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Abstract Antibacterial-modified cellulose fiber was

prepared by covalently bonding b-cyclodextrin (b-

CD) with cellulose fiber via citric acid (CA) as

crosslinking agent, followed by the inclusion of

ciprofloxacin hydrochloride (CipHCl) as antibiotic.

Effects of reaction time, temperature, concentration of

b-cyclodextrin citrate (CA-b-CD) and pH on the

grafting reaction were investigated, and the grafting

ratio of b-CD onto cellulose fibers was 9.7 % at

optimal conditions; the loading and releasing behav-

iors of CipHCl into/from b-CD grafted cellulose fibers

were also revealed, the load amount of CipHCl into

grafted cellulose fibers increased remarkably, and the

release of CipHCl from the grafted cellulose fibers was

prolonged. The microstructure, phase and thermal

stability of modified cellulose fibers were character-

ized by FT-IR, 13C CPMAS NMR, X-ray diffraction

and TGA. Considerably longer bacterial activity

against E. coli and S. aureus was observed for grafted

fibers loading CipHCl compared to virgin ones.

Optical and mechanical properties of the paper sheets

decreased generally with more antibacterial-modified

fibers added.

Keywords Cellulose fiber � b-Cyclodextrin �
Grafting � Antibacterial activity

Introduction

With the increasing awareness of infectious diseases

caused by various microorganisms and the develop-

ment of antibiotic resistance (Martins et al. 2012),

cellulose-based substrates such as paper products with

antibacterial activities are attracting considerable

attention, especially in applications in medical, pack-

aging and other health-related areas. Antibacterial

paper sheets can be prepared by introducing antimi-

crobial agents into paper via coating, spraying and

application as wet-end chemicals or incorporating

microbicidal functional groups with cellulose fibers.

In general, coating and spraying are convenient ways

to prepare antimicrobial paper products; however, the

main drawback of the physical methods is the risk of

premature delamination, which can have negative

effects on paper strength and short-term antibacterial

effects (Hiriart-Ramı́rez et al. 2012). On the other

hand, cellulose fibers functionalized with microbicidal

chemical groups, such as N-halamines (Liu and Sun

2006; Luo and Sun 2006; Ren et al. 2008),
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immobilized enzymes (Miao et al. 2011), guanidine

salts (Guan et al. 2007) or quaternary ammonium salts

(Lu et al. 2004; Yao et al. 2008), have also shown

significant inhibition activities to microorganisms. In

this way, cellulose fibers can serve as a backbone for

chemically bonded groups (Desmet et al. 2011), which

can be functionalized permanently. Cyclodextrins

(CDs), as environment-friendly auxiliaries to host

antimicrobial agents, can also be grafted onto cellu-

lose fibers to impart antimicrobial properties. It is a

promising technology for introducing functional

agents into cellulose fibers using CD as a carrier that

can readily form inclusion complexes with various

small molecules.

CDs are cyclic and non-reducing oligosaccharides

containing 6 (a-CD), 7 (b-CD) or 8 (c-CD) D-glucose

units linked by a-1, 4 glycosidic bonds in a doughnut-

shaped ring, and they are formed from the enzymatic

degradation of starch by bacteria. Among them, b-CD

is the most commercially attractive because of its

simple synthesis, availability and low cost. Moreover,

CDs contain a hydrophobic central cavity, which can

entrap a wide variety of small molecules to improve

the chemical stability, absorption and bioavailability

and control their release. Because of their benign

toxicological and ecological properties, CDs are

assumed to have great importance in many fields

(Peila et al. 2012), such as pharmaceuticals, cosmetics,

environmental protection and the food industry

(Astray et al. 2009; Buschmann et al. 1998; Kurkov

et al. 2011; Singh et al. 2002).

CDs can also be grafted onto macromolecules with

crosslinkers to modify them. A number of crosslinking

agents have been utilized to graft b-CD onto natural

fibers, such as epichlorohydrin (Szejtli 1998), cyanuric

chloride (Denter and Schollmeyer 1997), N-methylol

acrylamide (Lee et al. 2000, 2001) and polycarboxylic

acids (Voncina and Le Marechal 2005; Gawish et al.

2009). Indeed, the widely used polycarboxylic acids,

such as CA and butane tetracarboxylic acid (BTCA),

are well-known nontoxic and eco-friendly crosslink-

ing reagents (Bajpai et al. 2010). CA has three

carboxylic acid groups that can react with hydroxyl

groups of cellulose fibers and b-CDs, the primary

hydroxyl groups in particular, to form ester bonds. The

esterification can be activated in the presence of a

weak acid salt catalyst, such as sodium hypophosphite

(SHP). In this work, CA was used as a crosslinking

agent to graft b-CD onto cellulose fibers in an attempt

to generate a green-based antibacterial material with a

variety of applications. As previously reported (Martel

et al. 2002), the reactivity of CA toward cellulose is

higher than that of CA toward b-CD; therefore, the

desired reaction conditions of CA toward cellulose

and b-CD are not the same. Furthermore, the duration

of cellulose fibers at higher temperatures is shorter in

two-step reactions (1, synthesis of CA-b-CD; 2,

curing) compared to that of one-step reactions (CA

and b-CD are impregnated), and curing at higher

temperatures for too long a period can cause the

degradation and yellowness of cellulose fibers. In

order to obtain a higher grafting ratio of b-CD and

reduce the side effects on cellulose fibers, a two-step

reaction was employed. CA-b-CD was first obtained

by a semidry reaction and then grafted onto cellulose

fibers. Various parameters influencing the chemical

grafting of b-CD and the inclusion of ciprofloxacin

hydrochloride (CipHCl) (as a model antibiotic) with

b-CD grafted cellulose fibers were investigated. In

addition, the phase and thermal stability, antibacterial

activities and mechanical properties of b-CD grafted

cellulose fibers were studied.

Experimental

Materials

Softwood fibers were provided by Liangmianzhen

Co., Ltd., Guangxi, China. The fibers were treated

with 1.5 mol/l sodium hydroxide solutions for 2 h at

50 �C, and then the pretreated pulp fibers were beaten

to 35�SR using PFI (model Mark V1; Pulp and Paper

Research Institute of Norway). E. coli (ATCC 8739),

S. aureus (ATCC 6538), LB agar and LB broth were

purchased from Huankai Microbial Sci. & Tech. Co.,

Ltd. (Guangdong, China). CA, b-CD, SHP, anhydrous

ethanol, sodium hydroxide and CipHCl were of

analytical reagents and used without further

purification.

Grafting b-CD onto cellulose fibers

The grafting process was a two-step reaction. CA-b-

CD was first obtained by the condensation of b-CD

with CA and then grafted onto cellulose fibers. CA-b-

CD was prepared using a semidry reaction method (El-

Tahlawy et al. 2006). The mixture of 3.0 g of b-CD,
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1.1 g of CA, 0.29 g of SHP and 1.8 g of distilled water

was reacted at 100 �C for 1.5 h. The sample was

purified by washing with ethanol using a soxhlet for

6 h to remove unreacted components as well as any

soluble fragments or byproducts, then treated with

dialysis membranes of 1,000 Da to further purify CA-

b-CD followed by drying at 60 �C for 24 h to obtain

the purified CA-b-CD. The b-CD content of CA-b-CD

was determined by means of the phenolphthalein

colorimetric method (Zhao et al. 2009). The mass

spectrum of CA-b-CD was obtained using mass

spectrometry (HCT PLUS, Bruker) in electron impact

mode with the following conditions: potential ioniza-

tion 70 eV; source temperature 230 �C; transfer line

temperature 280 �C; scan range from 1,000 to

3,000 m/z. A scan frequency of 5 scans/s was used

for generating the mass chromatography.

SHP (0.1 g) and the various amounts of CA-b-CD

were dissolved in distilled water (10 ml), and the pH of

the solution was then adjusted with hydrochloric acid and

sodium hydroxide solution, followed by adding pre-

treated cellulose fiber (1 g, oven dried) to obtain

sufficient swelling. After removing excess solution from

the fiber slurry, the reaction proceeded at various

temperatures (130–170 �C) in the oven for a specific

time. The obtained fibers were washed in distilled water

and dried at 60 �C for 24 h. The grafting ratio of CA-b-

CD onto the cellulose fibers was calculated by the weight

difference between the virgin and grafted cellulose fibers.

Loading and releasing of CipHCl

Virgin or grafted cellulose fibers (1 g) were immersed

in 50 ml CipHCl aqueous solution (100 mg/g oven-

dried fiber) at room temperature for a specific time

under stirring. The obtained samples were washed with

distilled water and dried at 60 �C for 24 h in a vacuum

drying oven. The amount of loaded drug was calculated

as the difference between the initial and the final

amounts in the solution using a UV–visible spectro-

photometer (DR 5000; HACH) at 275 nm (Peila et al.

2012; Rukmani and Sundrarajan 2012). The loading

and adsorption amount of CipHCl as a function of time

was calculated using the following equation.

qt mg/gð Þ ¼ C0 � Ctð ÞV
W

where C0 is the initial concentration of CipHCl, Ct is

the concentration of CipHCl at any time, V(L) is the

volume of the solution, and W (g) is the mass of oven-

dried fibers.

The 0.5 g of b-CD grafted fibers loaded with

CipHCl (13.6 mg/g oven-dried fibers) or virgin fibers

loaded with CipHCl (3.6 mg/g oven-dried fibers) was

dispersed in distilled water (25 ml) at room temper-

ature. The cumulative releasing amount of CipHCl

was determined using a UV–visible spectrophotome-

ter at 275 nm as a function of time and expressed as

the percentage of loaded antibiotic. The cumulative

release rate of CipHCl as a function of time was

calculated using the following equation.

Cumulative release rate %ð Þ ¼ CtV

m0

where m0 (mg) is the initial load amount of CipHCl in

fiber samples, Ct is the concentration of CipHCl at any

time, and V(L) is the volume of the solution.

FT-IR, XRD, TG and CP/MAS 13C-NMR

FT-IR spectra of b-CD, CA-b-CD, cellulose fibers

and grafted fibers were obtained using a Fourier

transform infrared spectrophotometer (Vector 33;

Bruker) in a wavenumber range from 4,000 to

500 cm-1 using the KBr disk method. X-ray diffrac-

tion (XRD) measurements were performed on a

Bruker D8 Advance diffractometer system. The

diffracted intensity of Cu Ka radiation

(k = 0.1542 nm; 40 kV and 30 mA) was measured

in a 2h range between 10� and 50� with a scanning

step width of 0.02�. Thermogravimetric (TG) mea-

surements were performed using a TA Q-500 instru-

ment. Temperature programs for dynamic tests were

run from 25 to 600 �C at a heating rate of 10 �C/min.

The tests were carried out under nitrogen atmosphere

(25 ml/min) in order to prevent any thermooxidative

degradation. CP/MAS 13C-NMR spectra were

obtained on a Bruker II Advance-300 spectrometer

(Karlsruhe, Germany) operating at the resonance

frequencies of 300.14 MHz for 1H and 75.47 MHz

for 13C using a Bruker 4.0-mm MAS NMR spinning

probe. The spinning speed of the samples was set to

5 kHz at the magic angle at room temperature. Each

spectrum was obtained with an accumulation of

5,000 scans. The delay time was 60 s, the proton 90�
pulse width was 9 lm, and the contact time for cross

polarization was 2.5 ms.
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Antibacterial activity of the fibers loaded

with antibiotics

The antibacterial activities of the fibers loaded with

CipHCl against E. coli and S. aureus were assessed

using a shaking flask method (Qian et al. 2009) and a

disc diffusion method (Scott and Higham 2003;

Thatiparti et al. 2010). The paper samples were

prepared with various percentages of grafted fiber

loading CipHCl (13.6 mg/g oven-dried fibers) and

virgin fibers, whereas the control sample was obtained

by 100 % virgin fibers loaded with CipHCl (3.6 mg/g

oven-dried fibers). The basis weight of both samples

was 60 g/cm2. For the shaking flask method, 0.75 g of

paper scraps was mixed with 5 ml of E. coli

(2.5 9 107 CFU ml-1) or S. aureus (1.5 9 107

CFU ml-1) suspension, then shaken at 200 rpm at

37 �C for 1 h. After shaking, various dilution samples

were made successively, followed by 0.1 ml of the

samples being seeded on LB agar in petri dishes. The

plates were incubated at 37 �C for 24 h, and the

number of colonies was counted. The growth inhibi-

tion of bacteria was expressed as the percentage of the

killed bacteria to the original ones. For the inhibition

zone method, 200 ll of E. coli or S. aureus suspension

was uniformly spread on the agar discs, and circles of

paper with a 6-mm diameter were put on it. After the

discs had been incubated overnight at 37 �C, the

bactericidal activity was observed by visual inspection

of the clearance of the bacterial lawn as well as the size

of the clearance as measured by calipers across an

average diameter. Drug-loaded circles were moved

daily to a new lawn using the above-described process.

Experiments were done in triplicate.

Mechanical and optical properties of paper sheets

The paper sheets with various contents of b-CD

grafted fibers loaded with CipHCl were made

according to the ISO 5269/2 standard, using the model

PTI-Flank Rapid-Koethen sheet former (model

RK3AKWT; Austria). The basis weight was 60 g/cm2.

The tensile index of the paper sheets was measured

using an Alweron TH1 tensile tester (model CE064,

AB Lorentzen & Wettre). The preconditioned sheets

were cut into 15 mm 9 180-mm strips and tested

according to ISO 1942/2. The tear index was per-

formed in accordance with ISO 1974 with a tearing

tester (model 83-10;Lorentzen & Wettre). The bright-

ness was determined using a whiteness meter (model

CTPC; Technidyne Color Touch PC) according to

TAPPI T452 m-98.

Results and discussion

Characterization of b-CD-grafted cellulose fibers

The mechanism for preparing the b-CD-grafted cel-

lulose fibers and the inclusion of antibiotics are shown

in Scheme 1. Two adjacent carboxyl groups in citric

acid dehydrate to form a reactive cyclic anhydride at a

specific temperature, which reacts with hydroxyl

groups in b-CD to obtain CA-b-CD. Furthermore,

the remaining carboxyl groups by the end of CA

dehydratation, controlled by the feed molar ratios of

CD to CA, might react with hydroxyl groups in

cellulose to form b-CD-grafted cellulose (Martel et al.

2002). The resulting fibers grafted with b-CD could

form the inclusion complexes with CipHCl. The

b-CD content of CA-b-CD is 72.5 % based on the

weight of CA-b-CD. As shown in Fig. 1, [b-CD ?

2CA–2H2O ? 2Na–H]? and [b-CD ? 3CA–3H2O ?

3Na–2H]? were observed at m/z 1,530 and m/z 1,729,

respectively, which indicates that one b-CD molecule

reacts with two or three CA molecules, respectively.

Other peaks are also observed because CA-b-CD

coordinated to various cations including NH4
?, Na?

or K? under these conditions.

The FT-IR spectra were used to characterize the

structure of b-CD-grafted cellulose fibers (shown in

Fig. 2). For b-CD, the adsorptions at 3,404, 2,933,

1,416, 1,370, 1,180 and 1,029 cm-1 in the spectrum

are indications of b-CD (Rukmani and Sundrarajan

2012). The region between 1,416 and 1,029 cm-1

relates to the C–H and C–O bond stretching frequen-

cies; a band at 2,933 cm-1 is assigned to C–H

vibration; the band range from 3,200 to 3,400 cm-1

corresponds to the vibration stretching of inter- and

intramolecular hydrogen bonds of b-CD. Compara-

tively, the bands in CA-b-CD are the same except for a

new vibration at 1,727 cm-1, which is indicative of

the ester group formed in the esterification between b-

CD and CA. Compared to the spectra of virgin

cellulose fibers, a new vibration at 1,708 cm-1 of b-

CD grafted fibers can be assigned to a C=O stretching

vibration for an ester bond obtained in the reaction

1924 Cellulose (2014) 21:1921–1932

123



between carboxylic acid from CA-b-CD and hydroxyl

groups from cellulose fibers.

The esterification is also further confirmed by solid-

state CP/MAS 13C-NMR spectra (Fig. 3). It is shown

that for the spectra of the CA-b-CD, cellulose fibers

and b-CD-grafted cellulose fibers, the signals between

55 and 110 ppm are assigned to the C-atoms in the

glucose, and the assignments of each carbon were

made with reference to the literature (Ramos et al.

2013). Compared with the free b-CD (Karoyo et al.

2013), a significant signal is present at 175.2 ppm for

CA-b-CD, which is assigned to the carbonyl group

(Larsen et al. 2011), indicating that the esterification

occurred between b-CD and CA. For cellulose fibers

and b-CD-grafted fibers, the signals between 55 and

110 ppm are also attributed to various carbon atoms in

the glucose, with six peaks corresponding to 13C

chemical shifts of cellulose carbons, C1 (105 ppm),

C4 (79–82 ppm), C2/C3/C5 (70–80 ppm) and C6

(60–69 ppm) of anhydroglucose units of cellulose

(Sathitsuksanoh et al. 2011). Moreover, the chemical

shifts of C4 and C6 might drift slightly depending on

the cellulose in crystalline and amorphous areas.

Compared to the spectrum of cellulose fibers, a new

signal at 173.8 ppm is assigned to the carbonyl group

of modified cellulose fibers for an ester bond, which

confirms the reaction between carboxylic acid from

CA-b-CD and hydroxyl groups from cellulose fibers.

Scheme 1 Schematic

representation of b-CD-

grafted cellulose fiber and

inclusion complexes

between b-CD-grafted

cellulose fiber and CipHCl

Fig. 1 ESI–MS spectra of CA-b-CD 4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm-1)

a

b

c

d

1727

1708

Fig. 2 FT-IR spectra of b-CD (a), CA-b-CD (b), alkalized

cellulose fibers (c) and alkalized cellulose fibers grafted with b-

CD (d)
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In addition, an obvious signal at 45.1 ppm appears

because of –CH2– from CA. This also confirmed the

reaction between CA-b-CD and cellulose; therefore,

b-CD was grafted onto cellulose fibers with citric acid

as a bridging agent.

Factors influencing grafting of b-CD to fibers

and the inclusion of antibiotics

The effects of reaction time, temperature and concen-

tration of the CA-b-CD and pH value on the grafting

ratio are shown in Fig. 4. The longer the treatment

time is, the greater the amount of b-CD bonded onto

the cellulose fibers. The grafting ratio was nearly

proportional to the reaction time before 15 min and

then increased slowly. Therefore, 15 min was suffi-

cient to obtain the desired result. As shown in Fig. 4b,

the grafting ratio increased significantly from 2.1 to

9.6 % when the temperature was raised from 130 to

160 �C because of the higher reaction efficiency and

easier diffusion of CA-b-CD molecules into the

vicinity of the cellulose fiber for larger pore size

(Leitner et al. 2013). It almost reached to a plateau for

the grafting ratio from 160 to 180 �C. Moreover, the

higher temperature might be harmful for the fiber

length and the brightness as a result of the acid

degradation. Therefore, the reaction temperature

should not be higher than 160 �C. The grafting ratio

increased when the concentration of CA-b-CD

increased. Higher concentration increases the diffu-

sion of CA-b-CD into the vicinity of cellulose fibers

and the number of available reactive molecules. The

grafting ratio first increased and then decreased with

rising pH and obtained the optimal value when the pH

was between 3 and 4. The form of the catalyst after

hydrolysis was controlled by pH, thereby affecting the

catalytic ability. From the above discussion, the

optimal reaction conditions should be a 15-min

reaction time, a reaction temperature of 160 �C,

[CA-b-CD] = 300 g/l and pH 3.4, at which the

grafting ratio was 9.7 %.

Effects of time on loading and releasing of CipHCl

into/from virgin and grafted cellulose fibers with b-CD

are shown in Fig. 5. It can be seen that the virgin fibers

showed little affinity to CipHCl; about 3.6 mg of

CipHCl absorbed onto 1 g of oven-dried cellulose

fibers when the absorption reached equilibrium. In

distilled water, the pH of the CipHCl solution is

slightly acidic and the 1-tertiary amine of quinolones

is protonated to make ciprofloxacin cationically

charged, which facilitate its absorption onto anioni-

cally charged cellulose fibers (Khan and Shah 2009).

For the b-CD grafted cellulose fibers, the amount of

loaded CipHCl increased dramatically with prolong-

ing time before 4 h and reached equilibrium after that.

The loading amount of CipHCl to b-CD-grafted

cellulose fibers increased remarkably compared to

that to virgin cellulose fibers, and the equilibrium

loading amount to grafted cellulose fibers was about

13.6 mg/g—more than triple the amount of that of

virgin cellulose fibers. Except for the CipHCl

absorbed onto the cellulose fibers, most of them were

loaded into the cavity of b-CD to form host–guest

complexes, and the inclusion was also promoted by the

electrostatic interaction between the carboxyl group of

CA and protonated quinolones (Khan and Shah 2009).

Effects of time on the cumulative release of CipHCl

from the cellulose fibers are shown in Fig. 5b; both

virgin fibers and b-CD grafted fibers show similar

patterns in which the antibiotics are released dramat-

ically in the first period and reached equilibrium at

different durations. The cumulative release of CipHCl

from the virgin fibers was 90 % in the first 30 min,

while that from the b-CD grafted fibers reached the

same level after 240 min. This is due to the fact that

the antibiotics absorbed onto the cellulose fibers by

electrostatic interaction could be readily desorbed and

200 150 100 50 0

a

C=O

C1
C4

C6 -CH2-

C=O
-CH2-

b

c
C2,3,5

C6

crystalline amorphous

C2,3,5

C1

C4

Chemical shift (ppm)

Fig. 3 CP/MAS 13C-NMR spectra of CA-b-CD (a), alkalized

cellulose fibers (b) and alkalized cellulose fibers grafted with b-

CD (c)
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released, whereas the ones hosted in the cavity of b-

CD were not easily released, resulting in the prolonged

equilibrium time for the grafted cellulose fibers

(Cusola et al. 2013). From the above, both virgin

fibers and grafted fibers retained the CipHCl, and b-

CD grafted onto the cellulose fibers increased the

loading amount dramatically and slowed down the

releasing process.

Phase and thermal stability of the modified

cellulose fibers

Cellulose crystallinity is the key factor determining its

mechanical properties (Chen et al. 2011). XRD studies

on virgin and b-CD grafted cellulose fibers were

conducted to reveal the crystallization behavior of the

fibers. As shown in Fig. 6a, three diffraction peaks at

2h of 15.3�, 22.6� and 34.7� corresponding to the

typical diffraction patterns of cellulose type I (Guo

et al. 2012) are observed in the XRD patterns. This

indicates that the crystal structure of cellulose fibers

was not changed after grafting. The crystallinity of

each sample was also calculated, and the results are

listed in Fig. 6a. A gradual increase of crystallinity

from 72.41 % for natural cellulose fiber to 78.76 % for

alkali-treated cellulose fibers was observed, which

was due to the removal of hemicellulose and lignin in

amorphous regions and the realignment of cellulose

molecules after alkali treatment (Li et al. 2014; Dipa

et al. 2009). After grafting with CA-b-CD, the

differences in crystallinity between alkalized cellulose

fibers and b-CD grafted ones were not significant.

However, the crystallinity of grafted fibers loaded with

CipHCl dropped to 70.13 %, which might be attrib-

uted to the adsorption of some antibiotic molecules on

the fiber surface.

The TG behaviors of natural cellulose fibers,

alkalized cellulose fibers, alkalized cellulose fibers

grafted with b-CD and grafted fibers loaded with

CipHCl are illustrated in Fig. 6b. Two-step degrada-

tion can be observed up to 600 �C; the first one at a

temperature around 100 �C was due to the loss of

water evaporation, while the second one at around

300 �C was due to the starting of the decomposition of

cellulose or CipHCl in samples. The remaining

weights at 600 �C were 15 % (a), 13 % (b), 11 %

(c) and 16 % (d) for various samples, and the weights

of b-CD grafted cellulose fibers were the minimal.

Moreover, the temperatures at the maximum degra-

dation rate (Tmax) of all samples were determined by
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Fig. 4 Effects of reaction

time (a), temperature (b),

the concentration of CA-b-

CD (c) and pH value (d) on

the grafting ratio. The other

parameters: a T = 150 �C,

[CA-b-CD] = 400 g/l,

pH = 3.4; b t = 15 min,
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Experiments were done in
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the DTG curves. The peak corresponding to the

maximum weight loss rate was 356 �C with 65 %

weight loss for natural cellulose fibers; the rest of the

peaks were 350 �C with 60 % weight loss for alkal-

ized cellulose fibers and 323 �C with 49 % weight loss

for grafted fibers loaded with CipHCl. In contrast,

15 % weight loss occurred at 292 �C and 63 % weight

loss at 348 �C for b-CD grafted cellulose fibers. The

presence of two important features are concluded: one

is that the incorporation of b-CD into cellulose fibers

led to a decrease in the Tmax, which might be attributed

to the presence of b-CD and an increase in the disorder

of cellulose molecular packing (Medronho et al.

2013); the second is that the introduction of CipHCl

caused a decrease in the weight loss on the main

degradation transition compared with that of cellulose

and b-CD.

Antibacterial activity of the grafted fibers loaded

with CipHCl

The effect of the content of b-CD-grafted fibers loaded

with CipHCl in paper sheets on the remaining bacteria

and the growth inhibition was characterized by the

shaking flask method (shown in Fig. 7). As shown in

Fig. 7a, the remaining bacteria decreased with

increasing grafted fiber content, and the remaining

bacteria against E. coli and S. aureus were both zero

when the content of grafted fibers were 100 %,

suggesting that all the bacteria were deactivated.

Meanwhile, with increasing grafted cellulose fiber

content, the growth inhibitions against E. coli and S.

aureus increased and were higher than 93 % when the
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content of the grafted fibers was 25 %. The growth

inhibitions against E. coli and S. aureus reached about

100 % when the fiber content was 50 % or higher.

However, the growth inhibitions of paper sheets made

from 100 % virgin fibers loading CipHCl against

E. coli and S. aureus were only 20.1 and 17.6 %,

mainly because most of the CipHCl was desorbed

during the papermaking process, and the cumulative

release rate reached 65 % at the initial 10 min.

Generally, the growth inhibition against E. coli is

higher that against S. aureus at the same fiber content,

probably because of the difference between gram-

negative and -positive bacteria in terms of cell

structures and antimicrobial mechanism (Li et al.

2011).

The sustained antimicrobial activity of virgin fibers

loading CipHCl and b-CD-grafted fibers loading

CipHCl against E. coli and S. aureus determined by

the ring diffusion method is presented in Fig. 8. The

control fibers (unloading CipHCl) did not inhibit any

bacterial proliferation. As expected, the zones of

inhibition of fibers showed larger zones of inhibition at

first and gradually reduced and became zero. Paper

sheets made from grafted fibers loading CipHCl

showed effective bactericidal activity in terms of the

zone of inhibition against E. coli and S. aureus for

7–15 and 7–11 days with daily application to a lawn of

freshly grown bacteria, respectively. However, paper

sheets made from 100 % virgin fibers loading CipHCl

showed bactericidal activity against E. coli and S.

aureus for only 3 and 4 days, respectively. The
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difference in the diameter of the zone of inhibition

between the virgin and grafted fibers can be attributed

to the burst release of antibiotics seen in diffusion-

based delivery systems (such as virgin fibers) as

compared to affinity-based release (grafted fibers).

The antimicrobial activity of b-CD-grafted fiber

loading CipHCl against E. coli is higher than that

against S. aureus, which is consistent with the results

of growth inhibition. The overall results from both the

shaking flask method and the ring diffusion method

demonstrate that the b-CD grafted fibers loading

CipHCl possess excellent antibacterial activity against

E. coli and S. aureus. The resulting antibacterial

papers may be useful to prevent wound and nosoco-

mial infections in the medical field.

Optical and mechanical properties of the paper

sheets

The paper sheets containing various amounts of b-CD-

grafted fibers loading CipHCl were further character-

ized in terms of optical and mechanical properties

(Table 1). The brightness of the paper presented a

slight decrease with the increase of the amount of

grafted fibers added. This behavior is obviously

related to the fact that cellulose fibers under high

temperature in the grafting reaction displayed a

typically brown color. It is a drawback for some

applications such as printing papers, but might be less

relevant for air filters and packaging paper where the

color of the paper is not critical. The tear strength of

the paper first increased and then decreased with

increasing grafted fiber content. The increasing of tear

strength might be due to extra chemical bonds formed

among cellulose fibers crosslinked by citric acid,

whereas the decreasing of tear strength could be

caused by shortening of fibers over the acidic treat-

ment. The tensile index of the paper decreased with

more grafted fibers added in the paper sheets because

fibers is acid degraded in the grafting reaction, and the

fiber length is decreased. The resulting antimicrobial

paper is promising for various applications.

Conclusions

b-CD was grafted onto cellulose fibers via the

crosslinking induced by CA in the presence of a weak

acid salt catalyst. The optimal reaction conditions

should be 15 min for the reaction time, 160 �C for the

reaction temperature, CA-b-CD 300 g/l and pH 3.4, at

which the grafting ratio was 9.7 %. The loading

amount of CipHCl into b-CD grafted cellulose fibers

increased remarkably by forming inclusion complexes

compared to the virgin fibers. Meanwhile, the release

of CipHCl from the grafted cellulose fibers was

dramatically prolonged. The paper sheets made with

b-CD grafted fibers loading CipHCl exhibited excel-

lent antibacterial activities versus the virgin ones. In

addition, with the increase of the amount of grafted

fibers in paper samples, the brightness and the tensile

index of the paper decreased, whereas the tear strength

of the paper first increased and then decreased. The

slow, sustained and affinity-based release of antibiot-

ics from the b-CD grafted fibers reflects their potential

applications as antibacterial products in clinical,

packaging and other fields.
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