C which correspond to hemicelluloses and alpha celluloses
(Sharma, 1996), whereas when chitosan is cross-linked to the pre-
viously UV-irradiated cellulose, the DTG peak appears at 370 °C
(trace c in Fig. 3) and this would indicate that cellulose becomes
thermally more stable.

3.2. Fungistatic and anti-bacterial behaviour of chitosan cross-linked
cotton fibers

The results of the determination of the inhibition of the spore
germination of P. chrysogenum are shown in Fig. 4. In the control
samples (raw cotton) the germination started from 10 to 12 h ear-
lier than the functionalized chitosan samples from entries 5 and 11
in Table 2. The effect of chitosan concentration incorporated in the
materials over the spore germination process is shown in Fig. 5,
where the raw cotton was considered as the control. The spore ger-
mination rate (k) of the commercial antimicrobial material was
0.48 h™! and the maximum spore germinated percentage (Smax)
was 104.9%, whereas with the antimicrobial-finished textile (entry
11 in Table 2) the k was 0.34 h™! and S.x of 67.53% (Fig. 5).

The P. chrysogenum biomass production with the materials pre-
pared with acetic acid displayed an inhibitory effect against fungi
up to Xpmax of 4.6 mg biomass/mL (Fig. 6, entries 1-3 in Table 2),
whereas with raw cotton the X, was 9.8 mg/mL. However, the

samples with the highest chitosan incorporation inhibited the fun-
gal growth (Ximax) as much as the commercial textile (Fig. 6, entries
10-12 in Table 2), with a biomass amount less than 4 mg biomass/
mL after 120 h of incubation, which was 66% less than the biomass
obtained with the raw cotton.

The commercial textile was treated with the quaternary ammo-
nium salt N-alkyl dimethyl benzyl ammonium chloride in order to
inhibit the bacterial growth by inactivation of enzymes, denatur-
ation of essential proteins of the microorganisms or by breaking
cell walls, while, the chitosan mechanisms of inhibition of the
microbial growth relies on interactions between charges of the
microbial cell walls changing nutrients permeation, i.e., growth
restrictions, and eventually causing death (Chan et al., 2001).

The inhibition of fungi, during germination and apical growth,
was directly related to the amount of chitosan incorporated in
the cross-linked cotton textiles (Figs. 5 and 6). It is noteworthy that
the materials tested as antimicrobial were previously laundered
and this indicates the covalent attachment of chitosan to the cot-
ton fibers.

Further analyses with E. coli were carried out with samples from
entries 5 and 11 in Table 2 as they present the highest chitosan
incorporation. As it can be seen in Fig. 7, the inhibition rate with
the functionalized fibers presented no significant differences with
that of the commercial fiber after 43 h of inoculation, and both



542 D. Alonso et al./Carbohydrate Polymers 77 (2009) 536-543

100

80 1

60 1

Weight (%)

20 1

0 T T T T T T T T 1

0 50 100 150 200 250 300 350 400 450
Temperature (°C)
Fig. 3. TGA thermogram traces of several materials: (a) chitosan; (b) raw cotton; (c)

chitosan in 4 wt/vol% of CA and 2.3 wt/vol% NaH,PO, over an 8 h UV-irradiated
cotton textile.
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Fig. 4. Spores germination of P. chrysogenum determined for several materials: raw
cotton fiber (4); chitosan in 4 wt/vol% of CA and 2.3 wt/vol% NaH,PO4 (A); chitosan
in 4 wt/vol% of CA and 2.3 wt/vol% NaH,PO, over an 8 h UV-irradiated cellulose
fibers (a) and commercial antimicrobial cellulose fiber (®).

were significantly inhibitory as compared to raw cotton. The bacte-
rial growth rates (u) estimated with the materials with highest
chitosan content, raw cotton and commercial textile are presented
in Table 3, where it is shown a significant difference of ca. 0.3 h™!
over the cell growth rates between the control and chitosan treated
samples.

4. Conclusions

Non-toxic processes have been established for the effective
cross-linking of chitosan into cellulose. The use of citric acid as
the cross-linking agent and NaH,PO4 as catalyst over previously

Commercial textile: S, =104.9%+5.24

110 pR 1.0
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Fig. 5. Specific spore rate germination, k (®), and maximum percentage of
germinated spores, Spax (O), of Penicillium chrysogenum determined with raw
cotton, commercial antimicrobial cellulose fiber and several cross-linked cellulose-
chitosan concentrations corresponding to entries 1-3, 5, 7, 10-12 and 14 in Table 2.
Each point of the graph was estimated by logistic model from time course
experimental data of spore germination.
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Fig. 6. Specific growth rate, ftm.x (M) and maximum biomass production, Xmax (OJ)
of Penicillium chrysogenum determined with raw cotton, commercial antimicrobial
cellulose fiber and several cross-linked cellulose-chitosan concentrations corre-
sponding to entries 1-3, 5,7, 10 to 12 and 14 in Table 2. Each point of the graph was
estimated by logistic model from time course experimental data of biomass growth.

UV-irradiated raw cotton sample gave the highest chitosan incor-
poration. Ninhydrin method analyses demonstrated that the
cross-linking underwent mainly by the hydroxyl group at the C6
of chitosan leaving non-reacted the amino moiety, which plays
an important role on the antimicrobial activity. The control against
growth of P. chrysogenum and E. coli was directly related to the
amount of chitosan incorporated into the fiber. The materials with
the highest chitosan incorporation resulted in similar inhibition of
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Fig. 7. Percentage inhibition of E. coli cells counted in nutrient broth: (a) chitosan in
4 wt/vol% of CA and 2.3 wt/vol% NaH,PO,4 (a); (b) chitosan in 4 wt/vol% of CA and
2.3 wt/vol% NaH,PO4 over an 8 h UV-irradiated cellulose fiber (¥); (¢) raw cotton
(m); (d) commercial antimicrobial cellulose fiber (®).

Table 3
Specific growth rates () of Escherichia coli in the synthesized cotton fibers estimated
by exponential model.

Entry Treatment w(h1)? R?
Raw cotton 0.43 +0.05 0.986
Commercial textile 0.10+0.03 0.809

5 4% CA-2.3% NaH,PO4 0.10 + 0.04 0.843

11 4% CA-2.3% NaH,P04-8 h UV 0.10 £ 0.02 0.874

2 Specific growth rate (u in h™') estimated from experimental data of colony
forming units by Eq. (2).

fungi and bacterial growth to the commercial textile and signifi-
cantly higher than raw cotton sample used as a control.
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