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Introduction

The transmission of infectious disease agents in healthcare

facilities is an increasingly important concern for both medi-

cal providers and the public.[1–4] Microorganisms survive on

textile materials and plastics[3] and their transmission has

been demonstrated to occur by surface contact with hands,

fabrics, and hospital devices.[5,6] There is an increasing need

to develop novel and effective antimicrobial products that

can combat infections and be applied to potentially contami-

nated wounds. A wide range of materials, including antibiot-

ics,[7] metal ions,[8] and quaternary ammonium com-

pounds,[9,10] are known to prevent the attachment and prolif-

eration of microbes on material surfaces.

Several methods for the production of antimicrobial coat-

ings have been developed. The methods include sol–gel

coating,[11] spray and foam techniques,[12] infra-red heating,

agglutination, the use of adhesive compounds that improve

the bonding of threads to rubber and proteins, and proteins

or polysaccharides with organosiloxane side-chains that

bond to threads.

We have recently developed a novel method for imparting

antimicrobial functions on cotton and polyester fabrics.[13, 14]

The method employs sonochemical radiation as a technique

for attaching drug-loaded proteinaceous microspheres onto

cotton and polyester fabrics.[15] Bovine serum albumin

(BSA) and casein proteins were used to coat all the fabrics

tested within this research. The formation, characterization,

and properties of the sonochemically made proteinaceous

microspheres (PMs) have recently been reviewed.[16] Ac-

cording to the mechanism proposed for the sonochemical

formation of PMs, the spheres are formed by chemically

cross-linking the cysteine residues of the protein with the

HO2 radical formed around a micron-sized gas bubble or

nonaqueous droplet.[17] The chemical cross-linking is respon-

sible for the formation of the spheres and is a direct result

of the chemical effects of ultrasound radiation on the aque-

ous medium. The microbubbles are created in a short pro-

cess that lasts 3 min.[18] Herein, an antibiotic drug, tetracy-

cline (TTCL),[19–22] was encapsulated in BSA or casein mi-

crospheres. The TTCL antibiotic has a broad range of activi-

ty, is relatively safe, can be used by many routes of adminis-

tration, and is widely used. This paper describes the

possibility of building a protective and wound-healing

device that is capable of delivering the drug at the rate and

for the time needed to accomplish the medical function. The

perspective is to use these coated fabrics, inter alia, as anti-

bacterial bandages in patients susceptible to contamination.

Results and Discussion

“Antibacterial fabrics” were prepared by sonochemically

coating cotton and polyester fabrics with TTCL-loaded pro-

teinaceous microspheres. An organic solvent, such as dodec-

ane, was used as the co-solvent and the sonochemical pro-
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cess was performed for only 3 min. The creation and attach-

ment of TTCL-loaded PMs were achieved in a one-step pro-

cess.

The morphologies of the cotton and polyester bandages

coated with TTCL-loaded BSA or casein microspheres were

determined by light microscopy. For both proteins (BSA

and casein), the morphologies of the attached PMs were

found to be similar. Figure 1a shows the image of an uncoat-

ed yarn of cotton. The fibrous nature of the yarn is clearly

observed. In Figure 1b we observe many microspheres at-

tached to the cotton fiber. Figure 1c and d show an uncoated

and coated polyester fiber, respectively. Similar results were

observed after coating the cotton and polyester bandages

with casein microspheres encapsulating the TTCL. In Fig-

ure 1b and d, cotton and polyester yarns coated with rela-

tively large spheres are presented to better illustrate the

presence of microspheres on the surface of fabrics.

The efficiency of the sonochemical method in the creation

and attachment of drug-loaded microspheres onto cotton

and polyester fabrics was studied by using UV spectropho-

tometry. The sonochemistry did not destroy the TTCL, as

evidenced by the very small changes in the TTCL concen-

tration (2–3%) that occurred during the sonication of an

identical precursor solution sonicated for the same time in

the absence of the BSA/casein protein. No residues of the

antibiotic were found in the excess dodecane (the upper

phase).

To find the optimal concentration of TTCL in the PMs,

coated fabrics were prepared by using different concentra-

tions of the drug in the precursor solution with the same

concentration of protein. These studies showed that the op-

timal TTCL concentration in the precursor solution for mi-

crosphere attachment to cotton and polyester fabrics is 5.4�

10ÿ3
m. At this concentration fabrics were obtained with

PMs that contained the maximum amount of TTCL. Al-

though the percentage of the drug (TTCL in PMs) increased

with increasing concentration of TTCL in the precursor so-

lution, it reached a maximum when the concentration of the

TTCL was 5.4�10ÿ3
m.

The percentage of the drug in the microspheres attached

to the surface of the fabric decreased with further increases

of its concentration in the precursor solution. Reaching such

a maximum can be explained as follows: The organic solvent

is the major liquid found inside the newly formed micro-

sphere. The solubility of TTCL in dodecane is limited and

saturation occurs when this limit is reached. Although some

water can also be found in the microsphere its amount is

small and does not increase the amount of encapsulated

TTCL.

The concentration of TTCL was then determined. After

the long heating process (4 days at 50 8C), 26.9 and 31.8%

of TTCL were found on the cotton and polyester fabrics, re-

spectively. These amounts include not only TTCL encapsu-

lated in the microspheres, but also the amount of free TTCL

directly adsorbed onto the cotton and polyester bandages.

The direct adsorption of TTCL onto the cotton and polyes-

ter bandages was determined as described in the Experi-

mental Section. Only 7.5 and 11.4% of TTCL were directly

adsorbed onto the cotton and polyester bandages, respec-

tively. The higher adsorption of the TTCL antibiotic onto

the polyester fiber can be explained by the hydrophobic

nature of polyester yarn. Both polyester and the TTCL anti-

biotic contain aromatic rings and hydroxy and carbonyl

groups; this can produce hydrophobic interactions and hy-

drogen bonding. On the other hand, cotton fiber (cellulose)

contains no aromatic rings; this makes the fiber less hydro-

phobic and more hydrophilic.

To find the exact amounts of TTCL inside the micro-

spheres attached to the fabrics we subtract the amount of

TTCL directly adsorbed onto the fabrics from the total

amount of TTCL found on the surface of the fabrics. The

same calculation was repeated after laundering the coated

fabrics as described in the Experimental Section. The results

of the calculations are presented in Table 1.

The results show that the loss of TTCL in this “launder-

ing” process is 5.6 and 7.8% for the cotton and polyester

fabrics, respectively. If we take into account that most of the

TTCL removed is pristine TTCL, we can conclude that the

microspheres are strongly bonded to these fabrics and per-

haps can sustain a few washing-machine cycles. In addition

we conducted the following control experiment: The adsorp-

tion of TTCL-loaded spheres (PMs with TTCL inside) onto

the surfaces of the fabrics was studied without sonication.

The cotton and polyester fabrics were incubated with the so-

lution of TTCL-loaded PMs for 24 h and then washed sever-

al times with distilled water. The drug-loaded PMs were not

found attached to the surfaces of the fabrics and only

around 2.6–3% of TTCL was directly adsorbed onto the sur-

faces of the fabrics. The results indicate that drug-loaded

PMs can be attached to the fabrics only when ultrasonic ra-

diation is applied.

We also examined the amount of protein attached to the

textiles by spectrophotometric analysis (280 nm). First, the

Figure 1. Apo-Tome images of a) a pristine cotton fiber, b) a cotton fiber

coated with BSA microspheres, c) a pristine polyester fiber, and d) a

polyester fiber coated with BSA spheres.
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amount of protein (BSA or casein) left in the aqueous solu-

tion after sonication was subtracted from the total amount

of protein that was introduced. The results indicate that the

total amount of protein converted into microspheres is

around 87% for cotton (w/w weight ratio of protein/cotton

fiber=2.9%) and 89% (w/w weight ratio of protein/polyes-

ter fiber=5%) in the case of polyester fabric in the reaction

cell, which is composed of PMs bonded and nonbonded to

the fabric. To determine the amount of protein bonded to

the coated fabrics, we placed the fabrics in water in a glass

vial and heated the solution for 4 days at 45–50 8C. Heating

the solution completely destroyed the microspheres. The re-

sults show that 34.8% (1.9% w/w) of the BSA PMs and

47.3% (2.6% w/w) of the casein protein PMs were anchored

on the polyester fabric and 43.5% (1.45% w/w) of BSA

PMs and 31.6% (1% w/w) of casein PMs were attached to

the cotton fabric.

Note that when four pieces of 5�5 cm cotton or four

pieces of polyester bandages were sonicated with the precur-

sor solution, all four pieces were coated with PMs and the

amount of protein on the surface of each piece of fabric was

found to be 20–22% (0.6–1.2% w/w). Thus, we found that a

maximum amount of four bandages could be coated simulta-

neously in our 50 mL sonication cell.

The kinetics of TTCL-antibiotic release was studied to de-

termine the drug-delivery rate by following the changes in

the TTCL UV absorption (366 nm) as a function of time.

The studies were performed at 25 (room temperature) and

37 8C (body temperature). The results of the kinetic studies

show that at room temperature the destruction of micro-

spheres and TTCL release start only after 90 days and only

after 280 days were 100% of the microspheres destroyed

and the encapsulated TTCL released (Figure 2). At 37 8C,

100% of the antibiotic was released within 15 days.

The average sizes and electrical charges of the PMs

formed in the presence of cotton and polyester fabrics in the

reaction cells were determined by dynamic light scattering

(DLS) measurements. The average size and the electrical

charge of TTCL-loaded BSA are 1282 nm and ÿ15.7 mV, re-

spectively. When pristine BSA or casein proteins were soni-

cated the DLS measurements showed spheres with an aver-

age size of 2340 nm for BSA PMs and 2600 nm for casein

PMs, and an electrical charge of ÿ35 mV was measured for

both types of microspheres. The differences in the sizes and

electrical charges of the pristine and drug-loaded PMs can

be explained by the influence of TTCL on the formation of

the microspheres. The electrical charge is lower in the drug-

loaded PMs due to the presence of TTCL molecules on the

outer surfaces of the microspheres. The next step was to de-

termine the influence of the nature of the fabric on the size

and electrical charge of the created microspheres. The aver-

age size distributions of the spheres formed in the reaction

cells with cotton and polyester fabrics are 1328 and 680 nm,

respectively. The electrical charges of the PMs formed in the

reaction cells with cotton and polyester fabrics are ÿ13.1

and ÿ8.16 mV, respectively. Although the cotton fabric ex-

hibits PMs that are very similar in size and electrical charge

to regular PMs prepared without a fabric in the sonication

cell, the size and electrical charge are drastically reduced for

the PMs anchored to the polyester fabric. This dramatic dif-

ference in the size of the PMs on the two fabrics was detect-

ed for BSA as well as casein and may be explained by the

fact that a higher concentration of PMs is found on the poly-

ester fabric due to hydrophobic interactions between the

protein and polyester fibers. The many seeds distributed on

the fabric continue to grow and because the amount of pro-

tein is spread over a larger number of seeds, smaller PMs

are formed. The decrease in electrical charge from ÿ15.7

(TTCL-loaded PMs formed in the absence of polyester in

the reaction cell) to ÿ8.16 mV can be explained by the

more important role of the TTCL molecules on the smaller

spheres formed on the polyester fabric leading to a larger

Table 1. Calculation of the amounts (%) of TTCL encapsulated in PMs attached to the surfaces of fabrics.[a]

Type of fabric Total amount of

TTCL on the

surface [%]

TTCL adsorbed

on the fabric

[%]

TTCL encapsulated

in PMs attached

to the fabric [%]

TTCL adsorbed

after the “laundering

test” [%]

TTCL encapsulated

in PMs after the

“laundering test” [%]

Loss of TTCL

during the “laundering”

process[b] [%]

cotton 26.9 7.5 19.4�2 3.7 17.6�1.8 5.6

polyester 31.8 11.4 20.4�2 5.1 18.9�1.8 7.8

TTCL[c] [%] 4.3 1.2 3.1 0.6 2.8 0.9

TTCL[d] [%] 8.5 3 5.4 1.4 5 2

[a] The weights of pristine cotton and polyester fabrics were 0.15 and 0.09 g. The initial concentration of TTCL was 5.4�10ÿ3
m. [b] The loss of TTCL

during the “laundering process” was determined by measuring the amount of TTCL in the laundering solution after the laundering process. [c] Concen-

tration per weight of cotton fiber. [d] Concentration per weight of polyester fiber.

Figure 2. Kinetic studies of TTCL-antibiotic release as a function of time.

The studies were performed at 25 (gray bars) and 37 8C (white bars). At

25 8C the release of TTCL started after 90 days and 100% of TTCL was

released after 280 days. At 37 8C the release of antibiotic started immedi-

ately and was completed within 15 days. The difference in the kinetics of

TTCL release for BSA and casein proteins is 1.5–2%.
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decrease from the value of ÿ35 mV detected for pristine

PMs.

The antimicrobial activities of the TTCL-loaded BSA and

casein microspheres attached to cotton and polyester ban-

dages was tested on two bacterial strains (Staphylococcus

aureus and Escherichia coli) that are sensitive to TTCL. The

results are summarized in Table 2.

Bandages coated with microspheres loaded with TTCL

show an inhibition zone similar to that of a commercial

tablet of TTCL (Figure 3). The inhibition zone for the com-

mercial tablet was 27 mm versus S. aureus and the same size

zone was also observed for the PMs coated on cotton. For

E. coli the commercial tablet revealed an inhibition zone of

19 mm, whereas the PMs coated on cotton showed an inhib-

ition zone of 18 mm. The inhibition zone for the coated

polyester was 26.5 mm for S. aureus and 17 mm for E. coli.

The TTCL in the commercial tablet and inside the micro-

spheres attached to the surfaces of the fabrics was 30 and

approximately 12 mg, respectively. Thus, the coated PMs

show a stronger killing affect towards these two bacterial

strains.

It seems that the TTCL trapped in the microspheres at-

tached to the surfaces of the cotton and polyester fabrics

and released to the media is as active as TTCL freed from

the commercial tablet. Nevertheless, the “inhibition-zone”

results indicate that the encapsulated TTCL “antibacterial”

effect is superior to that of the commercial tablet because a

third of the amount of TTCL is needed in the coated fabrics

to reach the same antimicrobial activity as that of

the commercial TTCL. Note that the TTCL is re-

leased in a fast mode due to the protease activity.

Conclusion

By using sonochemical radiation we have succeeded

in attaching drug-loaded proteinaceous (BSA and/

or casein) microspheres to cotton and polyester fab-

rics in a one-step process that lasts just a few mi-

nutes. We have found that if during the sonication

time a drug and a piece of fabric are added to the

precursor mixture containing an aqueous solution

of a protein plus an overlaying organic solvent, the drug will

be encapsulated inside the microspheres and these micro-

spheres will bond to the fabric. The average size of micro-

spheres anchored to cotton and polyester fabrics are

1328 nm for cotton and 680 nm for polyester. This can be

explained by the differences in the chemical structures of

the fabrics. The results suggest that the coated fabrics can

be used as antibacterial fabrics. Coated bandages revealed

an antibacterial activity stronger than that of a commercial

TTCL tablet.

To summarize, the sonochemically treated bandages of

cotton and polyester coated with microspheres loaded with

TTCL were found to be active as antimicrobial agents.

Experimental Section

Attaching microspheres containing drugs to fabrics by using ultrasound

radiation : To attach BSA or casein microspheres containing TTCL to

cotton or polyester fabrics, dodecane (6.7 mL, 98.0% Fluka) was layered

over aqueous BSA (albumin, bovine fraction v, Sigma; 10 mL, 5% w/v)

or casein (casein sodium salt from bovine milk, Sigma–Aldrich) solution

with a piece (5�5 cm) of cotton or polyester fabric. TTCL (0.024 g) was

added to the above-mentioned precursor mixture (to the aqueous solu-

tion of 5% BSA). The weights of the pristine cotton and polyester fabrics

were 0.15 and 0.09 g.

The solution was sonicated for 3 min with a high-intensity ultrasonic

probe (Sonic and Materials, VC-600, 20 kHz, 0.5 in a Ti horn at 30% am-

plitude). The bottom of the high-intensity ultrasonic horn was positioned

at the aqueous/organic interface employing an acoustic power of approxi-

mately 58 Wcmÿ2 with an initial temperature of 22 8C in the reaction cell.

An ice-cooling bath was used to keep the temperature constant. At the

end of the reaction, the bandage was washed with water (3�5 mL) to

remove the residue of the unbound microspheres and the pristine protein

molecules.

Determination of the TTCL concentration in the BSA/casein micro-

spheres bonded to the fabrics : The distribution of the total amount of tet-

racycline (encapsulated, not encapsulated, and the residue in the solu-

tion) was determined by absorption measurements as explained below.

Table 2. Inhibition zones for PM-coated fabrics (TTCL-loaded PMs) and a commer-

cial tablet of TTCL.[a]

Type of material TTCL [mg] Inhibition zone

S. aureus [mm]

Inhibition zone

E. coli [mm]

Commercial tablet of TTCL 30 27 19

Cotton with TTCL-loaded PMs 12 27 18

Polyester with TTCL-loaded PMs 12 26.5 17

Clean cotton fabric 0 0 0

Clean polyester fabric 0 0 0

[a] The antibacterial activity was measured for coated fabrics after the “laundering”

process.

Figure 3. Inhibition zones of S. aureus and E. coli on agar plates as a

result of 1a) TTCL freed from microspheres attached to cotton fabric,

1b) TTCL freed from microspheres attached to polyester fabric, 2a) clean

cotton fabric, 2b) clean polyester fabric, and 3) commercial tablet of

TTCL.
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The UV studies on TTCL were conducted with a Carry 100 spectropho-

tometer at 366 nm. The calculations were based on the Beer–Lambert

law: A=ecl (the TTCL molar extinction coefficient, e, is 14.15�

10ÿ3 Lmolÿ1cmÿ1). The calculations were performed as follows: The ab-

sorption of individual TTCL molecules (not encapsulated in the micro-

spheres) removed from the fabric surface was measured. The free mole-

cules were removed by soaking the coated fabric in water for 24 h. The

amount of TTCL loaded in the microspheres attached to the fabrics was

measured by sonicating the fabric after 24 h of soaking. The sonication

was performed for 3 min and no microspheres were found on the fabric

when it was analyzed under the microscope. The microspheres were de-

stroyed and the amount of TTCL in the microspheres was then deter-

mined. By adding the amount of “free” drug (TTCL that was not encap-

sulated in the microspheres attached to bandage), the amount of encap-

sulated TTCL, and the amount remaining in the aqueous solution after

the sonication, we should obtain the total amount of TTCL used in the

coating process. The TTCL distribution was also determined by placing

the cotton or polyester bandage in a glass vial with water (5 mL) and

heating the liquid for 4 days at 50 8C. Because the long heating process

completely destroyed the microspheres attached to the fabric, the free

TTCL and the TTCL in the microspheres could be determined.

Determination of the amount of protein bonded to the fabric : The

amount of protein (BSA and casein) bonded to the bandages was mea-

sured by using a NanoDrop 1000 spectrophotometer at 280 nm. The

amount of protein attached to the fabric was determined by subtracting

the amount of “free” protein (protein in microspheres that are not at-

tached to bandages) and the amount of protein in the residue phase (the

lower phase in the separation flask) from the total amount in the precur-

sor solution.

Washing test : To remove impurities or unattached microspheres from the

cotton and polyester fabrics, the samples were washed with 2 gLÿ1 of a

nonionic agent, Lutensol AT 25 (10 gLÿ1) for 40 min at 60 8C. The laun-

dering test was performed on a rotor wash machine under the following

conditions: 60 8C, 90 min, 40 cycles per minute.

Antimicrobial activity of coated fabrics : The antimicrobial activity of the

bandage with TTCL-loaded BSA microspheres was tested on two bacte-

rial strains that are sensitive to TTCL. One strain, S. aureus (101), repre-

sents Gram positive bacteria and the other, E. coli (1313), represents

Gram negative bacteria. Each of the strains was spread on nutrient agar

plates and the bandage to be tested (diameter=5 mm) was put on

seeded plates for 24 h at 37 8C.

Characterization methods : DLS and zeta-potential measurements were

carried out on an ALV/CGS-3 compact goniometer system equipped

with an ALV/LSE-5003 light-scattering electronic and a multiple s digital

correlator, and a 632.8 nm JDSU 1145P laser. DLS and z-potential ex-

periments were carried out on a doubly diluted as-separated PM solution,

that is, the PMs removed after sonication were diluted with an equal

amount of doubly distilled water. Each measurement took 10 s; particle

distribution and electrical charge distribution were obtained by averaging

10 DLS measurements.

For light microscopy (Apo-Tome Microscope, Zeiss), samples were pre-

pared by depositing aqueous dispersions, without further purification, on

a glass-slide.
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