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ABSTRACT: A chitosan/TiO2 hybrid film, as a powerful antifungal material for controlling southern corn leaf blight, which is caused

by the fungus Bipolaris maydis (B. maydis), was prepared and characterized. Its antifungal activity toward B. maydis was studied, and

the experimental results indicate that it had multiple attractive antifungal properties as follows: (1) it displayed strong antifungal ac-

tivity against B. maydis, with an inhibition ratio of 100% under both visible-light irradiation and in a dark environment; (2) it exhib-

ited a superior antifungal efficacy of 100%, even after 4 h under the irradiation of visible light; and (3) its antifungal activity included

the effect of hydroxyl radicals generated by the photocatalysis of TiO2. The antifungal mechanism was attributed to the action of a

large amount of positive charges on the structure of the hybrid film, which interacted with the negative charges from the cell and

finally resulted in the inactivation of B. maydis. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2012
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INTRODUCTION

Southern corn leaf blight (SCLB), caused by the ascomycetous

fungus Bipolaris maydis (Nisikado & Miyake) Shoemaker, is a

serious disease for maize, which can lead to severe economic

losses in agriculture. The spores of B. maydis germinate on the

leaf surface and infect the host directly. Under favorable condi-

tions, the mycelium of B. maydis produces more conidiophores

in the daytime. At present, the application of chemical pesti-

cides has been the major strategy for the control of SCLB. How-

ever, long-term use of chemical pesticides can cause damage to

the environment and to human health. Therefore, it is impor-

tant to develop ecofriendly materials for the effective manage-

ment of SCLB.

Chitosan (CS), a linear copolymer of b-(1,4)-linked 2-acet-

amido-2-deoxy-b-d-glycopyranosyl units and 2-amino-2-deoxy-

b-d-glycopyranosyl units, is readily soluble in dilute acidic solu-

tions below pH 6.0 because of the protonation of the amine

groups that have a pKa value of 6.3. This makes CS a water-

soluble cationic polyelectrolyte1 and confers onto CS numerous

and unique chemical, physical, physiological, and biological

properties, especially excellent antibacterial, antiviral, and anti-

fungal activities and good film-forming abilities.2–5 In recent

years, CS films have been the focus of intense interest for inhib-

iting the growth of bacteria.6–11

However, as a monocomponent fungicidal agent, CS’s narrow

antimicrobial range and weak mechanical strength are fre-

quently not sufficient for meeting the requirements of practical

applications. The blending of inorganic nanoparticles into the

polymer matrix has already proven to be an effective way to

enhance the performance of CS films. Most importantly, or-

ganic/inorganic hybrid materials fabricated by this method not

only share the individual characteristics of both components

but also result in new properties. Among many kinds of inor-

ganic nanoparticles, TiO2 has received considerable attention

because of its good chemical stability, nontoxicity, low cost,

high photocatalytic activity, and antibacterial properties.12–16

Particularly, the spread characteristics and modes of B. maydis

spores are more favorable for taking advantage of the photo-

catalytic properties of TiO2 nanoparticles because TiO2 can

produce a highly reactive radical with a highly oxidative and

reactive nature under light irradiation. Our previous study indi-

cated that a nitrogen-doped TiO2 photocatalyst could effectively

inhibit the germination of B. maydis under visible-light irradia-

tion.17 In addition, the surface charge properties of TiO2
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depend strongly on the solution pH and its point of zero charge

(PZC). At pH < pH at PZC, the TiO2 particle surface is posi-

tively charged, whereas at pH > pH at PZC, the surface is nega-

tively charged; this is described by eqs. (1) and (2):18,19

TiIV��OH þ Hþ ! TiIV��OHþ
2 ðpH < pHpzcÞ (1)

TiIV��OH þ H� ! TiIV � O��þH2O ðpH < pHpzcÞ (2)

Therefore, a proper pH value below the pH at PZC of TiO2 and

the pKa of CS will enable both the surface of the TiO2 nanopar-

ticles and the molecular chain of CS to acquire positive charges.

Under the electrostatic repulsion forces between inorganic nano-

particles and the polymer matrix, the flexible chain of CS mole-

cules can be fully stretched out, and the dispersion of nanopar-

ticles in the polymer matrix can be improved; this provides the

hybrid film with a larger working area, which carries a positive

charge and leads to a better adsorption effect on the spores of

B. maydis.

On the basis of the previous considerations, we expected to de-

velop a chitosan/TiO2 hybrid film (CTHF) by controlling the

interfacial interactions of TiO2 nanoparticles with CS polymers

to effectively destroy or inhibit the growth of B. maydis spores.

Until now and as far as we know, there have been few studies

on organic/inorganic hybrid films as agricultural fungicides for

plant disease control. Consequently, it is very necessary and im-

portant to study the effect of interfacial interactions between

inorganic nanoparticles and the polymer matrix on the struc-

ture and antifungal activity of hybrid films.

In this study, CTHF coated on a glass substrate was prepared by

control of the interfacial interactions of TiO2 nanoparticles with

CS polymers. The preparation process of CTHF was optimized

by an orthogonal test, and the hybrid film was characterized.

The antifungal activity of CTHF toward B. maydis was studied

for the first time.

EXPERIMENTAL

Materials

CS was obtained from Yuhuan Biology Engineering Corp. (Zhe-

jiang, China) with a degree of deacetylation of 97.4% and a vis-

cosity-average molecular weight of 270,000. TiO2 (Degussa P25,

anatase crystallite size � 25 nm) was purchased from Guangz-

hou Hualisen Commerce Corp. Terephthalic acid (TA) and

other reagents used were analytical grade and were purchased

from Nanyang Chemical Agent Corp. (Nanyang, China). The

cling film, with a water vapor permeability of 33 6 40% (g

m�2�24 h�1) and an oxygen permeability of 18,500 6 40%

(cm3 m�2�24 h�1�atm�1).

Optimization of the Preparation Process of CTHF

The process of preparing CTHF-coated glass substrates was

optimized by an orthogonal test. According to the design theory

of the orthogonal test, the orthogonal array L9 (34) was selected

to arrange the test program. Four controllable variables, the

dosage of CS (A), the dosage of TiO2 (B), the molar concentra-

tion of acetic acid (C), and the drying temperature (D), were

selected for optimization. Three levels of each factor were inves-

tigated. The selected factors and levels are listed in Table I. The

inhibition ratio of CTHF was measured for the aforementioned

factors and levels, and a further orthogonal analysis was carried

out. Thus, the inhibition ratio, variance, and range values, K

and R, were calculated (Table II).

The order of influence for each variable was D > B > A > C,

as shown in Table II. For the variances of A, B, and C, level 3

was the best according to the theory of the orthogonal test, but

for D, level 2 was the best. However, for the variance of A, level

2 was chosen because the value of K2 was very close to that of

K3. Most importantly, a solution containing a minor amount of

CS was favorable for the dispersion of the nanoparticles. Conse-

quently, the optimum level of each variable was A2B3C3D2.

Preparation of the CTHF-Coated Glass Substrate

Under the optimum conditions determined by the orthogonal

test, the CTHF-coated glass substrate was fabricated as follows.

First, 0.2 g of CS was dissolved in 50 mL of 0.0375 mol/L aque-

ous acetic acid. A transparent CS solution with a pH value of

3.21 was obtained. Then, 0.08 g of TiO2 powder was added to

the CS solution, and the mixed solution was stirred continu-

ously for 2 h. Subsequently, with the aid of a casting knife,

these suspensions were cast onto clean glass slides. The prepared

CTHF was dried at room temperature for 24 h and then dried

at 130�C for 4 h.

Table I. Variables Investigated and Their Levels

Variable

Level of each variable

1 2 3

A (g) 0.1 0.2 0.3

B (g) 0.02 0.05 0.08

C (mol/L) 0.0125 0.0250 0.0375

D (�C) 120 130 140

Table II. Experimental Arrangement and Test Results

Experiment
number A B C D

Inhibition
ratio (%)

1 1 1 1 1 38.5

2 1 2 2 2 85.0

3 1 3 3 3 39.4

4 2 1 2 3 29.9

5 2 2 3 1 89.4

6 2 3 1 2 90.8

7 3 1 3 2 83.7

8 3 2 1 3 41.0

9 3 3 2 1 86.3

K1 162.9 152.1 170.3 214.2

K2 210.1 215.4 201.2 259.5

K3 211.0 216.5 212.5 110.3

R 48.1 64.4 42.2 149.2
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Preparation of the CS Film Coated on the Glass Substrate

An amount of 0.2 g of CS was dissolved in 50 mL of 0.0375

mol/L aqueous acetic acid. A transparent CS solution was

obtained. By the same casting process, the individual sample of

CS film coated on the glass substrate was prepared.

Preparation of TiO2 Powder Coated on the Glass Substrate

An amount of 0.08 g of TiO2 powder was dispersed into 50 mL

of 0.0375 mol/L aqueous acetic acid. A suspension of nanopar-

ticles was obtained. By same casting process, an individual sam-

ple of TiO2 powder coated on the glass substrate was prepared.

Characterization of the Materials

Scanning electron microscopy (SEM) of the CTHF and TiO2

powder coated on the glass substrate was investigated with a

FEI Quanta 200 scanning electron microscope at 30 kV. To con-

veniently characterize other properties, the CS film and CTHF

were peeled off the glass substrates and ground into powder. X-

ray diffraction (XRD) patterns of the TiO2, CS film, and CTHF

were recorded on a Bruker D8-Advance X-ray powder diffrac-

tometer with monochromatized Cu Ka radiation (k ¼ 1.5418

Å) in the range 2h ¼ 20–80�. Fourier transform infrared (FTIR)

spectra of the TiO2, CS film, and CTHF were obtained by a

Nicolet 5700 FTIR spectrometer with KBr pellets. Diffuse reflec-

tance spectroscopy (DRS) of the TiO2, CS film, and CTHF were

recorded on a Lambda-650S UV–vis spectrophotometer

equipped with a diffuse reflectance accessory.

Determination Test of the Antifungal Activity against

B. maydis

A volume of 20 lL of a spore suspension with an approximate

concentration of 3 � 104 spores/mL were dropped onto the cen-

ter of the glass slides coated with CTHF, CS film, and TiO2 pow-

der, respectively. Then, the glass slides were immediately covered

with a layer of cling film to control the humidity and to prevent

the spores from floating on the top of the suspension. Subse-

quently, these glass slides were placed in a growth chamber with

a light intensity of 20,000 Lux, a temperature of 28�C, and a rela-

tive humidity of 80%. At various periods, the germination of

spores was observed through a Nikon TE2000 microscope, and

the germination ratio was obtained. Furthermore, the antifungal

activity of CTHF in darkness was also measured under the same

conditions. The germination and inhibition ratio of the spores

were determined with eqs.(3) and (4):

Germination ratio ð%Þ ¼ Cg

Ct

� 100 (3)

Inhibition ratio ð%Þ ¼ Cug

Ct

� 100 (4)

where Cg and Cug are the statistical count of the germinated and

ungerminated spores treated with the film samples, respectively,

and Ct is the total count of spores.

Determination Test of Hydroxyl Radicals (�OH)

The determination of �OH was done with a TA fluorescence

probe.20 The measurements of the amount of �OH were per-

formed as follows: 0.50 g of CTHF was added to an 80-mL

Figure 1. XRD patterns of the powder of the (a) TiO2, (b) CS film, and

(c) CTHF.

Figure 2. FTIR spectra of the powder of the (a) CS film, (b) TiO2, and

(c) CTHF.

Figure 3. DRS patterns of the powder of (a) TiO2, (b) CS film, and (c)

CTHF.
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Pyrex quartz glass bottle with 50 mL of aqueous solution con-

taining 0.2 mmol NaOH and 0.05 mmol TA and then irradiated

under visible light (k > 420 nm) with stirring. At 30, 60, 90,

and 120 min, 8 mL suspensions were extracted and centrifuged

at a speed of 12,000 rpm. The fluorescence spectra of these su-

pernatant liquids were obtained on a Varian Cary Eclipase fluo-

rescence spectrometer.

RESULTS AND DISCUSSION

Characterization of the Materials

Figure 1 shows the XRD patterns of the TiO2 powder, powdered

CS, and CTHF films. The diffraction peaks of TiO2 at 2h ¼
25.92 and 27.94� were attributed to the characteristic peaks of

anatase (101) and the rutile (110) crystal phase,21,22 which was

composed of a mixed phase with 95% anatase and 5% rutile

[Figure 1(a)]. The powder of the CS film showed characteristic

peaks at 2h ¼ 9.71 and 20.38�, which were assigned to (020)

and (100) reflections23,24 [Figure 1(b)]. As expected, the powder

of CTHF exhibited the typical characterization peaks of TiO2;

this indicated that the existence of CS had no effect on the crys-

talline structure of TiO2 and that the introduction of TiO2 par-

ticles into the CS phase resulted in the disappearance of the

peak at 2h ¼ 9.71� and an intensity decrease of the peak at 2h
¼ 20.38� [Figure 1(c)]. It was hypothesized that TiO2 particles

interfered with the ordered packing of polymer chains by

hydrogen bonding, which led to the decrease in the CS

crystallinity.25

FTIR spectra for the powders of the CS film, TiO2, and CTHF

are presented in Figure 2. The absorption bands of CS at 1044

and 3422 cm�1 were assigned to the stretching vibrations of

AOH groups, and the band at 1630 cm�1 was attributed to the

bending vibrations of ANH2 groups.25,26 The peaks of TiO2 at

1093, 2851, and 3429 cm�1 were ascribed to surface hydroxyl

groups and adsorbed water molecules,27,28 and the band at 455–

760 cm�1 corresponded to the TiAOATi stretching vibration

mode.28,29 In comparison with the FTIR spectra of the individ-

ual CS and TiO2, CTHF exhibited most of the characteristic

adsorption peaks of CS and TiO2 but displayed some slight

changes in the intensity of the peaks assigned to the amino and

hydroxyl groups of CS and the surface hydroxyl groups of TiO2.

These changes were relevant to the formation of hydrogen

bonds between the AOH or ANH2 groups of CS or AOH

groups on the surface of the TiO2 nanoparticles.

Figure 3 shows the DRS spectra of the powders of the CS film,

TiO2, and CTHF. CS had two strong absorption bands at 220

and 320 nm, which corresponded to the n ! r* transition of

amido groups and the n ! p* transition of carbonyl groups,

respectively.30 Obviously, the absorption edge of CTHF dis-

played a significant redshift and response in the visible region.

The redshift might have been caused by the combination

between the TiO2 particles and CS through hydrogen

bonding.31

Figure 4. SEM morphology of (a) TiO2 powder and (b) CTHF coated on a glass slide.

Figure 5. Effect of the irradiation time on the inhibition ratio of B. may-

dis spores treated with CTHF, CS film, and TiO2 powder coated on a glass

slide.
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The SEM photographs of the CTHF film and TiO2 powder are

shown in Figure 4. The agglomeration of the nanoparticles,

shown in Figure 4(a), was apparent, and the surface was rough,

but that in Figure 4(b) was more uniform and smoother on the

same scale. The results confirm that the electrostatic repulsive

forces between the polymer chains of CS and the surface of the

TiO2 nanoparticles played a major role in breaking down the

undesirable agglomeration of inorganic nanoparticles.

Antifungal Activity

The antifungal effects evaluated on B. maydis of the CS film,

CTHF, and TiO2 powder coated on glass slides and sterile water

as a control were examined under visible-light irradiation for 1,

2, 3, and 4 h, respectively. The experimental results show that

CTHF had outstanding antifungal activity against B. maydis,

with an inhibition ratio of 100% at different intervals, com-

pared with those of the individual CS film and TiO2 powder

Figure 6. Microscopy photographs of B. maydis spores at different intervals after they were treated with the control, CTHF, CS film, and TiO2 powder

coated on a glass slide (bar ¼ 300 lm). [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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coated on glass slides. As shown in Figure 5, the CS film and

TiO2 powder had inhibition ratios of 57.7 and 45.9% at 1 h,

respectively, but the inhibition ratio decreased gradually with

increasing irradiation time and was even down to 7.8 and 8.3%

at 4 h, respectively. Surprisingly, CTHF had a strong and stable

inhibition effect on the growth of B. maydis spores; this indi-

cated a notable synergistic effect. It should be pointed out that

the influence of acetic acid used in the preparation procedure of

the film could be ignored according to the antifungal results of

the CS film. Furthermore, a D of 130�C could quickly evaporate

acetic acid with a boiling point of 118�C.

The morphology of B. maydis spores treated with the CTHF, CS

film, and TiO2 powder coated on glass slides and sterile physiolog-

ical water as control were examined under light microscopy, and

the microscopic observations of the course of germination are

shown in Figure 6. As shown in these photos, in which B. maydis

spores were treated with sterile physiological water, for the individ-

ual CS film and TiO2 powder, the spores germinated unceasingly,

and a germ tube gradually formed with increasing time. Although

both the CS film and TiO2 powder had inhibitory ability, the

effect was weaker compared with that of CTHF because of the

low-mass concentration of CS and the intrinsic properties of TiO2.

In addition and extremely interestingly, CTHF had the same effect

on inhibiting the germination of spores at the same interval in

darkness. The photos of the antifungal activities in darkness were

not put in Figure 6 because they showed the same experimental

results as those under the irradiation conditions.

Antifungal Mechanism

To confirm whether the wonderful antifungal capacity of CTHF

was based on hydroxyl radicals produced by photocatalysis, a

determination test of �OH was designed by a TA fluorescence

probe. Figure 7 shows the fluorescence spectra of TAOH gener-

ated from TA by the reaction with �OH. As shown in Figure 7,

an obvious and strong fluorescent emission at 423 nm was

observed under visible-light irradiation. Moreover, the fluores-

cence intensity increased linearly against time.

The fact that the hydroxyl radical was produced by the photoca-

talysis of TiO2 under visible-light irradiation seemed to imply

that the antifungal capacity of CTHF was related to the photo-

catalytic properties of TiO2. However, on the basis of the exper-

imental phenomena that CTHF could completely inhibit the

growth of B. maydis in darkness, we speculated that the antifun-

gal activity of CTHF against B. maydis might have been closely

related to its particular structure, instead of being simply due to

the photocatalytic properties of TiO2.

The analyses results of XRD, FTIR spectroscopy, DRS, and SEM

indicated that the interfacial interaction of TiO2 with CS had a

strong influence on the structure of CTHF. On the one hand, the

surface of TiO2 and the molecular chain of CS were positively

charged, as deduced from the pH value of the reaction system and

the PZC value (6.8 6 0.2)32 of standard Degussa P25 material.

Then, the effect of the electrostatic repulsion force resulted in the

molecular chains of CS being stretched out at the maximum limit,

and the dispersion of nanoparticles in polymer matrix was

improved, which helped to break down the undesirable agglomera-

tion of inorganic nanoparticles. On the other hand, CS carried a

large number of amino and hydroxyl groups; this was suitable for

the formation of hydrogen bonds by the interactions with the sur-

face hydroxyls of TiO2. The interfacial interactions of electrostatic

repulsion and hydrogen bonding were advantageous for hybrid

film formation to obtain a stable openwork structure that carried

large amounts of positive charges. Subsequently, these positive

charges on the structure played a very important role in inhibiting

the growth of B. maydis spores, which were negatively charged; this

may have interfered with the nutrient exchange between the exte-

rior and interior of the cell and finally resulted in halted pathogen

growth.33–35 Of course, the excellent antifungal activity of CTHF

against B. maydis under visible-light irradiation may have also

been attributed to the hydroxyl radical produced from photocatal-

ysis in addition to the decisive influence of structural factors.

CONCLUSIONS

In this study, we were concerned with the antifungal activity of

CTHF developed by controlling the interfacial interactions

between TiO2 nanoparticles and CS polymers. We observed that

the hybrid film completely inhibited the germination of B. may-

dis in visible-light and dark environment. These research results

not only offer a kind of environmental protection material for

treating B. maydis fungi but also opens up a new way for

emboldening and applying natural CS.
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