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Abstract
In this study, 2-amino-4-chloro-6-hydroxy-s-triazine (ACHT) was synthesized through controlled
hydrolysis of 2-amino-4,6-dichloro-s-triazine (ADCT). A simple paddry-cure approach was
employed to immobilize ACHT onto cellulosic fibrous materials. After treatment with diluted
chlorine bleach, the covalently bound ACHT moieties were transformed into chloromelamines. The
structures of the samples were fully characterized with NMR, UV/VIS, DSC, TG, iodometric titration
and elemental analyses. The chloromelamine-based fibrous materials provided potent, durable, and
rechargeable biocidal functions against bacteria (including multi-drug resistant species), yeasts,
viruses, and bacterial spores. SEM studies demonstrated that the new fibrous materials could
effectively prevent the formation of biofilms, and controlled release investigations in vitro suggested
that the biocidal activities were bioresponsive. Biocidal mechanisms of the chloromelamine-based
fibrous materials were further discussed.

1. Introduction
Fibrous materials, such as gowns, uniforms, face masks, bedding materials, drapes, pillows,
mattresses, dishcloths, aprons, etc., are widely used in healthcare-, institutional- and household-
settings. Unfortunately, like other polymeric materials, fibrous materials are susceptible to
contamination of various microorganisms including pathogenic bacteria, viruses, yeasts and
spores, with some species surviving for longer than 90 days [1-4]. The deposited
microorganisms could be liberated and re-dispersed into the air [5], or transferred to the
surrounding environments through direct or indirect contact [6-10]. Therefore, in real
applications, contaminated fibrous materials can be important sources of cross-infections,
which have already caused serious outbreaks of nosocomial infections in healthcare facilities
[11-16]. As “one ounce of prevention equals a pound of cure” in dealing with the global concern
of emerging and re-emerging infectious diseases [17,18], there is a clear need to control
microbial contaminations on fibrous materials in order to reduce the incidence of infections.

One of the most effective approaches in controlling microbial contamination is to introduce
biocidal functions into the target materials [19]. Following the pioneering work of Gagliardi
[20], which described the principles and strategies for imparting antimicrobial activities into
fibrous materials, various biocidal agents, including antibiotics [21-23], metal ions [24],
quaternary ammonium salts [25-27], phosphonium compounds [27,28], N-halamines [29,30],
etc., have been incorporated into fibrous materials. The antimicrobial activities and
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mechanisms of these agents differ considerably. Among them, organic N-halamines have been
demonstrated to be a class of effective, durable and reachargeable antimicrobial agents with
low toxicity and little environmental concern [31-38].

An N-halamine can be defined as a compound containing one or more nitrogen-halogen
covalent bonds, in which the positive halogen provides antimicrobial properties [31]. Based
on their chemical structures, organic N-halamines can be classified into three types: imide N-
halamines, amide N-halamines, and amine N-halamines. Due to the differences in the localized
chemical environments, their stabilities follow the order of imide N-halamines < amide N-
halamines ⪡ amine N-halamine, and their antimicrobial activities have a trend of imide N-
halamines > amide N-halamines ⪢ amine N-halamine [31]. In other words, the stability and
antimicrobial activity of N-halamines are determined by opposite factors.

One of the research interests of this group is the development of N-halamine-based polymeric
materials to achieve biocidal and biofilms-controlling functions [34,39-41]. Our most recent
efforts have been focused on a class of unique N-halamines, chloromelamines, which have
already been safely used as water and food disinfectants [42]. Structurally, chloromelamines
belong to amine N-halamines. However, because of the strong electron withdrawing effect of
the triazine rings, their chemical environments are similar to those of amide N-halamines.
Therefore, it is expected that the biocidal activity and stability of chloromelamines may be
between “normal” amine and amide N-halamine. This can be an attractive characteristic for
biocidal treatments of polymeric materials in applications that require both strong biocidal
activity and good stability.

To provide detailed information about the performance of chloromelamine-based polymeric
materials, in this study, 2-amino-4-chloro-6-hydroxy-s-triazine (ACHT) was synthesized
through the hydrolysis of 2-amino-4,6-dichloro-s-triazine (ADCT), and then immobilized onto
cotton cellulose using a pad-dry-cure approach. After chlorine bleach treatment, the
immobilized ACHT moieties were transferred into chloromelamines. The resultant fibrous
materials were challenged with bacteria, yeasts, viruses, and spores to determine the biocidal
activities. Moreover, the biofilm-controlling functions and controlled release effects of the
covalently bound chlorines were evaluated, and the biocidal mechanisms were discussed.

2. Materials and methods
2.1. Materials

Bleached cotton knit fabrics (catalog number: 489; weight: 175g/m2) were purchased from
Testfabrics, Inc. (West Pittston, PA). Before immobilization reactions, the fabrics were treated
with boiling acetone for 30 min to remove possible impurities. 2-amino-4,6-dichlorotriazine
(ADCT) was provided by Monomer-Polymer & Dajac Labs, Inc. (Feasterville, PA), which was
purified by two recrystallizations from ether and one from benzene. Other chemicals were
obtained from Fisher Scientific (Fair Lawn, NJ) and used as received.

2.2. Synthesis of 2-amino-4-chloro-6-hydroxy-s-triazine (ACHT)
ACHT was synthesized through controlled hydrolysis of ADCT using a modified method
reported previously [43], as shown in Scheme 1. In the current study, ADCT (16.5 g, 0.1 mol)
was suspended in 250 ml of distilled water containing 4.4 g (0.11 mol) of sodium hydroxide.
The mixture was stirred at room temperature for 15 h. After filtration, 7.32 g of un-reacted
ADCT were removed. The clear, colorless filtrate was cooled to 0-5 °C and neutralized (pH
6.8-7.0) with glacial acetic acid. The white solid was collected by filtration, washed with cold
water, dried in air, and recrystallized from hot water to yield 4.59 g of ACHT (Yield: 56.3%,
based on the amount of reacted ADCT).
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2.3. Immobilization of ACHT onto cotton cellulose
A known amount of ACHT was dissolved in distilled water containing 2 wt % of NaOH and
0.05 wt % of a nonionic wetting agent (TX-100) to form an aqueous solution containing 4 wt
% of ACHT. A pad-dry-cure approach was used to immobilize ACHT onto cellulose. Our
previous studies have demonstrated that this method could provide high reaction efficiency in
a relatively short period of time [44]. In this treatment, cotton fabrics were dipped into the
ACHT solution, padded through a laboratory wringer (Atlas Electric Devices Co., Chicago,
IL) to 100% wet pickup (three repeats), wrapped in aluminum foil, and cured in an oven at 120
°C for 20 min. The fabrics were then washed thoroughly with a large amount of distilled water,
dried at room temperature and stored in a desiccator to reach a constant weight.

2.4. Chlorination of ACHT-immobilized cotton fabrics
The ACHT-immobilized cotton fabrics were immersed in diluted chlorine bleach (Clorox
Company, Oakland, CA) solutions containing 3000 ppm of active chlorine and 0.05 wt %
TX-100 at room temperature for 30 min under constant shaking. The bath ratio was kept at
30:1. After chlorination, the fabrics were washed with a large amount of distilled water (the
washing water was tested with KI/starch to ensure that most of the free chlorines were
removed), air-dried, and stored in a dessicator to reach constant weights.

The chlorine content of the treated fabrics was determined by iodimetric titration [44]. Briefly,
about 0.5 g of the chlorinated ACHT-immobilized fabrics was cut into small pieces and then
added into 40 ml of absolute ethanol containing 2 g KI. The mixture was vigorously stirred at
room temperature for 60 min under N2 atmosphere. The iodine released during the oxidation
reaction of KI by the covalently bound chloromelamine structures was titrated with 0.01 mol/
l of sodium thiosulfate aqueous solution. The same amount of unchlorinated ACHT-
immobilized fabrics was also titrated using the same method as the control. The chlorine
content of the sample was calculated according to the following equation:

Cl = 35.5
2 ×

(Vs − Vc) × 10−3 × 0.01

Ws
× 106 (1)

where [Cl] was the chlorine content of the sample (ppm); Vs and Vc were the volumes (ml) of
the sodium thiosulfate aqueous solutions consumed in the titration of the sample and control,
respectively; and Ws was the weight of the chlorinated ACHT-immobilized fabrics (g).

2.5. Characterization
Elemental analysis was conducted by Quantitative Technologies Inc. (Whitehouse, NJ).
Thermal properties of the samples were tested on Shimadzu DSC-60 and Shimadzu TGA-50
(Shimadzu, Kyoto, Japan) at a heating rate of 10 °C/min under N2 atmosphere. UV/VIS spectra
were recorded on a Beckman DU 520 General Purpose UV/VIS Spectrophotometer (Beckman
Instruments Inc., Fullerton, CA) in N,N-dimethyl acetamide (DMAc) containing 8 wt% of
lithium chloride (LiCl, EMD Chemicals Inc., NJ). The sample concentration was 1 mg/ml.

Because the ACHT-immobilized cotton fabrics were insoluble in common organic solvents,
making it difficult for NMR analysis, an esterification approach was developed for NMR study
of the samples. In this approach, 0.5 g of ACHT-immobilized cotton sample was dispersed in
50 ml of DMAc in the presence of 8 wt% of LiCl. The mixture was kept at 150 °C for 12 h.
After cooling to 90 °C, 0.5 ml of pyridine was added and the solution was stirred for 1 h. 0.7
ml of acetyl chloride (Acros Organics, NJ) was dropped into the mixture in 30 min and the
reaction was continued for 24 h. The esterified ACHT-immobilized cotton was precipitated
out from distilled water, centrifuged, washed with absolute ethanol for three times, collected
by filtration, and then dried under reduced pressure at room temperature for 24 h. After this
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esterification treatment, the samples could be readily dissolved in deuterized solvents. 13C
NMR analysis of the esterified ACHT-immobilized cotton cellulose was carried out on a Varian
Unity-300 NMR spectrometer (Palo Alto, CA) at ambient temperature in DMSO-d6 with
0.05% (v/v) of TMS as an internal standard. A solvent mixture containing 70% DMSO-d6,
15% D2O, and 15% sodium deuteroxide (NaOD) was used as the solvent in the NMR analysis
of pure ACHT because of its low solubility in DMSO-d6.

2.6. Biocidal function assessment
The microorganisms tested in this study and the media used for their growth and incubation
were listed in Table 1. All the microbial studies followed the guidelines provided by the U. S.
Department of Health and Human Services to ensure lab safety [45]. The bacteria, multi-drug
resistant bacteria, yeast and virus were purchased from American Type Culture Collection
(ATCC, Manassas, VA). Among them, Escherichia coli (E. coli) 15597 and E. coli 29214 were
used as typical examples of gram-negative bacteria, and Staphylococcus aureus (S. aureus)
6538 and S. aureus 14154 were examples of gram-positive bacteria. E. coli 29214 was resistant
to sulfonamide, and S. aureus 14154 was resistant to tetracycline, penicillin, streptomycin, and
erythromycin. Candida tropicalis (C. tropicalis) 62690 was employed to challenge the
antifungal activities of the samples; and E. coli bacteriophage MS2 15597-B1 virus was used
to represent viral species. The spore suspension (North American Science Associates,
Northwood, OH) was a pure suspension of viable bacterial spores in distilled water within five
passages from Bacillus atrophaeus (formerly Bacillus subtilis var. niger).

To prepare the bacteria or yeast suspensions, E. coli 15597, E. coli 29214, S. aureus 6538 and
S. aureus 14154 were grown in the corresponding broth solutions (see Table 1) at 37 °C for
24 h, and C.tropicalis was grown in YM broth at 26 °C for 36 h. Cells were harvested by
centrifuge, washed twice with sterile phosphate buffered saline (PBS, OmniPur®, NaCl, 8.0
g/l; KCl, 0.20 g/l; Na2HPO4, 1.42 g/l; KH2PO4, 1.36 g/l; pH 7.4), and then re-suspended in
sterilized PBS to 107 CFU/ml. In the preparation of the viral suspensions, the freeze-dried
bacteriophage MS2 virus was dispersed into Difco™ EC Medium broth containing 106-107

CFU/ml of 24h-old E. coli 15597 as hosts. The viral suspension was diluted with EC Medium
broth to 107 plaque forming units (PFU)/ml. In the case of Bacillus atrophaeus spores, the
original spore suspensions were diluted with sterile distilled water to known spore densities.

2.6.1. Waterborne biocidal effects—A modified AATCC (American Association of
Textile Chemists and Colorists) Test Method 100-1999 was used to evaluate the biocidal
efficacies of the chlorinated ACHT-immobilized fibrous materials. In this study, 1 ml of
microorganism suspension was placed onto the surface of a stack of four fabric swatches (3
cm×3 cm, around 1 g) to simulate possible microbial challenges in real applications when
microorganisms were suspended in water. After different periods of contact time, the samples
were transferred into 100 ml of sterilized sodium thiosulfate (Na2S2O3) aqueous solution (0.03
wt%). The mixtures were vigorously shaken for 1 min and sonicated for 5 min to neutralize
the active chlorines and detach adherent cells from the fabric surfaces. The resultant solutions
were serially diluted, and 100 μl of each diluent were placed onto the corresponding agar plates
(see Table 1). In the testing of MS2 virus, the diluent was placed onto LB agar plate overlaid
with LB soft agar containing 24h-old E. coli 15597 as host, as suggested by ATCC. Pristine
cotton and the unchlorinated ACHT-immobilized cotton fabrics were tested following the same
procedure as controls. The viable microbial colonies or lysis on the corresponding agar plates
were visually counted after incubation at 37 °C for 24 h (for the bacterial, viral and spore
species) or at 26 °C for 36 h (in the testing of C. tropicalis 62690).

2.6.2. Airborne biocidal effect—The airborne tests were performed according to a method
reported by Tiller and colleagues [46,47] to determine the biocidal activities of the treated
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fabrics against microorganisms that were in air, or, from the coughing/sneezing of infected
humans/animals. In this study, E. coli 15597 (gram-negative) and S. aureus 6538 (gram-
positive) species were grown and harvested as described above. 100 μl of the bacterial
suspension (107 CFU/ml) were sprayed onto the surface of a chlorinated ACHT-immobilized
cotton swatch (3 cm ×3 cm, around 0.25 g) using a commercial chromatography sprayer (VWR
Scientific) (spray rate: 10 ml/min) in a biosafety cabinet. After different periods of contact
time, the fabrics were transferred into 10 ml of Na2S2O3 aqueous solution (0.03 wt%). The
mixtures were shaken and sonicated, the resultant solutions were serially diluted, and 100 μl
of each diluent were placed onto LB agar plates (for E. coli) or Tryptic soy agar plates (for S.
aureus), as described above. Pristine cotton and unchlorinated ACHT-immobilized cotton
fabrics were tested following the same procedure as controls. The viable bacterial colonies on
the agar plates were visually counted after incubation at 37 °C for 24 h.

2.7. Biofilm-controlling function
Scanning Electron Microscope (SEM) was used to evaluate the biofilm-controlling function
of the chlorinated ACHT-immobilized cotton fabrics. In this study, 100 μl of 107 CFU/ml of
E. coli (ATCC 15597) LB broth suspension were placed onto the surface of a fabric swatch
(1.0 cm × 1.0 cm) in a sterile Petri dish. The sample was allowed to stand for 1 h at 37 °C, and
5 ml of sterile distilled water were added into the Petri dish to ensure that the fabric was fully
submerged. The Petri dish was then sealed and incubated at 37 °C for 24 h. At the end of the
incubation, the fabrics were gently washed with PBS and immersed in 2.5 vol% of
glutaraldehyde PBS solution at 4 °C for 24 h. The glutaraldehyde solution was then removed
and the fabrics were washed with PBS, followed by step dehydration with 25%, 50%, 70%,
95% and 100% of ethanol (10 min at each concentration) [48]. The fabrics were then dried,
sputter-coated with a thin layer of gold, and examined with a LEO 1530 SEM. The residual
distilled water in the Petri dish was serially diluted, and 100 μl of each diluent were placed
onto LB agar plates and incubated at 37 °C for 24 h to determine the density of recoverable
bacteria. Unchlorinated ACHT-immobilized cotton fabrics were tested following the same
procedure as controls.

2.8. Controlled release characteristic of the chlorinated ACHT-immobilized cotton fabrics
The controlled release of biocidal agents (chlorine) from the chlorinated ACHT-immobilized
cotton fabrics was examined in terms of zone of inhibition; E. coli 15597 was used as the test
organism. In this study, the surfaces of a series of LB agar plates were overlaid individually
with 1 ml of LB broth containing 107 CFU/ml of E. coli. The plates were then allowed to stand
at 37 °C for 4 h. Two pieces of chlorinated ACHT-cotton fabrics (each was 1.5 × 1.5 cm), one
was relatively “dry” (conditioned at 23 ± 2 °C and 70 ± 5% RH for 24 h) and the other one
was wetted with 100 μl of sterile distilled water, were placed onto the surface of the bacteria-
containing agar. The fabrics were gently pressed to ensure full contact between the fabrics and
the agar. The same procedure was also applied to the unchlorinated ACHT-immobilized cotton
fabrics as controls. After incubation at 37 °C for 24 h, the zone of inhibition around the fabrics
(if any) was measured.

After zone of inhibition measurement, the corresponding fabrics were individually transferred
into 10 ml of sterile Na2S2O3 aqueous solution (0.03%) to quench the active chlorine. The
mixtures were vigorously shaken, sonicated for 5 min, and the resultant solutions were serially
diluted, incubated, and recoverable bacteria from the fabrics were determined, as described
above.

A quantitative evaluation of the controlled release of chlorine from the fabrics was carried out
in vitro. In each test, 4 pieces of fabrics (3×3 cm, around 1 g) were submerged in 20 ml of
freshly distilled water in a closed container. After different periods of releasing time, 10 ml of
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the water were transferred into a 25-ml Erlenmeyer flask, which contained about 0.5 g of
potassium iodide. After stirring under nitrogen atmosphere for 30 min, the solution was titrated
with 0.001 mol/l Na2S2O3 aqueous solution, and the chlorine content of the distilled water was
calculated according to Equation 2:

C cl = ΔV × 10−3 × 0.001 × 35.5
2 × 10 × 106 (2)

where [C]cl was the concentration of the active chlorine in the solution (μg/ml), and ΔV was
the volume of Na2S2O3 aqueous solution consumed in the titration (ml).

3. Results and discussion
3.1. Immobilization of ACHT onto cotton cellulose

In the current study, a pad-dry-cure approach was used to immobilize ACHT moieties onto
cotton cellulose. Because the ACHT-immobilized cotton fabrics were insoluble in common
organic solvent that could be used for NMR analysis, a post-esterification treatment was
employed to transfer part of the residual hydroxyl groups into acetates. After esterification, the
resultant samples could be readily dissolved in DMSO-d6 for NMR analysis. The 13C NMR
spectrum of the esterified ACHT-immobilized cotton cellulose was given in Fig. 1. The
resonance peaks of the carbon atoms in the anhydroglucose units were in the ranged of 70 ppm
to 105 ppm, and they were assigned as: C1 at 102 ppm, C2 at 72 ppm, C3 at 73 ppm, C4 at 80
ppm, and C5 at 75 ppm, respectively, in good agreement with the literature data [49,50]. Two
intensive peaks at 20 ppm and 170 ppm could be detected, and they were caused by the -
CH3 and -C=O of the acetyl groups, respectively. Both of them were single peak, implying
that only one type of hydroxyl group (hydroxyl groups at C2, C3, or C6) of the anhydroglucose
units was esterified. On the other hand, two signals, one at 60 ppm and the other one at 63 ppm,
could be observed. These two peaks were related to the C6 atom: the former could be caused
by C6 atoms that connected with unsubstituted hydroxyl groups (CH2-OH), and the latter could
be related to C6 atoms that were bound to acetyl groups (CH2-OCOCH3) [49]. These findings
suggested that the esterification reactions mainly took place at the primary hydroxyl groups at
C6. This was reasonable because the hydroxyl group at C6 was much more reactive than those
at C2 and C3 due to steric effects [51-53].

Adjacent to the -C=O peak at 170 ppm, a weak resonance at 169 ppm designated as C* could
be detected in the 13C NMR spectrum of the esterified ACHT-immobilized cellulose.
Comparing with the 13C NMR spectrum of pure ACHT (Fig. 1), in which the carbon atoms of
the triazine rings showed similar signals around 169 ppm, the resonance at 169 ppm in the
spectrum of esterified ACHT-immobilized cotton cellulose could be attributed to the carbon
atoms of the immobilized ACHT moieties, suggesting that ACHT molecules were incorporated
into cellulose structures.

The ACHT content of the immobilized cotton fabrics was calculated to be 5.21% based on
elemental analysis data (N%), indicating that on average, approximately every 13
anhydroglucose units (C6H10O5) of cotton celluloses were bound with one ACHT molecule.
As mentioned earlier, although each anhydroglucose unit contains three hydroxyl groups, the
ACHT molecules might mainly bind to the primary hydroxyl groups at C6 because of the
difference in reactivity of the hydroxyl groups [53]. Based on these results, the preparation and
probable structure of ACHT-immobilized cotton cellulose could be illustrated in Scheme 2.

The immobilization of ACTH onto cotton cellulose was further confirmed by UV/VIS study,
and the absorption curves were presented in Fig. 2. While pristine cotton cellulose did not show
any UV adsorption in the range of 270-390 nm, a broad and intensive peak around 287 nm
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could be observed in the spectrum of ACHT-immobilized cotton cellulose, and this must be
caused by the conjugated triazine ring structure of the immobilized ACHT moieties [43].

3.2. Chlorination of ACHT-immobilized cotton fabrics
To transform the immobilized ACHT moieties into chloromelamines to provide biocidal
functions, the fabrics were treated with diluted bleach containing 3000 ppm of active chlorine
for 30 min at room temperature. Iodimetric titration showed that the chlorinated fabrics
contained 7007 ppm of active chlorine. The “ACHT → chloromelamine” transformation was
confirmed by DSC and TG analyses, as shown in Fig. 3. Fig. 3(a) displayed the DSC curves
of pristine cotton, ACHT-immobilized cotton, and chlorinated ACHT-immobilized cotton
fabrics. The pristine cotton and ACHT-immobilized cotton showed very similar DSC curves.
In the DSC curve of chlorinated ACHT-immobilized cotton, however, a new exothermic peak
around 180 °C could be clearly observed. This was a characteristic peak of organic N-
halamines, which was caused by the thermal decomposition of the N-Cl bond [34,40]. In
addition, in the TG studies (Fig. 3(b)), although pristine cotton and unchlorinated ACHT-
immobilized cotton did not show any significant weight loss in 100-250 °C, the chlorinated
ACHT-immobilized cotton had a dramatic weight decrease starting form 230 °C. This quick
weight loss must be caused by the presence of covalently bound chlorines in the chlorinated
ACHT-immobilized cotton: due to the relatively low chlorine content (7007 ppm by titration),
the weight loss caused by the decomposition of the N-Cl bond at 180 °C was difficult to
determine. However, this decomposition most likely had accelerating effects on the thermal
decomposition of the cellulosic polymer backbones, leading to quick weight loss of the sample
at higher than 230 °C.

3.3. Biocidal effects
3.3.1. Waterborne biocidal effects—The biocidal efficacies of the chlorinated ACHT-
immobilized cotton fibrous materials were evaluated against bacteria, multi-drug resistant
bacteria, yeasts and viruses in the waterborne studies. The minimum contact time for a total
kill of the test microorganisms was listed in Table 2. Although neither the pristine cotton nor
the unchlorinated ACHT-immobilized cotton fabrics showed any biocidal effects, the
chlorinated ACHT-immobilized cotton fabrics (chlorine content: 7007 ppm) were highly
effective against the bacteria and yeast species: a total kill of 107 CFU/ml of multi-drug resistant
bacteria (E. coli 29214 and S. aureus 14154) and a 100% of reduction of common bacteria (E.
coli 15597 and S. aureus 6538) as well as yeast (C. tropicalis 62690) were achieved in 0.5 min
- 1 min. The virus (E. coli bacteriophage MS2), which has been widely used as surrogate of
enteric viral pathogens [54], was relatively difficult to inactivate, and it took 30 min to achieve
a total kill. Similar results on the resistance of MS2 virus to different biocidal agents have also
been reported by other researchers [55-57].

In addition to antibacterial, antifungal and antiviral functions, the anti-spore activities of the
chlorinated ACHT-immobilized fibrous materials were of significant research interests. It has
been well established that bacterial spores are highly resistant to disinfection [58-60]. A number
of chemical disinfectants (phenolics, quaternary ammonium compounds, alcohols, etc.) are
effective antibacterial agents, but they have little or no sporicidal activity. Other disinfectants,
such as glutaraldehyde, chlorine, and iodine, can inactivate both bacteria and spores, but the
sporcidal effect often requires much higher disinfectant concentrations and much longer
contact time. The resistance of bacterial spores to chemical agents has been attributed to the
spore coat and cortex, which act as effective barriers that prevent the access of disinfectants to
the underlying spore protoplast [58]. Although the sporicidal efficacies and inactivation
mechanisms of monomeric disinfectants have been reported [58-60], investigations concerning
the sporicidal activities of polymeric biocides, particularly fibrous biocidal materials, are still
lacking.
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Since sporicidal efficacies are regarded as a direct indication of the biocidal power of biocidal
polymers, in the present study, the chlorinated ACHT-immobilized cotton fabrics were
challenged with Bacillus atrophaeus (ATCC 9372) spores, which have been used as biological
indicators in sterilizations as well as surrogates of anthrax spores because of their high
resistance. Results of the sporcidial studies were summarized in Table 3. The chlorinated
ACHT-immobilized cotton fabrics were highly effective against bacterial spores, and the
samples inactivated 99% of the spores within 5 min for all spore solutions with different spore
densities (103-105 cells/ml). A total kill was achieved at longer periods of contact time, and
these were concentration-dependant: 120 min for a total kill when challenged with 2×103 cells/
ml of spores, 240 min for 2×104 cells/ml of spores, and 360 min for a 100% reduction of
7×105 cells/ml of spores. These sporicidal activities are similar to or even more potent than
those of many monomeric disinfectants [58-60].

3.3.2. Airborne bactericidal effects—The airborne bactericidal efficacies of the
chlorinated ACHT-immobilized cotton fabrics were challenged with E. coli (15597) and S.
aureus (6538). To simulate the deposition of airborne bacteria, a common route of spreading
infectious agents generated, for example, by talking, sneezing, coughing, or just breathing, a
commercial chromatography sprayer was used [46,47] to spray the test organisms onto the
chlorinated ACHT-immobilized cotton fabrics. Fig. 4 showed the level of recoverable bacteria
from the fabric samples after different periods of contact time. Similar to the waterborne test,
the controls (pristine cotton and unchlorinated ACHT-immobilized cotton fabrics) did not show
any bactericidal effect (data not shown), but the chlorinated ACHT-immobilized cotton fabrics
provided powerful bactericidal activities: the viable bacterial colonies showed 6-log reduction
for E. coli and 5-log reduction for S. aureus in less than 30 seconds. After that, a total kill was
achieved within 2 minutes for E. coli and 3 minutes for S. aureus.

3.4. Biofilm-controlling functions
It has been well recognized that bacteria can adhere to solid surfaces and form firmly-fixed
slimy, slippery biofilms. Once biofilms are formed, bacteria embedded inside are hundreds to
thousands times more resistant to biocides and the host defense system than their nonattached
individual planktonic counterparts [61-67]. Moreover, bacterial populations living in biofilms
can remain quiet for a long period of time, but they will continuously produce planktonic cells
that contaminate the ambient microenvironment when the surrounding conditions allow them
overgrow. Therefore, the formation and development of bacterial biofilms can cause serious
environmental and industrial problems [68,69] as well as infectious diseases. According to the
National Institutes of Health, more than 80% of all microbial infections in the body are caused
by biofilms [65,70].

Because the chlorinated ACHT-immobilized fibrous materials were able to effectively
inactivate microbes, it was highly possible that they could prevent the formation and
development of biofilms. To evaluate this effect, 100 μl of 107 CFU/mL of E. coli 15597
suspensions were placed onto the fabrics samples. The samples were submerged in 5 ml of
sterile distilled water in sealed Petri dishes, which were incubated at 37 °C for 24 h. After
washing, fixation, and drying, the surfaces of the fabrics were observed with SEM. The results
were presented in Fig. 5.

As shown in Fig. 5(a), numerous E. coli bacteria adhered to the surface of the control
(unchlorinated ACHT-immobilized cotton fabrics). Some bacteria were aligned one by one,
but most of the cells aggregated together, forming microcolonies. Detailed morphologies of
the bacteria and microcolonies were examined at higher magnification, as given in Fig. 5(b).
It could be seen that single E. coli cell was 2 to 3 μm in length and about 0.5 μm in diameter.
These cells appeared to be actively growing since some cells were in the process of cell division.
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Some of them seemed to be ready to separate to form the “one by one structure” and others
appeared to just begin to form their “cross wall”. Cells in the bacterial microcolonies bound to
each other with fiber-like slimes (exopolysaccharide glycocalyx polymers), which could
facilitate surface attachment, microcolony formation, and protect the organisms within the
microcolonies [63-67]. These results suggested that during this test, the bacteria in the culture
medium first attached to the fiber surfaces because bacteria prefer to grow on solid surfaces
rather than in the surrounding aqueous phase [71,72]. Over time, individual cells attached to
the surface multiplied and formed microcolonies that ultimately coalesced to form a continuous
bacterial biofilms protected by the glycocalyx polymers. These findings indicated that the
unchlorinated ACHT-immobilized cotton fabrics (and pure cotton fabrics, too; figures not
shown) were good templates for the proliferation of microorganisms, and biofilm would occur
readily on such materials.

Evidently different from the control samples, the chlorinated ACHT-immobilized cotton
fabrics showed a much clearer surface under SEM observation (Fig. 5(c)). Although bacterial
residues could still be detected on the sample surface at higher magnification, as shown in Fig.
5(d), the size of the bacterial cell was much smaller than those observed in Fig. 5(b), and the
cells in Fig. 5(d) seemed to be dead because the morphology and structure did not show any
characteristics of active growing. These observations strongly suggested that the
chloromelamine-based fibrous materials could effectively prevent bacterial adhesion and the
subsequent biofilm formation.

The biofilms-controlling functions of the chloromelamine-based fibrous materials were further
confirmed by examining the viable cells in the aqueous suspensions in which the fabrics were
immersed during the incubation period. The initial concentration of E. coli suspension was
106-7 CFU/ml. After 24 h of incubation, 108-9 CFU/ml of viable cells were recovered from the
control suspension, while no cells could be retrieved form the sample suspension, indicating
that the biofilm-controlling function of the chloromelamine-based fibrous materials was
provided by their potent biocidal effects, i.e., the bacterial cells were totally killed before or
during the biofilm formation process.

3.5. Controlled release characteristics
To provide further information about the biocidal performance of the chlorinated ACHT-
immobilized cotton fabrics, zone of inhibition of the samples was measured after incubation
at 37 °C for 24 h, using unchlorinated ACHT-immobilized cotton fabrics as controls. As shown
in Fig. 6, neither “dry” nor “wet” controls could provide any inhibition zone. However, clear
zones of inhibition around the chlorinated ACHT-immobilized samples were observed: when
the sample was “dry” (conditioned at 23 ± 2 °C and 70 ± 5% RH for 24 h), 1.2 mm of inhibition
zone was formed. If the sample was first wetted with 100 μl of sterile distilled water and then
tested, the inhibition zone increased to 3 mm. Further, immediately after zone size
measurement, the fabric samples were sonicated in 10 ml of sterile Na2S2O3 (0.03wt%). The
resultant solution was diluted and incubated to determine levels of recoverable microbial cells
from the fiber surfaces. In this test, 107 CFU/ml of viable E. coli cells were recovered from
the unchlorinated ACHT-immobilized cotton (moisture content did not affect the bacterial
level). On the chlorinated ACHT-immobilized cotton, when the sample was “dry”, the recovery
rate was 102 CFU/ml (5-log reduction compared with the controls); when the sample was “wet”,
no viable cells could be recovered from the fibrous materials.

These findings suggested that during the tests, at least some of the biocidal agents diffused
away from the fibrous materials to kill the bacteria. According to the previous studies on the
antimicrobial properties of N-halamines [31,73,74], it was believed that the positive chlorines
generated from the dissociation of N-chloramine in aqueous solution were the effective biocidal
agents that diffused away, as shown in Scheme 3.
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Generally speaking, the release rate of a specific antimicrobial agent from polymers has two
opposite effects: for biocidal action, a fast release is preferred because it will lead to powerful
and instant efficacies. On the other hand, however, the environmental impacts posed by
releasing antimicrobial agents and the short-term effectiveness due to the exhaustion of these
agents are also very important factors that should be taken into account in real applications.
To test whether and to what extent the biocidal agent (positive chlorine) could leach from the
chloramelamine-based fabrics, a quantitative evaluation of the release of the positive chlorines
from the samples was conducted in vitro (see Section 2.8 for experimental details). Fig. 7
presented the positive chlorine content in the solution as a function of releasing time. It was
found that in the initial stage (5 min to 6 h), the positive chlorine content increased dramatically;
after that, when the equilibrium of the dissociation of the N-Cl bond was achieved (see Scheme
3), the chlorine content in the solution was kept constant at about 2.0 μg/ml (2 ppm). In other
words, although the chlorinated ACHT-immobilized cotton fabrics contained 7007 ppm of
active chlorine, only 2.0 μg/ml of positive chlorine was released from the fabric to the solution.
These results suggested that the -N-Cl bonds in the chloromelamines were quite stable. That
is also the reason that the chloromelamine-based fibrous materials have almost no detectable
chlorine odor when exposed to the ambient conditions.

3.6. Biocidal mechanisms
N-halamines, including amine N-halamines, amide N-halamines and imide N-halamines, can
be regarded as chlorine-releasing agents (CRAs), which exert the antimicrobial functions by
releasing positive chlorine into the environment, and the positive chlorines react with
appropriate receptors in the cells to achieve biocidal functions [75-77]. In their comprehensive
review on halamines [31], Worley and Williams reported that 0.2-5.0 μg/ml of total chlorine
in distilled water was sufficient to provide 8-log reduction of gram-positive and gram-negative
bacteria at a contact time of 10 min. The zone of inhibition study conducted in our investigation
showed that chlorine release was crucial for the biocidal efficacies of the chloromelamine-
based fibrous materials, and this was also supported by the fact that the contact time for a total
kill of waterborne bacteria is shorter than that for airborne bacteria (1 min vs. 3 min).

On the other hand, however, the chlorine releasing mechanism alone may not be potent enough
for the anti-spore functions of the chlorinated ACHT-immobilized cotton fabrics. At
equilibrium (after > 10 h of releasing; see Fig. 7), the chloromelamine-based fibrous materials
could only release around 2 μg/ml of active chlorine, which might be too low for sporicidal
activities. To confirm this, we tested the sporicidal effect of sodium hypochlorite (NaOCl), a
widely used chlorine releasing agent, against 103-4 cells/ml of B. atrophaeus spores. It was
found that with 2 μg/ml of active chlorine, NaOCl could only provide < 90% reduction of the
spore after 30 min of contact. Similar results of the anti-spore functions of NaOCl were also
reported by other authors [78]. However, as shown in Table 3, the chloromelamine-based
fibrous materials developed in this study achieved 99% reduction in 5 min, and provided
99.35%-99.75% of reduction of the same spore in the same concentration range in 30 min.

Therefore, we suggest that there could be two action mechanisms responsible for the biocidal
efficacies of the chloromelamine-based fibrous materials. First, the positive chlorine resulting
from the dissociation of N-Cl bonds might be partially or completely transferred to the
appropriate acceptors in the cell, leading to expiration of the organisms. This effect could be
the predominant mechanism, because 2 ppm of positive chlorines could be high enough to
provide a total kill of bacterial species [31]. Besides, the intact chloromelamine moieties could
also have biocidal effect, which might remain bound to cell membranes after partial penetration
into the cells [76,79]. This action might further contribute to the observed inhibitory effect
particularly if the quantity of free chlorines released to the wet environment was not sufficient
enough for inactivating some tough species (e.g., spores). Once inside or bind to the cell
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membrane, various enzymes or enzyme systems in the cell could be subjected to inactivation
or inhibition. In the case of bacterial spores, the spore coat material and the spore cortex could
be removed and degraded by the interaction with the hypochlorite ion [58,80-82], which could
facilitate the access of chlorinated ACHT moieties to their sites of action on or in the spore
protoplast.

3.7. Other properties of the chloromelamine-based fibrous materials
Many antibiotic-treated biomaterials release antimicrobials continuously at high dose levels,
irrespective of whether infectious agents are presented or not. With the chloromelamine-based
fibrous materials, however, when microorganisms were absent, the chlorinated ACHT moieties
were covalently bound to the fibrous materials, and only a very small amount of positive
chlorine (e.g., 2.0 μg/ml at equilibrium when the fibrous materials were immersed in water)
was released into the surrounding environment, ensuring long-term biocidal effectiveness and
minimizing concerns of the side effects of the released chlorines. On the other hand, the zone
of inhibition study and the waterborne and airborne microbial tests revealed that, when the
chlorinated ACHT-immobilized fibrous materials were brought into contact with
microorganisms, the released active chlorines would react with the microbes to provide
biocidal functions. As shown in Scheme 3, this effect would disturb the equilibrium, and the
consumption of hypochlorous acid by microbes would shift the reaction to the right side of the
equation, leading to more chorines being released, and thus, potent biocidal effects. Therefore,
in the new chloromelamine-based fibrous materials, the release rate of biocidal agents (active
chlorines) is bioresponsive; and this can be an important characteristic to combine excellent
storage stability (when microbes are not presented) and fast biocidal action (when microbes
are presented) into one system.

When used in real applications, infectious agents can be presented in blood and/or body fluid.
To preliminarily test the performance of the chloromelamine-based fibrous materials under
these circumstances, the bactericidal activities of the fabrics were evaluated against 7×107

CFU/ml of gram-negative (E. coli, 15597) and gram-positive (S. aureus, 6538) bacteria
suspensions, using the same procedures as described in the waterborne biocidal tests. The
bacterial suspensions contained 10 vol% of human serum (SeraCare Life Sciences, Inc., Suite
F Oceanside, CA) to simulate the micro-environments of human body fluid. It was found that
although the human serum acted as a denaturant and decreased the bactericidal efficacies, a
total kill of E. coli and a 3-log reduction of S. aureus were achieved within 5 min of contact
time, further indicating that the new fibrous materials are attractive candidates for a number
of real applications.

Durability and rechargeability are very important features of N-halamine-based biocidal
materials. After standing at 23 ± 2 °C and 70 ± 5% RH for 6 months, more than 93.5% of the
original chlorine content of the chlorinated ACHT-immobilized cotton fabric was retained
(7007 ppm vs. 6552 ppm), suggesting good durability, which agreed well with the controlled
release studies. After chlorination, the fabrics were immerged in 0.03 wt% of Na2S2O3 aqueous
solution to quench the active chlorine, and then rechlorinated with diluted bleach containing
3000 ppm of chlorine. After 50 cycles of the “chlorinating-quenching” treatment, the chlorine
content was essentially unchanged, indicating that the biocidal activities were fully
rechargeable.

4. Conclusions
In this study, a simple pad-dry-cure approach was used to immobilize ACHT moieties onto
cellulosic fibrous materials. The structures of the samples were fully characterized with NMR,
UV/VIS, DSC, TG, iodimetric titration, and elemental analyses. An esterification approach
was successfully developed to facilitate the NMR characterization of the ACHT-immobilized
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cellulose. After chlorination, the immobilized fibrous materials provided powerful, durable
and rechargeable biocidal activities against gram-positive and gram-negative bacteria, multi-
drug resistant bacteria, yeast, virus, and spores, and they effectively inhibited the formation of
bacterial biofilms. It is believed that both the released positive chlorines and the covalently
bound chloromelamine molecules contributed to the biocidal effects. Thanks to the long-term
effectiveness, sustained-release of biocidal agent, and the bioresponsive releasing nature, the
chloromelamine-based fibrous materials may have great potential for a broad range of biocidal
and biofilm-controlling applications.
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Scheme 1.
Synthesis of ACHT through controlled hydrolysis of ADCT
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Scheme 2.
Preparation and probable structure of ACHT-immobilized cotton cellulose
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Scheme 3.
Dissociation of N-chloramine in aqueous solution.
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Fig. 1.
13C NMR spectra of esterified ACHT-immobilized cotton cellulose and pure ACHT (Solvents
used were DMSO-d6 for the former and 70% DMSO-d6 + 15% D2O + 15% NaOD for the
latter.)
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Fig. 2.
UV-VIS spectra of pristine cotton and ACHT-immobilized cotton (Sample concentration was
1 mg/ml in DMAc containing 8 wt% of LiCl)
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Fig. 3.
Thermal properties of pristine cotton, ACHT-immobilized cotton and chlorinated ACHT-
immobilized cotton fabrics
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Fig. 4.
Bactericidal effects of chlorinated ACHT-immobilized cotton fabrics against E. coli 15597 and
S. aureus 6538 in airborne bactericidal tests
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Fig. 5.
SEM micrographs of unchlorinated and chlorinated ACHT-immobilized cotton fabrics in
biofilms-controlling studies (Bacteria species: E. coli, ATCC 15597).

Chen et al. Page 23

Biomaterials. Author manuscript; available in PMC 2008 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6.
Zone of inhibition of unchlorinated and chlorinated ACHT-immobilized cotton fabrics. Before
this test, the “dry” samples were conditioned at 23 ± 2 °C and 70 ± 5% RH for 24 h, and the
“wet” samples were wetted with 100 μl of sterile distilled water.
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Fig. 7.
Positive chlorine content in the releasing solution (The initial chlorine content of the
chlorinated ACHT-immobilized cotton fabrics was 7007 ppm.)
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Table 2
Minimum contact time of chlorinated ACHT-immobilized cotton for a total kill of bacteria, yeast, and virus.*

Microorganisms Minimum contact time for a total kill (min)
Common bacteria E. coli 15597 1.0

S. aureus 6538 1.0
Multi-drug resistant bacteria E. coli 29214 0.5

S. aureus 14154 0.5
Yeast C. tropicalis 62690 1.0
Virus E. coli bacteriophage MS2 15597-B1 30

*
The microbial concentration was 107 CFU (or PFU for MS2 virus)/ml; the biocidal tests followed AATCC Test Method 100-1999.
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Table 3
Sporicidal efficacies of chlorinated ACHT-immobilized cotton fabrics against B. atrophaeus spores.*

Contact time Anti-spore activity at different original spore concentration (% reduction compared with the control)
2×103 cells/ml 2×104 cells/ml 7×105 cells/ml

5 min 99% 99% 99%
15 min 99% 99.50% 99.43%
30 min 99.35% 99.75% 99.86%
120 min 100% 99.95% 99.99%
240 min 100% 100% 99.99%
360 min 100% 100% 100%

*
The sporicidal tests followed AATCC Test Method 100-1999.
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