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1. INTRODUCTION

Microbial infection remains one of the most serious 
complications associated with the use of many 
biomaterials. Paints and painted surfaces provide 
a particularly wide range of different ecological 
niches that provide sites for microbial attachment. 
The individual components of paint often provide 
biodegradable substrates. In water-borne paints, the 
formulated product can be attacked during production 
in pre-scale storage and as the re-usable residues 
(Inoue, 1994).

Metal toxicity towards microorganisms is of 
environmental concern because of possible inhibition 

of essential microbe-assisted processes. These metals 
are toxic to the environment and their application 
is not short lived. If these materials are attached to 
polymers, it would be ideal solution to overcome 
problems associated with their toxicity. In addition, 
microorganisms serve as useful models for laboratory-
based metal-toxicity studies. Silver is a potentially toxic 
metal to most organisms that interacts with cellular 
nucleic acids and enzyme active sites or absorbs on the 
cell wall (Tobin et al., 1984; Stohs et al., 1995).

Many research studies are dealing with the biocidal 
activity of synthetic polymers. Polymeric antimicrobial 
agents could be utilized in a variety of applications such 
as paints, water treatment, coating on medical devices, 
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food packaging, medical applications and health care 
related materials (Kanazawa et al., 1994; Worley 
et al., 2000; Kenway et al., 2003). Vigo (1992) studied 
the application of polymeric quaternary ammonium 
materials as anion exchange resins in the disinfection 
of water supplies. 

New directions in this area involve the synthesis of 
environmentally acceptable materials that are insoluble 
but possess biocidal activities. Most of these recent 
studies are patents. Water based emulsions are one of 
these aspects.

This study is focusing on the evaluation of the 
antifungal activities of the novel synthesized chelating 
water based emulsion lattices and their silver complexes. 
A brief presentation of metal-uptake by two fungal 
species is given to elucidate the various responses of 
the filamentous fungi to these compounds.

2. MATERIAL AND METHODS

2.1. Preparation of emulsion latex

Binary co-polymeric emulsions of butyl acrylate-co-
itaconic acid (BuA/IA) and butyl acrylate-co-maleic 
acid (BuA/MA) were prepared according to the 
technique of semi-batch emulsion co-polymerization 
processes. The following ingredients were mixed in a 
500 ml three-necked flask using redox pair initiation 
system potassium persulfate/sodium metabisulphite 
KPS/NaMBS (0.54/0.832 gm) and 2 g sodium dodecyl 
benzene sulfonate (SDBS) as an emulsifier were 
dissolved in distilled water (70 ml). Finally, binary 
mixtures of 20 g IA with BuA or 20 g MA with BuA 
of 1:1 feed monomer compositions were prepared by 
adding the itaconic acid monomer solution in water 
dropwisely to the hydrophobic monomer in the reaction 
media. Monomers of butyl acrylate (BuA), maleic 
acid (MA) and itaconic acid (IA) were pure chemical 
grades. The polymerization reactions were carried out 
at 65°C for a period of 4 h. The experiments were run 
with mechanical stirring at 500 rpm.

The prepared stable emulsions of the binary co-
polymers of BuA/IA and BuA/MA were subjected to 
adsorption process by Ag+ ions from aqueous solution. 
The Ag complex of the binary co-polymers of the 
emulsions [(BuA/IA)Ag and (BuA/MA)Ag] were 
evaluated for controlling microbial growth compared 
with their free emulsions.

2.2. Microorganisms

The fungal strains of Aspergillus flavus, 
Aspergillus niger, Aspergillus terreus, Botrytis allii, 
Diplodia oryzae, Fusarium oxysporum, Helmintho-
sporium turcicum, Macrophomina phaseoli and 

Trichoderma reesei were obtained from MIRCEN 
Cairo, Faculty of Agriculture, Ain-Shams, University, 
Egypt. Mucor rouxii NRRL 1894 was obtained from 
the Agricultural Research Service Peoria, IL., USA.

2.3. Culture media

The fungal strains growth medium was Czapeck’s 
dox medium (Difco Laboratories, Detroit, Mi., USA). 
A stock culture of these strains is propagated on agar 
slants with the same constituents.

Cells for the uptake studies were obtained by 
culturing the chosen fungal strain in 50 ml culture 
broth of Czapeck’s dox medium in 250 Erlenmeyer 
flasks. They were incubated at 28°C on a rotary shaker 
(180 rpm) for 72 h.

2.4. Antimicrobial activity

The antifungal activities of the prepared chelating 
emulsions and their silver complexes [(BuA/IA)Ag and 
(BuA/MA)Ag] were evaluated by the agar diffusion 
technique according to the method of Penna et al. 
(1997). Each compound and its dilutions were tested 
against the various fungal strains. Each compound 
solution was put in a well and tested after 1, 5 and 
10 days of its diffusion in uninoculated plain agar 
medium. After each period a film of inoculated Dox 
agar medium was overlayed and incubated for 48 h at 
30°C. This was done to test the degree of release of Ag+  
ions (Kansoh et al., 2000).

To study whether these compounds act as fungicides 
and/or fungistatic agents, the prepared compounds, at 
their diluted concentrations as used in the applied field 
of paints, were sprayed on the plates inoculated with 
actively growing mycelia of the tested fungal strains. 
The plates were incubated at room temperature for 
7 days. Non-sprayed plates were taken as controls. 
Samples from each sprayed mycelium were chosen 
randomly, recultured on fresh media free from the 
tested compounds and incubated for a week at 28°C. 
The growth of these mycelia was observed and 
recorded to test for the fungicidal or fungistatic effects 
of the emulsions.

2.5. Metal uptake experiment

The silver ion studied was used as its nitrate salt. The 
mycelia of the chosen fungal strains were tested as 
biosorbents for silver ions according to the method of 
Volesky et al. (1995).

The samples were kept shaken at 28°C for 24 h, 
withdrawn at time intervals (0.5-2 h) and analyzed for 
residual silver concentrations using Atomic Absorption 
Spectrophotometry (Varian Spectrum AA 220). 
Experimental samples with no added cells were used 
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as controls. Silver uptake was calculated as Ag mM/
g.d.w. according to the method of Volesky (1990). 

2.6. Electron microscopy

The micrographs of the ultra thin sections of the fungal 
cells were taken by EM 10 Carl-Zeiss Transmission 
Electron Microscope to determine subcellular 
localization of the absorbed silver metal (Tsezos et al., 
1982). Two samples were prepared according to the 
procedure of Glauert (1965). The first was used for 
the absorption of silver and the second was used as a 
blank.

3. RESULTS AND DISCUSSION

3.1. Characterization of the prepared emulsions 
and their silver complexes

The prepared co-polymeric emulsions of butyl 
acrylate/itaconic acid and butyl acrylate/maleic acids 
and their silver complexes (Schemes 1 & 2) were 
characterized using spectrophotometric measurements, 
differential scanning calorimetry (DSC) and Ag ion 
determination.

Analysis of IR spectra for the prepared co-polymers 
and their Ag complexes gave good information 
about the structure of these materials (Table 1). The 
characteristic bands of C=O stretching of carboxylic 
groups at 1,730-1,770 cm-1 in case of BuA/IA and 
BuA/MA were shifted to 1,730 and 1,770 cm-1, 
respectively. The broad peaks of OH of the carboxyl 
groups at 3,000-3,650 cm-1 were also diminished due 
to complexation in BuA/IA and BuA/MA respectively. 
The reduction of the OH band of the carboxyl was 
greater in case of BuA/IA than BuA/MA. This clarify 
why the Ag content was larger in case of (BuA/IA)Ag 
complex (2.32%) than in (BuA/MA)Ag (0.68%).

Differential scanning calorimetry (DSC) illustrates 
the melting transition of the homopolymers, binary 
co-polymers and their Ag complexes. The results of 
table 2 illustrate that introduction of Ag in the trunk 
polymer reduces the melting transition of the prepared 
co-polymers.

3.2. Antimicrobial assessment of the compounds

The biological activities of the silver complexes of 
the tested chelating emulsion polymers against fungal 
growth were evaluated by comparison to the growth 
observed for the emulsion co-polymers BuA/IA and 
BuA/MA, taken as controls (no inhibition zone). The 
results of table 3 show the effect of the concentrated 
(BuA/IA)Ag and (BuA/MA)Ag compounds against 
different fungal strains. 

Compound (BuA/IA)Ag showed inhibition zones 
that decreased by the time as the concentration of the 
biocide was diluted by diffusion throughout the agar 
medium in the plates. This can be explained on the 
basis that the type of the prepared emulsion and the 
position of the carboxylic groups in this compound 
formula (Scheme 1) facilitate the fast Ag+ ions release 
from the compound. 

On the other hand, compound (BuA/MA)Ag showed 
slight inhibition zones against all fungal strains at initial 
time that increased with time up to the 10th day. In this 
compound the carboxylic groups are closer to each 
other in its formula (Scheme 2). So, the initial release 
of Ag+ ions was difficult due to the difficult mobility of 
these ions into the medium. A low release of Ag+ ions 
would increase by time up to the 5th day. Then the latest 
Ag+ ions were released up to the 10th day. 

In general, the compounds (BuA/IA)Ag and  
(BuA/MA)Ag are biologically active against all the 
tested fungal strains, but their responses to these 
compounds are variable. 

The minimum inhibitory concentrations (MIC) 
of these compounds were studied to economize their 
use. As shown in table 4, the compound (BuA/IA)Ag 
was effective at a concentration of 0.05 mg.l-1 against 
A. flavus, B. allii, F. oxysporum and T. reesei, while 
concentration of 0.2 mg.l-1 was quite active against 
A. niger, A. terreus, D. oryzae, H. turcicum, M. phaseoli 
and M. rouxii NRRL 1984.

CH2

COOH

COOH

H

COOC4H9

mn CH2

COOH Ag+ COOAg+

COOH Ag+ COOAg+

BuA/MA copolymer

BuA/IA copolymer

COOH COOC4H9

m

H

CH2n

HH

HOOC

Scheme 2

Scheme 1

Schemes 1 and 2. Prepared chelating co-polymers and their 
silver complexes — Co-polymères de chélation préparés et 
leurs complexes d’argent.
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The compound (BuA/MA)Ag was active at 
a concentration of 0.05 mg.l-1 against A. flavus, 
A. terreus, B. allii, H. turcicum and F. oxysporum, 
while a concentration of 0.2 mg.l-1 was effective 
against A. niger, D. oryzae, M. phaseoli, M. rouxii 
and T. reesei. Although the highly diluted solutions of 
the compounds have low silver concentrations, they 
showed a noticeable growth inhibition zones. This may 
be due to the complete solubility of the biocide at high 
dilutions with an efficient spread. These results reveal 
the most effective and most economical dilutions of the 
emulsions that can be used for application.

As a general conclusion we can suggest that the 
compound (BuA/IA)Ag is suitable when successive 
use is needed due to the fast release of Ag+ ions from 
the compound. The compound (BuA/MA)Ag can be 
used when gradual release of Ag+ ions is needed for a 
long time.

Cultures of the tested fungal strains were sprayed 
at the minimum inhibiting concentrations of both 
compounds (BuA/IA)Ag and (BuA/MA)Ag for each 
strain and incubated for 7 days at room temperature. 
When mycelia from these treated plates were 
subcultured on biocide free media some of them failed 
to grow again showing the fungicidal response or began 
to grow weakly showing the fungistatic effect.

The tested compounds (BuA/IA)Ag and  
(BuA/MA)Ag proved to be fungicidal to A. flavus,  
B. allii and F. oxysporum. In addition (BuA/
IA)Ag compound has a fungicidal effect on 
T. reesei and also (BuA/MA)Ag compound 
acts as a fungicidal agent on A. terreus and H. 
turcicum. On the other hand, these compounds are 

Table 1. IR spectra of the prepared co-polymers and their Ag complexes — Les spectres IR des co-polymères préparés et leurs 
complexes d’argent.

Vibration Assignment   BuA/IA         (BuA/IA)Ag           BuA/MA                 (BuA/MA)Ag

CH
2
 bending mode 1,380 1,387 1,320 1,389

CH
3
 bending mode 1,460 1,473 1,450 1,466

C=O stretching of carboxylic acid 1,730-1,770 1,729 1,730-1,770 1,770
Stretching vibrations of  2,849-2,878 2,874-2,962 2,840-2,890 2,814
  C-H bands of saturated    2,929
  methylene and methyl groups    2,900
OH of the carboxylic end groups 3,000-3,650 3,431 3,000-3,650 3,430

Table 2. DSC data in °C of the prepared copolymers — Données DSC en °C des co-polymères préparés.

PIA PBuA BuA/IA (BuA/IA)Ag BuA/MA (BuA/MA)Ag

204.5 413 393.5 355.5 389.4 346.8

Table 3. The effect of the concentrated (BuA/IA)Ag 
and (BuA/MA)Ag compounds against different fungal 
strains — Effet de la concentration des complexes de  
(BuA/IA)Ag et (BuA/MA)Ag vis-à-vis des différentes souches 
fongiques.

Microorganism Inhibition zones (mm)* 

 (BuA/IA)Ag*  (BuA/MA)Ag*

 Inoculation time Inoculation time 
 (days)   (days)

 1 5 10 1 5 10

Aspergillus flavus 65 45 30 30 70 75
Aspergillus niger 60 36 20 30 65 70
Aspergillus terreus 65 40 26 26 75 78
Botrytis allii 75 56 35 32 85 87
Diplodia oryzae 60 45 30 30 70 75
Helminthosporium 55 40 30 28 80 85
  turcicum
Fusarium oxysporum  70 55 30 28 80 86
Macrophomina 55 38 26 32 70 75
  phaseoli
Mucor rouxii  65 50 35 34 80 85
  NRRL 1894
Trichoderma reesei 80 58 40 35 85 88

* (BuA/IA)Ag and (BuA/MA)Ag are different preparations 
of silver complex of butyl acrylate-co-itaconic acid and butyl 
acrylate-co-maleic acid, respectively — (BuA/IA)Ag et  
(BuA/MA)Ag sont différentes préparations de complexe d’argent 
de l’acrylate de butyle-co-acide itaconique et de l’acrylate de 
butyle co-acide maléique, respectivement; Emulsion copolymers 
of (BuA/IA) and (BuA/MA) were taken as controls that showed 
no inhibition zone — Les émulsions des co-polymères des 
(BuA/IA) et (BuA/MA) ont été prises comme témoins et n’ont 
montré aucune zone d’inhibition.
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Table 4. Effect of different concentrations of (BuA/IA)Ag and (BuA/MA)Ag compounds against different fungal strains — Effet 
de différentes concentrations des complexes (BuA/IA)Ag et (BuA/MA)Ag à l’égard de plusieurs souches fongiques.

Microorganism          Inoculation time      Inhibition zones (mm) of different Ag-concentrations

  Compound* (days)  13.51 mg.l-1 3.4 mg.l-1 0.85 mg.l-1 0.2 mg.l-1 0.05 mg.l-1

* Compounds: IA: (BuA/IA)Ag complex of butyl acrylate-co-itaconic acid and MA: (BuA/MA)Ag complex of butyl acrylate-co-maleic 
acid — Composés : IA: (BuA/IA)Ag, complexe de l’acrylate de butyle-co-acide itaconique et MA: (BuA/MA)Ag, complexe de 
l’acrylate de butyle-co-acide maléique. 
 - no inhibition zone — pas de zone d’inhibition.

Aspergillus flavus   
  IA                       1                           65              52 43 30 16
  MA                     1                           30              20 - - -
                     5                           70              60 48 30 16
                 10                           75              65 50 33 15
Aspergillus niger    
  IA                  1                           60              45 37 28 -
  MA                     1                           30              18 - - -
                     5                           65              50 35 25 -
                 10                           70              56 38 25 -
Aspergillus terreus  
  IA                     1                           65              50 39 28 -
  MA                     1                           26              18 - - -
                     5                           75              58 45 30 16
                 10                           78              60 48 32 16

Helminthosporium turcicum   
  IA                     1                           55              42 36 28 -
  MA                     1                           28              22 - - -
                     5                           80              66 45 32 16
                 10                           85              70 50 35 16

Botrytis allii   
  IA                     1                           75              60 45 30 18
  MA                     1                           32              20 16 - -
                     5                           85              65 45 30 14
                 10                           87              68 48 30 15
Diplodia oryzae  
  IA                     1                           60              46 35 26 -
  MA                     1                           30              26 - - -
                     5                           70              55 35 25 -
                 10                           75              60 40 28 -

Fusarium oxysporum   
  IA                     1                           70              58 40 30 18
  MA                     1                           28              25 20 - -
                     5                           80              64 46 35 18
                 10                           85              70 52 36 20

Trichoderma   reesei   
  IA                     1                           80              65 55 32 18
  MA                     1                           35              25 16 - - 
                     5                           85              68 45 28 -
                 10                           88              70 48 30 -

Macrophomina phaseoli   
  IA                     1                           55              40 35 28 -
  MA                     1                           32              26 20 - -
                     5                           70              58 40 2 -
                 10                           75              62 42 30 -
Mucor rouxii NRRL 1894   
  IA                     1                           65              50 38 25 -
  MA                     1                           34              25 16 - -
                     5                           80              65 40 22 -
                 10                           85              70 45 25 -
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fungistatic to A. niger, D. oryzae, M. phaseolli and  
M. rouxii.

A comparison between the two effects (fungicidal 
and fungistatic) according to the process of silver 
uptake was studied. Nitrate salts were chosen as they 
are usually soluble, and the nitrate ion forms only weak 
complexes with the metals. To avoid the formation 
of metals complexes with other anions, unbuffered 
solutions were used (Horikoshi et al., 1981; Tobin 
et al., 1984).

The plotted data of silver uptake (Figure 1) shows 
the relationship between the time and silver uptake of 
F. oxysporum and D. oryzae that showed fungicidal 
and fungistatic response to the tested compounds, 
respectively.

The plotted data shows an initial rapid uptake 
during the first hour, followed by gradual uptake with 
equilibrium attained after 24 h. F. oxysporum cells 
featured higher silver uptake (9.1 mM Ag/g D.W.) than 
D. oryzae cells (4.4 mM Ag/g D.W.) under the same 
conditions.

The extracellular binding of silver ions that 
adsorbed onto the fungal cell wall explains the initial 
rapid phase. The second, slower phase may be due to 
the exchange of metal ions across the cell wall and this 
process depends on the cell metabolism. Addition of 
sodium azide as a metallic inhibitor at the start of the 
uptake experiments reduced the silver uptake. This 
is due to the accumulation processes phase, which is 
indicative of an energy-dependent activity (Ross, 1975; 
Tsezos et al., 1982; Tobin et al., 1984; Brady et al., 
1994; Stohs et al., 1995; Omar et al., 1996; Kansoh 
et al., 2000; Humphris et al., 2001).

It is of great importance to determine the role of 
the metal ions in the cells to define the uptake strategy. 
Transmission Electron Microscope (TEM) examination 
of the sorbent cells before and after uptake gives the most 

direct evidence of this effect. The TEM photographs of 
F. oxysporum (Figure 2a and 2b) represent the mycelia 
before and after silver uptake, respectively. Figure 2b 
indicates that metal is absorbed onto the cell wall and 
a part of the metal ions has been transported into the 
cell, revealing electron-dense areas in the cytoplasm. 

Figure 1. Silver uptake by Fusarium oxysporum mycelium, 
(ο) parent cells, (l) parent cells amended with Na azide and 
by Diplodia oryzae mycelium, (Δ) parent cells, (▲) parent 
cells amended with Na azide — L’absorption de l’argent  
par le mycélium de Fusarium oxysporum, (ο) cellules 
parents, (l) cellules parents traitées à l’azoture de Na et 
par le mycélium de Diplodia oryzae, (Δ) cellules parents, 
(▲) cellules parents traitées à l’azoture de Na.

Figure 2. TEM (ultra thin section) photograph of Fusarium oxysporum before (a) and after (b) silver uptake x 40, 000. Silver 
ions are located within the cell wall and inside the cytoplasm — La photo TEM de Fusarium oxysporum avant (a) et après (b) 
l’absorption d’argent x 40 000. Les ions argent sont situés dans la paroi cellulaire et à l’intérieur du cytoplasme.
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Figure 3 (a and b) of D. oryzae before and after silver 
uptake, respectively showed strong electron dense area 
on the outer surface of the cells. This indicates that the 
cells retained the biosorped silver ions on the outer 
surface of the cells with less transport into the cell.

It should be emphasized that although the primary 
fungistatic action of the cations is due to non-specific 
reaction outside the cell protoplast, ultimate fungicidal 
action may well be caused by secondary reactions 
following the formation of un-ionized complexes. The 
mechanisms visualized could include the breakdown 
of membrane permeability and the diffusion of the 
metal ion complex into the interior of the cells. Such 
observations have also been noticed by Ross (1975), 
Tsezos et al. (1982), Tobin et al. (1984), El-Shafei et al. 
(1999), Bruce et al. (2000) and Kansoh et al. (2000).

This study provides information for the elucidation 
of uptake and the various responses of filamentous 
fungi to heavy metal ions.
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