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ABSTRACT 
 

The effects of nutrient time (t) and acrylic acid graft yield (GY) on the growth of 
Staphylococcus aureus bacteria on cotton, wool and polyester fabrics have been 
studied. The bacterial growth increases with the increase in t after a 6h-incubation 
period (IP). For cotton fabrics, the IP increases from 6h to 12h as the GY increases 
to 20%.  The initial growth rate (R) is found to decrease with the increase in graft 
yield. The order (n) and rate constant (k) of the growth process are calculated at 
303 K from the logarithmic dependence of R on GY. Both kinetic parameters are 
dependent on the type of fabric. The growth rate constant k is the lowest for 
grafted cotton and the highest for grafted polyester fabrics. The inhibiting effect of 
grafted poly acrylic acid (PAA), on the S. aureus growth rate is attributed to the 
release of hydrogen ions (H+) from the grafts into the nutrient aqueous solution. 
The accumulation of H+ ions, which increase with the increase in GY, at the cell 
wall and their possible diffusion inside the cell cause a perturbing effect that 
impairs the viability of the cells. This is observed from the increase in the 
polysaccharide layer around the cell due to increase in GY to 20%. Transmission 
electron micrographs revealed the existence of considerable changes in the shape of 
the cells as a result of PAA grafted on the fabrics.  
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INTRODUCTION 
 
     There has been a great deal of attention in recent years given to the hazards of microbial 
contamination from potential everyday exposure especially in hospitals (resistant Staphylococcus 
infection in-patients). Antimicrobial products including textiles are attracting a high level of 
interest due to consumer’s rising concerns for health and safety. A great deal of antimicrobial-
finished textile products (AFTPs) has been accepted for use in clinical settings to block the 
transmission of pathogens1-5. These AFTPs contain antimicrobial agents such as silver, zinc, 
quaternary ammonium chloride and chitosan, which show antimicrobial activity against a wide 
range of microorganisms. Textile products containing zinc, silver, ammonium zeolite and 
chitozan were found to be effective against methicillin-sensitive Staphylococcus aureus for up to 
6h of incubation under wet and dry conditions. Rayon and chemically modified cotton were 
compared for their effects in vitro on the physiology of a stain of S. aureus6. The chemically 
modified cotton greatly reduced growth of S. aureus and decreased exoenzyme/toxin production 
when added to three hour cultures, while rayon treated medium had little effect. Polyester, acrylic 
and wool clothes are good carriers of S. aureus bacteria and should be covered with cotton 
clothes to minimize the spread of the pathogens since cotton fibers proved to be a poor carrier of 
S. aureus7.  

     Grafted copolymers containing poly (acrylic acid) (PAA) side chains are recently considered 
interesting bio-compatible materials owing to their anthropogenic properties and their ability to 



be combined with appropriate antibiotics in the form of cations for the previously incorporated 
carboxylic groups. Polyester fibers modified in this way show antibacterial properties to gram-
positive and gram-negative bacteria8. The antibacterial effects of modified fibers are 
microbiologically tested in vitro for the stunting bacterial growth under hospital conditions, i.e., 
S. aureus. The authors reported that the antibiotic, Cephalosporin type, release from the modified 
fibers to water is responsible for the reduction of the growth rate of the bacteria. However, no 
detailed studies were given on the role of grafted PAA in inhibiting the growth of S. aureus 
bacteria. 

     In this study, the antibacterial effect of acrylic acid-grafted cotton, wool and polyester fabrics 
on the growth of S. aureus is given. The effect of graft yield on the growth rate is presented. 
Kinetic parameters [order, rate and rate constant] for the growth of the bacteria on the grafted 
fabrics are calculated.  

EXPERIMENTAL 

Materials 

      Mill-scoured and bleached cotton fabrics, obtained from El-Beida Co., Kafr El-Dawar, Egypt, 
were treated with sodium carbonate (5 g/L) and non ionic detergent ( Sandozin NIT liquid) at the 
boil for 4h, thoroughly washed with cold water, dried at ambient temperature and then used for 
grafting9.  

      Mill-scoured and bleached wool fabrics, obtained from Misr Spinning and Weaving Co., 
Mehalla El-Kobra, Egypt, were used without any finishing processes. The fabric was washed in a 
solution containing 0.5-g/L plexophore detergent in distilled water at 60oC for 30min. The 
samples were thoroughly washed with hot water, dried at ambient temperature and then used for 
grafting10.  

     Thermally stabilized (heat treated at 493 K for 1.5 min) low-density polyester fabric, a product 
of Hankook Synthetic Inc. (Korea) was used. The fabric was mill-scoured in a solution containing 
0.001 g/L Data scour WS-100 and sodium carbonate (0.5 g/L) at boiling for 1 h. The samples 
were thoroughly washed with hot water, dried at ambient temperature and then used for 
grafting11,12. 

     The monomers and other chemical reagents were used as received.  

Bacterial growth medium  

     Pathogenic Staphylococcus aureus, previously isolated from wound, was purified and 
identified according to Halt13. Synthetic medium of the Tryptone Glucose Yeast broth (TGY) was 
used. Culture slopes were sub-cultured on nutrient agar (oxoid). 

 

Methods 

Radiation Grafting 

     The grafting was carried out by the direct irradiation method in a 60Co γ source at a dose rate 
of 1.45 Gy/s with different doses and monomer concentrations to achieve a wide range of graft 
yield. Dry and weighed samples were treated differently before the irradiation. The fabric, the 
monomer and the solvent were put in wide-mouth tubes with ground-glass stoppers and de-



aerated with bubbling nitrogen for 5min. The grafted fabrics were removed from the reaction tube 
after irradiation to the desired dose. The homopolymer was then extracted from the grafted 
fabrics by methods that depended on the type of fabric and the monomer9,11,12,14. The samples 
were then dried at 313 K in a vacuum oven to a constant weight. The degree of grafting (GY) was 
determined as the percentage increase in weight as follows: 
Degree of grafting or graft yield (%) = 100[(WG/ Wo) – 1]           (1) 

where, Wo and WG present the weights of the initial and grafted fabrics, respectively. 

        Optimum grafting condition was reached by studying the effects of swelling agent, the 
solvent, the inhibitor and the fabric-to-liquor ratio on the graft yield. The solvent used in grafting 
cotton9, wool10 and polyester11,14 fabrics was a mixture of methanol and water at a ratio 1:3 wt/wt. 
The fabric-to-liquor ratio (FLR) was 1:40. Because of its high degree of crystallinity, polyester 
fabrics were swollen in chloroform overnight before being irradiated11,14. The inhibitor, ferrous 
ammonium sulfate, was used during radiation grafting of acrylic acid14. 

Bacterial suspension and growth on textile 

       About 50 ml of TGY broth medium was inoculated by S. aureus. The inoculated flasks were 
adjusted to about 106 cell / ml. A 0.1 ml of the bacterial suspension was applied on 1.5x1.5 cm2 of 
sterilized grafted and ungrafted fabrics and incubated for 24h at 303 K. The bacterial growth was 
determined by the spectroscopic method at the wavelength 450 nm using Shimadzu spectrometer, 
product of Japan.  

Capsule estimation 

     Polysaccharide capsule was estimated by estimating total carbohydrates content of the 
bacterial cell. Total carbohydrates were measured by phenol-sulfuric acid method15.  

Electron microscopic examination 

Transmission electron microscopic (TEM) examination of the bacteria was carried out using the 
JEM-100CX microscope made by Joel, Japan, with a magnification up to 750000 times and a 
resolution up to 1.4 Angstrom. 

 
 

RESULTS AND DISCUSSION 
       
     Preliminary experiments were carried out to study the inhibition of the growth of S. aureus 
bacteria via radiation grafting of hydrophilic and hydrophobic vinyl monomers on the fabrics. 
The preliminary experiments showed that acrylic acid is the most effective in reducing the growth 
of the bacteria. Consequently, the study was focused on fabrics grafted with acrylic acid (AA).  
 
    Grafted and ungrafted cotton, wool and poly (ethylene terephthalate) (PET) fabrics were used 
to investigate the growth affinity of the bacteria. Figure 1 shows the growth of the bacteria, given 
by the logarithm of the increase in bacterial count per ml (log N), as a function of nutrient time (t) 
for ungrafted fabrics. It is obvious that N increased by 5 logarithmic cycles within 30 h. The 
results are typical of bacterial growth-time curves. 
 
An incubation period (IP) of about 6h is followed by a rapid increase in bacterial growth reaching 
a maximum between 24h and 30h. Further increase in nutrient time showed an extremely slow 



increase in the counting rate. Moreover, the results show that the rate of growth is dependent on 
the type of ungrafted fabric. Cotton is the most effective in reducing the growth rate, while wool 
is much better in inhibiting the bacterial growth than PET fabric. 
 
     The dependence of the growth of S. aureus bacteria on the type of the substrate fabric can be 
explained on the basis of their polymeric structures. Cotton, being of cellulose structure, contains 
several hydroxyl (OH) groups. Wool fabric has protein like structure and contains thio (SH) and 
amino (NH2) groups10. The hydrophobic polyester (PET) fabric has no functional groups that can 
adsorb water molecules. The OH, SH and the NH2 groups may be effective in decreasing the 
growth rate. However, the dissociation of the OH groups in the aqueous solutions containing the 
bacteria is higher than those of SH and NH2 groups. Consequently, the released hydrogen ions are 
expected to play a role in reducing the growth of the gram-positive S. aureus bacteria. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
       Grafting AA onto the fabrics decreased considerably the growth of S. aureus bacteria. The 
dependence of log N on t at different degrees of grafting is shown in Fig. 2 for cotton fabric. 
Similar results have been observed for wool and polyester fabrics except that the magnitude of 
the growth is lower for wool and polyester.  The results indicate that the rate of growth decreases 
with the increase in graft yield (GY) and is dependent on the type of grafted fabric. Cotton fabric 
shows an increase in the IP with the increase in GY. The IP increased from 6h to 12h as the GY 
increased to 20%. Moreover, the value of log N, at the leveling off, decreased considerably by 
two logarithmic cycles with the increase in GY to 20% and is shifted to longer nutrient time. 
Grafted wool and PET fabrics, however, did not show changes in the IP although grafting 
affected the growth of bacteria on wool samples more than on polyester fabric. The dependence 
of the growth of S. aureus bacteria (N) on AA graft yield (GY) is shown in Fig. 3 for the different 
fabrics. The N-GY relationship is made at a constant nutrient time of 24h and 303 K, temperature. 
The value of N for ungrafted fabrics is 104, 5x104, and 6.8x104 count / ml for cotton, wool, and 
PET, respectively. N decreases considerably with the increase in GY to 7.8%. A tendency of N to 
level off is observed at further increase in GY. The results also show that N for cotton and wool 
decreases by about 11% per increase in GY by 1%. Grafted PET fabric, however, showed a 
decrease in N per unit graft yield by about 6.2%. This emphasizes that AA grafting of cotton and 
wool fabrics are more effective in decreasing the growth of S aureus bacteria than those of 
grafted PET fabrics.  
 

Fig. 1 Dependence of the logarithm of 
growth of bacteria on nutrient time for 

ungrafted cotton, wool and polyester fabrics
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       An attempt to follow the kinetics of the growth of the bacteria at 303 K is made by plotting 
the logarithm of the initial growth rate (R) as a function of the logarithm of the GY12,14. Figure 4 
shows that log R decreases linearly with the increase in log GY. The linear log R-log GY 
relationship can be represented adequately by the equation: 
 

R = k [GY]-n … (2) 
 

where, k and n are the rate constant and order of the growth process, respectively. The negative 
sign indicates that log R decreases with the increase in log GY, i.e. a negative slope. The 
equations displayed on the curves of Fig. 4 are those of the best fitting of the results. Rearranging 
Eq. (2) by taking the logarithm of both sides gives:  

log R = log k – n log GY…(3) 
 

Equation 3 is linear with a slope of n and intercept of log k, which is the value of log R at log GY 
of zero, i.e., at GY of 1%). The value of k, which is independent of GY, is calculated by dividing 
the value of R at the intercept by 1%. Table 1 shows the values of n, R at 1% GY and the 
corresponding rate constant k. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Fig. 2 Dependence of the logarithm of bacterial growth 
on nutrient time and AA graft yield for cotton fabric
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Fig. 5 Effect of AA graft yield on bacteria
 growth at 24 h nutrient time

0
1
2
3
4
5
6
7
8

0 5 10 15 20 25
Graft yield, %

G
ro

w
th

 o
f b

ac
te

ri
a*

(1
04 ), 

co
un

ts
m

L
-1

Cotton
Wool
PET

Fig. 6 Logarithmic plots of growth rate versus graft yield
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Table 1. Kinetic parameters of growth of S. aureus bacteria on cotton, wool, and 
 polyester fabrics at 303 K 

 
Fabric N Log R at 1% R at 1%,  

count ml-1h-1 
k,  

count ml-1h-1 

Polyester 0.7376 2.7105 5.13x102 5.13x104 

Wool 0.8235 2.3583 2.28x102 2.28x104 
Cotton 0.9171 2.2767 1.89x102 1.89x104 

 
     Table 1 indicates that the value of the order n is about 0.92, 0.82, and 0.74 for cotton, wool, 
and PET fabrics, respectively. The corresponding values of the growth rate constant k, is 1.89x104, 
2.28x104, and 5.13x104 count ml-1h-1. It is obvious from the results that the rate constant of the 
growth of the bacteria on cotton is smaller than that of wool and PET fabrics. The relative ratio of 
k for cotton, wool, and PET is as follows: 

1.00: 1.21: 2.71…… (4) 
This indicates that AA-grafted cotton and wool fabrics are 2.71 and 2.24 times more effective in 
inhibiting the growth of S. aureus bacteria than polyester fabric. 
  
       Grafting the fabrics with AA introduces COOH groups in the backbone of the polymeric 
structure of the fabrics. The introduction of the carboxyl groups in the fabric is the main reason 
for the inhibition of the growth of the bacteria. To emphasize this conclusion, a separate 
experiment was carried out to show the effect of acrylic acid on the growth of S. aureus bacteria. 
Figure 5 shows the  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
logarithmic dependence of the bacterial count (log N) as a function of acrylic acid concentration 
(C) for samples tested at 24 h nutrient time. The results were best fitted by the following binomial 
equation: 
 

log N = 3.2186 [C]2 – 2.7255 [C] + 3.9359…..(5) 
Equation (5) can be used to calculate the value of log N at any AA concentration. The value of 
log N decreases rapidly from 3.93 to 3.42 with the increase in C to 0.3M and tends to level of at 
0.4M. No further effect of AA concentration is noticed above 0.4M. It should be mentioned that 
log N changed within one logarithmic cycle. 
     Poly AA, being known as poly electrolyte, dissociates in aqueous nutrient medium with the 
release of hydrogen ions (H+). The higher the graft yield, the higher the concentration of 

Fig.7 Effect of AA concentration on the logarithm 
of bacterial count per mL (log N) after 24 h growth 

on  ungrafted cotton fabric
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hydrogen ions. The hydrogen ions accumulated at the bacterial cell wall have a probability to 
diffuse through the cell and changes the degree of acidity (pH). The perturbing effect of cation 
and anion pools in the bacterial cell is expected to cause a reduction in growth potential and 
eventually impairs the viability16,19. This effect is quite obvious from the TEM micrographs 
shown in Fig. 6 and the polysaccharide estimation for cells supplemented over grafted and 
ungrafted cotton fabrics (Table 2). Figure 6 (a&b) shows electron micrographs for ungrafted (Fig. 
6a) and 20% grafted cotton (Fig. 8b). Figure 6a represents the normal cells of S. aureus. They 
look spherical with clear cell wall and distributed cellular material. Figure 6b shows the cells after 
seeding over the grafted cotton. The cells look smaller than the normal size, the cell wall is not 
distinguished and there is a very thick capsule. Table 2 proves that the layer surrounding the cells 
seeded over the grafted cotton is exopolysaccharide capsule. Table 2 shows that the total sugar 
content of cells seeded over grafted fabric (11.34 ug/ml) is extremely higher than that of 
ungrafted cotton samples (1.5 ug/ml). This high variation in total sugar content may be a kind of 
protection for the organism against the active material on the grafted fabric. The role of capsule in 
bacterial virulence is to protect the bacteria from complement activation and ensuing 
inflammatory response. Polysaccharide capsules can hide bacterial components such as Lipo 
Polysaccharide (LPS) or peptidoglygan which can induce the alternate complement path way. 
Similar observations were reported by O’Riondan and Lee20 from S. aureus stains isolated from 
infections. 
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Fig. 6 Transmission electron micrographs for S.aureus grown on (a) ungrafted 

and (b) on 20% AA-grafted cotton fabric 
 



 
 

Table 2.  Polysaccharide estimation of S.aureus capsule for cells supplemented 
 over grafted and ungrafted cotton. 

 
Cells supplemented over Total sugar content µg/mg 
Ungrafted fabric 1.5 
20% grafted fabric 11.34 

 

CONCLUSION 
1. The rate of growth of S. aureus bacteria is dependent on the type of substrate fabric. 

Cotton is the most effective in reducing the growth rate, while wool is much better in 
inhibiting the bacterial growth than the polyester fabric. 

2. Grafting acrylic acid AA onto the different fabrics decreased considerably the growth of 
the bacteria. The rate of growth decreases with the increase in graft yield and is 
dependent on the type of grafted fabric. 

3. The growth rate constant k has a value of 1.89x104, 2.28x104 and 5.13x104 counts ml-1 h-1 
for cotton, wool and polyester fabrics, respectively. This indicates that grafted cotton is 
the best in inhibiting the growth of S. aureus. The order of the growth process n is close 
to first order kinetics with values of 0.92, 0.82 and 0.74 for cotton, wool and polyester 
fabrics, respectively. 

4. The reduction in the bacterial growth rate with the increase in the graft yield is due to the 
introduction of the carboxylic groups due to grafting. The dissociation of poly (AA) in 
the aqueous nutrient medium releases hydrogen ions. The accumulation of the hydrogen 
ions in the cell causes a reduction in the growth potential and eventually impairs its 
viability. 

5. Transmission electron microscopic examination of cells grown on grafted and ungrafted 
cotton fabrics revealed a decrease in the size of the bacteria and causes the cell wall to be 
indistinctive. A very thick polysaccharide capsules surrounding the cells are formed to 
protect the bacteria from the effect of the released hydrogen ions. 
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