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An N-halamine precursor containing two hydroxyl groups (diol) has been synthesized. The N-halamine
diol precursor was coated onto cotton fabrics with the assistance of the cross-linking agent BTCA. The
surface of the coated cotton could be rendered biocidal by exposure to dilute hypochlorite solutions. Syn-
theses routes, characterization data, and antimicrobial test results will be presented. The durability and
rechargeability of chlorine on the coated cotton was determined according to an AATCC standard washing
test. The chlorinated cotton swatches were challenged with Staphylococcus aureus (ATCC 6538) and Esch-
erichia coli 0157:H7 (ATCC 43895) and showed excellent efficacy against these two bacterial species
within a brief time of contact. Over 70% of the chlorine lost after repeated washing or UVA irradiation
could be regained upon rechlorination.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Textile materials are carriers of microorganisms such as fungi,
bacteria, and viruses. With the favorable conditions existing for
textiles, such as humidity, warmth, and nutrients, the microor-
ganisms increase their numbers very rapidly. These microorgan-
isms, if pathogenic or infectious, may cause health problems to
users of the textile materials, especially healthcare institutional
personnel. The transmission of infectious diseases that occur in
hospitals and other public health related venues could be pre-
vented, or at least minimized, by the workers wearing antimicro-
bial clothing.

Generally, antimicrobial textiles can be obtained by chemically
or physically incorporating antimicrobial agents onto fibers or fab-
rics. The durability of antimicrobial textiles can be grouped into
two categories, temporary or durable. Temporary antimicrobial
fabrics can be achieved easily, but also their biocidal functionality
is subjected to loss in laundering. N-halamine materials have been
developed and shown to be effective biocides in these laboratories
during the past two decades (Tsao, Williams, & Worley, 1990; Wor-
ley & Sun, 1996; Worley & Williams, 1988). The outstanding
advantages of these N-halamine compounds are their durable
and rechargeable antimicrobial properties when these compounds
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can be covalently bound to the substrates (Grunzinger et al., 2007;
Makal, Wood, Ohman, & Wynne, 2006).

Natural fibers, such as cotton, are superior media to synthetic
fibers for the growth of bacteria due to their hydrophilic proper-
ties. However, cotton does possess many functional groups, such
as hydroxyl groups, which make it easily modified to render it
antimicrobial. There are two means to prepare antimicrobial cel-
lulose: (1) N-halamine precursors are bound chemically to cotton
fibers (Barnes et al., 2006; Liang et al., 2006, 2007a,b; Liu & Sun,
2008; Ren et al., 2008a; Sun & Sun, 2001, 2002; Sun & Xu,
1999a,b,c); (2) N-halamine precursors are blended with cotton fi-
bers before fiber extrusion (Lee, Broughton, Worley, & Huang,
2008b).

One common method to render the cotton fibers durable anti-
bacterial activity is to bind the precursor moieties to the fibers
by covalent bonds. Durable and regenerable antibacterial finishing
of cotton by using monomethylo1-5,5-dimethylhydantoin
(MDMH) and 1,3-dimethylo1-5,5-dimethylhydantoin (DMDMH)
have been reported by Sun and his coworkers (Sun & Xu,
1999a,b,c). Durable and regenerable antibacterial agents like
MDMH and DMDMH can be chemically bound to cellulose by using
a wet finishing technique. The DMDMH treated fabrics also im-
proved durable press functions. Grafting hydantoin-containing
monomers onto cotton cellulose has been reported also (Liu &
Sun, 2008; Sun & Sun, 2001, 2002). A heterocyclic monomer,
3-allyl-5,5-dimethylhydantoin (ADMH) was synthesized and
employed in grafting cotton fabrics (Sun & Sun, 2001). A continu-
ous “dip-pad” finishing process was developed to graft ADMH onto
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cotton (Liu & Sun, 2008; Sun & Sun, 2002), with the advantages of
lower initiator usages, higher graft efficiencies, and shorter reac-
tion times than the previously used exhaustion process. Recently,
in these laboratories a series of N-halamine siloxane coatings were
prepared and reported to produce biocidal cellulose (Barnes et al.,
2006; Liang et al., 2006, 2007a,b). These coatings of cotton proved
to be quite stable to machine washing as the lost chlorine could be
regained partially. Most recently, the admicellar polymerization
technique was employed to coat N-halamine precursor monomer
onto cotton to produce upon chlorination antimicrobial cellulose
(Ren et al., 2008a).

It is well known that the cross-linking agent, 1,3-dimethylo1-
5,5-dimethylhydantoin (DMDMH), has been used in permanent-
press finishing of cotton fabric. The slow release of free formalde-
hyde from DMDMH during wearing and using, however, is an
inherent disadvantage in using this chemical. Cross-linking agents,
such as polycarboxylic acids free of formaldehyde, have been
developed as an alternative for the DMDMH in durable press fin-
ishing of cellulose in the last decade (Udokichdecha, Kittinaovarat,
Thanasoonthornroek, & Potiyaraj, 2003; Yang, 1991; Yang & Wang,
1996; Yang, Wang, & Kang, 1997). This technique has been used to
produce antimicrobial cellulose by bonding the aminohydantoin-
containing precursors onto cotton with the aid of polycarboxylic
acids (Kou et al., 2006; Lee, Broughton, Akdag, Worley, & Huang,
2008a). In this study, a new N-halamine precursor, 3-(2,3-dihydr-
oxypropyl)-5,5-dimethylimidazolidine-2,4-dione, was synthesized
and attached to cellulose via the cross-linking agent 1,2,3,4-
butanetetracarboxylic acid (BTCA). The chlorinated coated cotton
samples will be shown to demonstrate excellent antimicrobial
properties in inactivating Staphylococcus aureus and Escherichia coli
0157:H7. The stabilities of the coated samples during washing and
upon UV irradiation were also investigated.

2. Experimental
2.1. Materials

Fabric of 100% bleached cotton was purchased from Testfa-
brics, Inc. (West Pittston, PA). All chemicals used in this research
were purchased from Fisher Scientific (Fair Lawn, NJ) or Aldrich
Chemicals (Milwaukee, WI) and employed without further
purification.

2.2. Instruments

The NMR spectra of the synthesized compound were recorded
by a Bruker AV-400 (400 MHz) spectrometer. FTIR spectra of cot-
ton, coated cotton, and chlorinated coated cotton were obtained
with a Nicolet 6700 FT-IR spectrometer.

2.3. Synthesis of 3-(2,3-dihydroxypropyl)-5,5-dimethylimidazolidine-
2,4-dione (Scheme 1)

A mixture of 0.05 mol of 5,5-dimethylhydantoin and 0.05 mol of
potassium hydroxide in 100 mL ethanol was refluxed for 10 min.
The above solution was mixed with an equimolar quantity of
3-chloropropanediol in 25 mL water and then stirred for 16 h at
ambient temperature. After the reaction, ethanol and water were
removed, and 50 mL of acetone were added to the flask. Potassium
chloride produced in the reaction was removed by filtration. The
solvent acetone was evaporated producing a transparent viscous
oil, which was shown to be the desired product. The experimental
yield was 90%. 'H NMR (400 MHz, DMSO-dg): & 1.28 (6H), 3.29
(4H), 3.70 (1H); 3C NMR (DMSO-ds), 5 25.08, 25.09, 41.94, 58.06,
64.64, 68.73, 156.18, 178.07 (Scheme 1).

W+

4)
ethanol, reflux

CICH,CH(OH)CH,(OH) H,0
Aé .

Scheme 1. Synthesis of 3-(2,3-dihydroxypropyl)-5,5-dimethylimidazolidine-2,4-
dione.

2.4. Coating of 3-(2,3-dihydroxypropyl)-5,5-dimethylimidazolidine-
2,4-dione onto cotton

Cotton swatches were soaked in aqueous solutions containing
3-5% diol and equimolar quantities of BTCA for 15 min. These
swatches were dried at 100 °C for 5 min, cured at 170-180 °C for
2-3 min, soaked in 0.5% detergent solution for 15 min, washed
with water, and dried in air.

2.5. Chlorination and analytical titration

The cured N-halamine diol-coated cotton fabric swatches were
immersed in a 10% commercial aqueous sodium hypochlorite
(NaO(l) solution at pH 11 at room temperature for 1 h. The chlori-
nated cotton samples were washed thoroughly with distilled water
and dried at 45 °C for 1 h to remove any remaining free chlorine
from the surface of the fabric. The loaded chlorine concentration
on the samples was determined by the iodometric/thiosulfate
titration method. The CI* % on the cotton swatches was calculated
from the following equation:

+ o, NxVx3545
where CI" (%) is the weight percent of oxidative chlorine on the
samples, N and V are the normality (equiv/L) and volume (L) of
the titrant sodium thiosulfate, respectively, and W is the weight
of the cotton samples in grams.

2.6. Biocidal efficacy testing

Control and chlorinated cotton fabrics were challenged with
Staphylococcus aureus (ATCC 6538) and Escherichia coli 0157:H7
(ATCC 43895) using a modified AATCC Test Method 100-1999.
Twenty-five microliters of the bacterial suspensions buffered at
pH 7 were added to the center of two pieces of 1in.? cotton
swatches which were held in place by sterile weights. After the
contact times of 1, 5, and 10 min, the samples were quenched with
5.0 mL of sterile 0.02 N sodium thiosulfate solution to remove all
oxidative chlorine and vortexed. The sodium thiosulfate employed
in these studies in a control experiment did not cause a reduction
of either bacterium. Serial dilutions of the quenched samples were
made using pH 7, 100 pM phosphate buffer, and they were plated
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on Trypticase soy agar. The plates were incubated at 37 °C for 24 h,
and viable bacterial colonies were recorded for biocidal efficacy
analysis. Unchlorinated coated swatches treated in the same man-
ner served as control samples.

2.7. Stability testing of chlorine on coated cotton

AATCC Test Method 61-1996 was used to evaluate the stabili-
ties of chlorine after repeated standard washing. The cotton
swatches were washed for the equivalents of 5, 10, 25, and 50 ma-
chine washes in a Launder-Ometer. The CI* % loadings of samples
after the washings were determined by the titration procedure ad-
dressed above.

2.8. UVA light stability testing

UVA light stabilities of chlorinated cotton fabrics coated with
the hydantoin diol were measured using an Accelerated Weather-
ing Tester (The Q-panel Company, USA). The chlorinated coated
cotton fabrics were placed in the UV light (Type A, 315-400 nm)
chamber for contact times in the range from 1 to 24 h. After a spe-
cific time of exposure to UVA light, the cotton samples were re-
moved from the UV chamber and titrated, or rechlorinated and
titrated.

3. Results and discussion
3.1. Characterization of cotton coated with N-halamine diol

Cotton cellulose has numerous hydroxyl groups which can react
with polycarboxylic acids such as BTCA by forming ester bonds.
The synthesized N-halamine precursor, 3-(2,3-dihydroxypropyl)-
5,5-dimethylimidazolidine-2,4-dione, contains two hydroxyl
groups which can also react with BTCA through esterification.
BTCA, acting as a cross-linking agent, links the N-halamine diol
to the cotton cellulose through the curing process (Scheme 2).
The coated cotton fabrics contained numerous amide functional
groups which could be rendered antimicrobial by exposure to di-
luted household bleach (Scheme 3).
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The FTIR spectra of cotton, cotton coated with BTCA, and cotton
coated with BTCA and N-halamine diol before and after chlorina-
tion are shown in Fig. 1. The characteristic vibrational band of cot-
ton coated with BTCA appears at 1712 cm™' in Fig. 1 (B), which
corresponds to the carbonyl vibrational modes of BTCA. This band
was not observed in Fig. 1(A) for cotton. The cotton coated with
BTCA and N-halamine diol shows a new band at 1704 cm™ (in
Fig. 1(C)). This vibrational band shifts to 1724 cm™! after chlorina-
tion (in Fig. 1(D)). The shifts to higher wave number of the hydan-
toin carbonyl bands upon chlorination have been reported from
these laboratories for other N-halamines (Chen et al., 2003; Ren
et al., 2008a).

3.2. Biocidal testing

The treated cotton swatches coated with unchlorinated and
subsequently chlorinated hydantoin diol were challenged with
the bacteria S. aureus (Gram-positive) and E. coli 0157:H7 (Gram-
negative). The biocidal efficacy results are shown in Tables 1 and
2. The unchlorinated coated cotton control samples showed some
degree of log reduction of the bacteria E. coli 0157:H7 and S. aur-
eus. The reductions for the unchlorinated samples were due to
the adhesion of the bacteria to the surface of the cotton fibers,
rather than to inactivation. Cultures of the control fiber samples
showed that live bacteria were present. As mentioned earlier, the
sodium thiosulfate quenching solution did not cause inactivation
of either bacterium. The bacterial log reduction for S. aureus after
10 min contact was 1.80, which was more significant than that
for E. coli 0157:H7 (0.47). The chlorinated coated cotton samples
could inactivate 100% of the bacteria S. aureus within 1 min with
log reduction of 6.99, while the chlorinated coated cotton samples
inactivated 99.94% E. coli 0157:H7 in 1 min and 100% in 5 min, or a
6.89 log reduction with a contact time from 1 to 5 min. This is con-
sistent with our previously published results for other N-halamine
coatings that have indicated that E .coli 0157:H7 is generally more
resistant to inactivation than is S. aureus. Inactivation within 5 min
on cotton coated with the N-halamine moieties indicates that the
coating described herein could have great potential for use in
healthcare environments.

o 0
H,C——COOH HzC—CO\ H,C——CO0O0
0
He—co™ N
HC——COOH  heat HN HC——COOH N
. NH

HC——COOH HC——CO__ O HO OH HC—cooH HO

v ° g o
H,C——COOH H,C——CO HO-Cellulose H,C——COO—Cellulose

Scheme 2. Attachment of 3-(2,3-dihydroxypropyl)-5,5-dimethylimidazolidine-2,4-dione to cellulose.
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HC——COOH N Chlorination
NH HC——COOH N
N
HO -
HC COOH Inactivating bacteria HC coon HO >/ \Cl
O

H,C——COO——Cellulose

H,C——COO——Cellulose

Scheme 3. Production of antimicrobial cellulose.
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Fig. 1. FTIR spectra of (A) cotton, (B) cotton BTCA, (C) cotton hydantoin diol BTCA, and (D) chlorinated cotton hydantoin diol BTCA.

Table 1
Biocidal efficacy against S. aureus®

Sample Contact time (min)  Bacterial log reduction
Hydantoin diol control 1 1.37
5 1.44
10 1.80
Hydantoin diol-CI 0.2 CI* % by wt. 1 6.99
5 6.99
10 6.99

4 The inoculum concentration was 9.67 x 10° CFU.

Table 2
Biocidal efficacy against E. coli 0157:H7%

Sample Contact time (min)  Bacterial log reduction
Hydantoin diol control 1 0.39
5 0.44
10 047
Hydantoin diol-Cl 0.2 CI* % by wt. 1 4.46
5 6.89
10 6.89

3 The inoculum concentration was 7.67 x 10° CFU.

3.3. Stability and rechargeability

The stabilities of the oxidative chlorine and the chlorine
rechargeability of the N-halamine compound on cotton fabrics
were evaluated by an AATCC standard washing test addressed in
Section 2. Each washing cycle in this method is equivalent to five
household machine washings followed with water rinsing at
65 °C for 15 min. The retained chlorine on the cotton fabric de-
creased rapidly with the increase of washing cycles from 0.28%
to 0.02% after 10 washing cycles, primarily due to the facile hydro-
lysis of the N-CI bond with the elongation of washing times. The
rechargeability of the coated cotton fabric samples, however, is
excellent after exposure to numerous washing cycles (Fig. 2). After
50 washing cycles and rechlorination, over 75% of the chlorine was
restored, which indicated that the coated cotton fabric would still
be very effective in inactivating bacteria. In a use process the fabric
could be recharged during each machine washing cycle by adding a
dilute solution of household bleach.

120 1
100 1

50 .\.\I—l\.
60

40
20

% chlorine after washing
and recharging

0 T T T T 1
0 5 10 25 50

Washing cycles

Fig. 2. Rechargeability of coated cotton after exposure to washing tests.

Table 3
UV light stability of chlorinated coating on cotton fabrics

Time (h) (CI" % wt)

0.23
1 0.15
2 0.13
3 0.11
4 0.09
8
2
2

0.09
4 0.03
4 (rechlorination) 0.16

3.4. UVA light stability

The UVA light stability of the chlorinated cotton coated with
hydantoin diols was determined according to the method men-
tioned in Section 2. Table 3 shows the UVA light stability results
for the cotton fabrics coated with hydantoin diol following chlori-
nation. The chlorine on the coated cotton decreased rapidly within
the first hour of irradiation, and slightly decreased with the exten-
sion of time. About 40% of the chlorine remained on the coated cot-
ton fabrics after 8 h under UVA light irradiation, but most of the
chlorine was lost after 24 h of irradiation. After exposure to UV
light for 24 h and exposure to an aqueous solution of sodium hypo-
chlorite, about 70% of the chlorine on the coated cotton could be
recovered, which indicates that the N-halamine hydantoin diols
coated onto cotton fabrics were more stable under the UVA irradi-
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ation than were the N-halamine siloxanes coated onto cotton fab-
rics reported previously (Ren et al, 2008b).

4. Conclusion

An N-halamine precursor, 3-(2,3-dihydroxypropyl)-5,5-dime-
thylimidazolidine-2,4-dione, was synthesized and coated onto cot-
ton fabrics by using BTCA as a cross-linking agent. The amide
nitrogen of the hydantoin rings attached onto the cotton samples
could be converted to halamines upon exposure to dilute house-
hold bleach. The cotton swatches with halamines were shown to
be biocidal against Staphylococcus aureus and Escherichia coli
0157:H7. The bacteria, S. aureus and E. coli 0157:H7, could be inac-
tivated within 1 min and 5 min of contact with log reductions of
6.99 and 6.89, respectively. The N-halamine structure was very sta-
ble after repeated laundry washing, and about 75% of the chlorine
could be restored with dilute chlorine bleach. The UVA light stabil-
ity of the chlorine on the coated samples was excellent; the chlo-
rine was lost more slowly than that of cotton fabrics coated with
N-halamine siloxanes. In addition, about 70% of the chlorine could
be regained after rechlorination.
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