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Abstract Azo dyes are widely used in the plastic, paper,

cosmetics, food, and pharmaceutical industries. Some

metabolites of these dyes are potentially genotoxic. The

toxic effects of azo dyes and their potential reduction

metabolites on Staphylococcus aureus ATCC BAA 1556

were studied. When the cultures were incubated with 6, 18,

and 36 lg/ml of Orange II and Sudan III for 48 h, 76.3,

68.5, and 61.7% of Orange II and 97.8, 93.9, and 75.8% of

Sudan III were reduced by the bacterium, respectively. In

the presence of 36 lg/ml Sudan III, the cell viability of the

bacterium decreased to 61.9% after 48 h of incubation,

whereas the cell viability of the control culture without the

dye was 71.5%. Moreover, the optical density of the bac-

terial cultures at 10 h decreased from 0.74 to 0.55, indi-

cating that Sudan III is able to inhibit growth of the

bacterium. However, Orange II had no significant effects

on either cell growth or cell viability of the bacterium at the

tested concentrations. 1-Amino-2-naphthol, a metabolite

common to Orange II and Sudan III, was capable of

inhibiting cell growth of the bacterium at 1 lg/ml and

completely stopped bacterial cell growth at 24–48 lg/ml.

On the other hand, the other metabolites of Orange II and

Sudan III, namely sulfanilic acid, p-phenylenediamine,

and aniline, showed no significant effects on cell growth.

p-Phenylenediamine exhibited a synergistic effect with

1-amino-2-naphthol on cell growth inhibition. All of the

dye metabolites had no significant effects on cell viability

of the bacterium.
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Introduction

Azo dyes consist of a diazotized amine coupled to an amine

or a phenol, and contain one or more azo linkages

(R–N=N–R) [12]. Thousands of different varieties of azo

dyes are extensively used in the textile, paper, food, cos-

metics, and pharmaceutical industries [12, 14]. Many color

additives used in cosmetics are azo colorants [46]. Through

ingestion, inhalation, or skin contact, humans are exposed

to these compounds. Previous reports have shown that

some aromatic amines, as metabolites formed from mam-

malian and microbial enzymatic reduction of azo dyes, are

potentially genotoxic to humans, fish, and animals [1, 13,

28]. The initial step of degradation of azo dyes is reduction

of the azo bond catalyzed by azoreductase. Azoreductases

are commonly found in bacteria and have been purified and

characterized from Bacillus subtilis [39], Escherichia coli

[25, 26], Enterococcus faecalis [11, 34, 35], Pseudomonas

aeruginosa [45, 47, 48], Saccharomyces cereviaeae [32],

and Staphylococcus aureus [9]. The enzymes can be clas-

sified into three groups, flavin-dependent NADH-preferred

azoreductase, flavin-dependent NADPH-preferred azore-

ductase, and flavin-free NADPH-preferred azoreductase

[8].

Orange II (D&C Orange No. 4) is a sulfonated dye that

is approved for use in drug and cosmetic products as a

colorant [6, 37]. Sudan dyes are a family of industrial red

dyes, normally used for coloring plastics and other syn-

thetic materials [2, 5, 10]. These dyes are classified by the

International Agency for Research on Cancer (IARC) as

category 3 carcinogens to humans. Although Sudan dyes
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are banned for food usage in most countries, they are

illegally used to enhance or maintain the colored appear-

ance of food products [49, 50]. Some Sudan dyes are also

pigments of cosmetics. For example, Sudan I is in the

Indian cosmetic ‘‘kumkum’’ and is frequently applied to

the forehead [29]. Sudan III is also permitted for use in

drug and cosmetic products and classified as colorant D&C

Red No. 17. Under microaerobic conditions, many human

commensal bacteria are able to reduce azo dyes to produce

their respective aromatic compounds [46, 49, 50]. The

bacterial reduction pathway of the dyes is well established:

1-amino-2-naphthol and sulfanilic acid are the metabolites

of Orange II; and 1-amino-2-naphthol, p-phenylenedi-

amine, and aniline are the reduction products of Sudan III

(Table 1) [24, 36, 49].

The human skin harbors a complex and diverse micro-

biota comprised of at least several hundred species, which

are vastly different from, but just as complex as, those of

the intestine [21]. The skin microbiota are a dynamic

population that is influenced by its host and environment.

Interactions between the microbiota and human host have

implications for nutrition, infection, metabolism, toxicity,

and cancer. The skin microbiota play a very important role

in preventing pathogens from establishing in the skin and

causing disease [16]. This process is known as colonization

resistance and is a major beneficial effect of the normal

skin microbiota. Externally applied cosmetics containing

azo dyes could potentially impact the microbial ecology of

the skin, which may affect human health by breaking the

permeability barrier, which could encourage pathogen

colonization. To our understanding, the effects of azo dyes

used in cosmetics and their potential metabolites on human

skin microbiota have not been addressed. Concerns about

the safety of azo colorants in cosmetics have been raised

because metabolic cleavage by skin bacteria yielded aro-

matic amines [15, 30, 43]. For human safety evaluation of

the dermal exposure to azo dyes in cosmetics, the potential

toxic effects on skin microbiota and the human body

should be considered.

Staphylococcus aureus is a part of normal flora colo-

nizing humans asymptomatically [7, 38]. S. aureus may be

found widely over the surface of both normal and diseased

skin. Some strains of S. aureus have been demonstrated to

produce bacteriocins [16]. S. aureus is the most common

cause of hospital-acquired infections; about 2% of all

patients admitted are infected [33]. S. aureus is also one of

the commonly identified foodborne etiologic agents [17]. It

has been suggested that S. aureus may serve as a model

strain for measuring the ability of human skin microbiota to

metabolize azo dyes [43]. Our previous studies have shown

that at least a portion of human skin microbiota is able to

metabolize azo dyes [9, 46]. This study examines the

effects of Orange II and Sudan III azo dyes used in cos-

metics and their metabolites on the cell growth and via-

bility of S. aureus.

Materials and methods

Materials

Orange II (4-(2-hydroxy-1-naphthylazo)benzenesulfonic

acid sodium salt), Sudan III (1-[4-(phenylazo)phenylazo]-2-

naphthol), 1-amino-2-naphthol (hydrochloride), sulfanilic

acid, aniline, p-phenylenediamine, dimethyl sulfoxide

(DMSO), and absolute ethanol were purchased from Sigma

Chemical Co. The LIVE/DEAD BacLight bacterial viability

and counting kit containing solutions of 3.34 mM SYTO9 in

DMSO (200 ll), 20 mM propidium iodide (PI) in DMSO

(200 ll), and a calibrated suspension of microspheres

(diameter 6 lm, 1 ml; concentration 1.0 9 108 beads/ml)

was purchased from Molecular Probes. Stock solutions of

Table 1 Chemical structures of

Orange II and Sudan III and

their azoreduction products
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Sudan III, sulfanilic acid, 1-amino-2-naphthol, aniline,

and p-phenylenediamine were prepared by dissolving the

chemicals in DMSO.

Bacterial strain and culture conditions

Because of the availability of genome sequence and our

unpublished microarray data, S. aureus ATCC BAA 1556

was chosen for the experiments. The strain was routinely

cultured on Brain Heart Infusion (BHI) agar. After 16–18 h

of incubation at 37�C, one colony was picked by a loop and

inoculated into a 50-ml centrifuge tube containing 50 ml

BHI medium. The culture was incubated under static

conditions at 37�C overnight for use as seed culture. The

bacterial seed culture was inoculated into BHI medium

with an inoculation ratio of 0.5% (v/v), and then the

medium was transferred to a centrifuge tube containing

50 ml BHI medium. Orange II or Sudan III was added to

the BHI medium at final concentrations of 6, 18, and

36 lg/ml (each in triplicate, all experiments were in trip-

licate unless otherwise stated) according to Muzzall and

Cook [40]. The cultures were incubated at 37�C without

agitation. After 24 and 48 h incubation, the cultures were

collected for measurement of Orange II and Sudan III

degradation and cell viability of the bacterium as described

below. To determine the effect of the azo dyes and their

metabolites on growth of the bacterium, 200 ll culture per

well with various concentrations of the dyes or metabolites

was added to a 96-well plate (BD Falcon). Each individual

metabolite or a combination of the metabolites was added

to the cultures to study their effects on the cell growth of

the bacterium. If needed, the metabolites were added at a

ratio of approximately 12:11 in weight for 1-amino-2-

naphthol/sulfanilic acid and 6:12:7 for aniline/1-amino-

2-naphthol/p-phenylenediamine to match the ratio of

products from the reduction of Orange II and Sudan III,

respectively. Bacterial growth of the cultures was moni-

tored at 660 nm in a SpectraMax M2 plate reader

(Molecular Devices) at 37�C for 12 h, with 10 s of shaking

before readings. For examining the effect of metabolites on

cell viability, bacterial cells were inoculated at a ratio of

0.5% (v/v) into BHI medium and 50-ml aliquots of the

cultures were transferred to centrifuge tubes. The cultures

were allowed to grow to the stationary phase at 37�C for

12 h. Thereafter, dye metabolites at various concentrations

were added to the cultures. After exposure of the bacterial

cells to the metabolites for 12 h, the bacterium was col-

lected for cell viability measurement.

Assay of the degradation of azo dyes by S. aureus

To determine degradation of Orange II, 1-ml samples

were collected from the cultures at 0, 24, and 48 h, and

centrifuged at 10,0009g for 3 min. Supernatants of the

cultures were assayed by measuring the absorption in the

plate reader at 483 nm [46]. To determine degradation of

Sudan III, two volumes of absolute ethanol were added to

0.5 ml of the samples collected from the cultures at 0, 24,

and 48 h, respectively. The mixtures were briefly vortexed,

and then the samples were assayed at 500 nm following the

procedure described above for Orange II [49]. Simulta-

neously, the bacterial cell viability of the samples was

determined as described below.

Bacterial cell viability assay

One-milliliter samples collected from the cultures were

stained according to the manufacturer’s instruction using

the BacLight LIVE/DEAD bacterial viability and counting

kit. The bacterial cell viability assay was analyzed by flow

cytometry (FCM) on an Accuri C6 FCM (Accuri Cytom-

eters), with a 488-nm excitation from a blue solid-state

laser at 50 mW. Fluorescence filters and detectors were all

standardized with green fluorescence collected in the FL1

channel (530 ± 15 nm) and red fluorescence collected in

the FL3 channel ([670 nm). All parameters were collected

as logarithmic signals, including the forward scatter (FSC)

and side scatter (SSC). Fluorescence (FL1) trigger thresh-

old of 2,000 and secondary FL3 threshold of 500 were used

in order to remove noise. Flow rate of the samples was

adjusted to keep the event rate below 5,000 events per

second. At least 20,000 cells for each sample were counted.

Data were analyzed using CFlow Plus software (Accuri

Cytometers). In density plots of light-scattering properties,

bacterial cells were gated from irrelevant counts for fluo-

rescence analyses. In density plots of fluorescence, the

distinct bacterial populations (P1, live cells; P2, dead cells)

were gated on the basis of the different viability stages.

Cell viability (%) = percent of P1 (green cells)/(percent of

P1 ? percent of P2 (red cells)) 9 100.

Results

Degradation of Orange II and Sudan III by S. aureus

We used S. aureus as a model strain of human skin mic-

robiota to evaluate effects of two cosmetic dyes, Orange II

and Sudan III, at various concentrations on skin bacteria.

The disappearance of the dyes, indicative of reduction, was

measured spectrophotometrically in the presence of the

bacterium (Table 2). When the cultures were incubated for

48 h, 76.3, 68.5, and 61.7% of Orange II added at 6, 18,

and 36 lg/ml were reduced, respectively; whereas 97.8,

93.9, and 75.8% of Sudan III added at the same concen-

trations were metabolized, respectively. The degradation
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efficiency decreased with the increase in concentrations of

the dyes and S. aureus degraded Sudan III more effectively

than Orange II. The azoreductase activity in the control

cultures without dye was 0.84 U 9 10-4/ml culture and

there were no apparent changes in the enzyme activities of

the cultures with various concentrations of Orange II or

Sudan III, indicating that constitutive azoreductases are

produced in S. aureus.

Effects of Orange II and Sudan III on the cell growth

and viability of S. aureus

As shown in Fig. 1a, the optical densities (ODs) of the

bacterial cultures with Orange II at 6 and 18 lg/ml were 0.74

and 0.73, respectively, at 10 h. Even when the concentration

of Orange II was 36 lg/ml, the cultures grew to an OD of

0.74, which is very similar to that of the cultures without azo

dyes (0.72). Orange II had no effect on the growth of

S. aureus in the presence of different concentrations of the

dye. However, the observed behavior was different for

Sudan III. As shown in Fig. 1b, when the concentration of

Sudan III increased from 6 to 36 lg/ml, an inhibition on the

bacterial cell growth was observed.

The effects of Orange II and Sudan III on the bacterial

cell viability were determined by flow cytometric mea-

surements using the BacLight LIVE/DEAD bacterial via-

bility and counting kit. As shown in Fig. 2, two distinctive

groups are formed. Group P1 is the population of living

bacterial cells, whereas group P2 is the population of dead

bacterial cells. The cell viabilities of S. aureus with various

concentrations of dyes are illustrated in Table 3. At 24 h of

incubation, the percentages of living bacterial cells with

Orange II at concentrations of 6, 18, and 36 lg/ml were

between 90 and 95%, similar to that of the cultures without

dye. When the incubation time was prolonged to 48 h,

bacterial cell viabilities were similar in the presence and

absence of Orange II. Therefore, the addition of Orange II

to the cultures did not affect the cell viability of S. aureus.

As for Sudan III, the percentage of the living bacterial cells

with increased dye concentrations from 6 to 36 lg/ml

decreased from 95.5 to 89.3% for 24-h cultures and from

74.2 to 61.9% for 48-h cultures. Therefore, with increasing

Sudan III (36 lg/ml) concentration in the cultures, more

dead bacterial cells were observed.

Effects of dye metabolites on the cell growth

and viability of S. aureus

The proposed metabolites of Orange II formed by bacteria

are 1-amino-2-naphthol and sulfanilic acid. The three

metabolites of the bacterial reduction of Sudan III are

1-amino-2-naphthol, p-phenylenediamine, and aniline. As

shown in Fig. 3, sulfanilic acid and aniline had no significant

effects on the cell growth of S. aureus. Even at the highest

tested concentrations of sulfanilic acid (66 lg/ml) and ani-

line (36 lg/ml), both growth curves of the bacterium were

Table 2 Reduction of Orange II and Sudan III at various concen-

trations by S. aureus

Dye Concentration

(lg/ml)

Dye degradation (%)a

Culture

time 24 h

Culture

time 48 h

Orange II 6 60.3 ± 1.9 76.3 ± 1.4

18 48.5 ± 0.9 68.5 ± 0.5

36 40.6 ± 0.8 61.7 ± 0.6

Sudan III 6 76.2 ± 1.0 97.8 ± 1.0

18 49.6 ± 0.4 93.9 ± 0.9

36 34.9 ± 0.3 75.8 ± 0.9

Data are presented in mean ± SD. The mean was from triplicate

incubations with standard deviations (SDs)
a Sterile control with dyes was used as control. The stock solution of

the dyes was freshly prepared and there was no detectable degradation

of the dyes in DMSO or medium for 24 and 48 h

A B

Fig. 1 Effects of various concentrations of a Orange II and b Sudan III on the cell growth of S. aureus. Each data point is presented as

mean ± SD. The mean was from triplicate incubations with SDs \ 5%
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similar to that of the control (Fig. 3f). At the lowest tested

concentration of p-phenylenediamine, much less than 7 lg/ml,

the metabolite had no significant effect on the cell growth

of the bacterium. Similar results were also found when

aniline and p-phenylenediamine were added to culture as a

mixture, as shown in Fig. 3a, b, c. For example, the ODs at

10 h were 0.78, 0.75, and 0.76 for the cultures with 6 lg/ml

aniline, 7 lg/ml p-phenylenediamine, and the mixture of

these two metabolites, respectively, similar to the control

(OD = 0.76). When the concentration of p-phenylenedi-

amine increased both with and without the aniline, a slight

inhibition on the cell growth of the bacterium was observed,

as shown in Fig. 3d, e, f. The inhibition on the bacterial cell

growth by 1-amino-2-naphthol occurred at a concentration

of 1 lg/ml, as shown in Fig. 3a. A stronger inhibition was

observed with increasing concentrations of the metabolite.

For example, the OD of the cultures with 48 lg/ml of

1-amino-2-naphthol was only 0.12 at 10 h (Fig. 3e). In

addition, any mixture that contained 1-amino-2-naphthol

inhibited the cell growth. In Fig. 3c, d, the strongest inhi-

bition belonged to the mixtures containing both p-phenyl-

enediamine and 1-amino-2-naphthol. ODs of the cultures

at 10 h were 0.32, 0.34, and 0.61 for the mixture of 1-amino-

2-naphthol, p-phenylenediamine, and aniline, of 1-amino-2-

naphthol and p-phenylenediamine, and of 1-amino-2-naphthol

and aniline, respectively (Fig. 3c). High concentrations of

1-amino-2-naphthol or any mixture containing this metab-

olite can completely inhibit the cell growth of the bacterium,

as shown in Fig. 3e, f.

The cell viabilities of S. aureus with the individual

metabolites of Orange II and Sudan III or combinations of

the metabolites were measured, as shown in Table 4. Each

individual metabolite or mixture of them had no apparent

effect on the cell viability even when the concentration

was as high as 1 mg/ml for sulfanilic acid, aniline, and

p-phenylenediamine or 100 lg/ml for 1-amino-2-naphthol.

After another 12 h, the cell viabilities were 90.5 90.8, 91.5,

and 90.3% for cultures with 1 mg/ml sulfanilic acid,

1 mg/ml aniline, 1 mg/ml p-phenylenediamine, and 100 lg/ml

1-amino-2-naphthol, respectively. The cell viability of the

cultures with 110 lg/ml sulfanilic acid and 120 lg/ml

1-amino-2-naphthol, or 60 lg/ml aniline, 120 lg/ml

1-amino-2-naphthol, and 70 lg/ml p-phenylenediamine for

12 h were 87.5% or 89.9%, whereas that of the culture

without metabolite was 90.0%. The metabolites of the azo

dyes had no significant effects on the cell viability of

S. aureus.

Fig. 2 Effects of Orange II and

Sudan III on the cell viability of

S. aureus. The samples were

stained using SYTO9 plus PI.

For all FL1-H/FL3-H density

plots, horizontal axes (FL1-H)

represent green fluorescence

and vertical axes (FL3-H)

represent red fluorescence (FL1,

530 ± 15 nm; FL3, [670 nm).

Gate P1 and P2 represent those

used to define populations

designated as live and dead

cells, respectively

Table 3 Effect of Orange II and Sudan III on the cell viability of S.
aureus

Item Concentration of

the dyes (lg/ml)

Cell viability (%)

Culture

time 24 h

Culture

time 48 h

Control (no dyes) 92.7 ± 2.3 71.5 ± 0.5

Orange II 6 92.8 ± 2.4 71.6 ± 3.1

18 94.4 ± 0.2 75.2 ± 1.7

36 94.7 ± 1.7 74.2 ± 0.8

Sudan III 6 95.5 ± 1.2 74.2 ± 2.7

18 92.5 ± 1.5 74.7 ± 0.8

36 89.3 ± 2.2 61.9 ± 3.6

Data are presented in mean ± SD. The mean was from triplicate

incubations with SDs
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A B

C D

E F

Fig. 3 Effects of metabolites on S. aureus cell growth. Aniline (A),

1-amino-2-naphthol (1A2N), p-phenylendiamine (P), sulfanilic acid

(SA). Filled squares, control; filled circles, cultured with SA; filled
triangles, cultured with A; filled down triangles, cultured with 1A2N;

filled diamonds, cultured with P; filled left triangles, cultured with the

mixture of SA and 1A2N; filled right triangles, cultured with the

mixture A and 1A2N; open circles, cultured with the mixture of A and

P; open squares, cultured with the mixture of P and 1A2N; open
diamonds, cultured with the mixture of A, P, and 1A2N. Concentra-

tions of SA, A, 1A2N, and P were respectively a 0.9, 0.5, 1, and

0.6 lg/ml; b 5.5, 3, 6, and 3.5 lg/ml; c 11, 6, 12, and 7 lg/ml; d 22,

12, 24, and 14 lg/ml; e 44, 24, 48, and 28 lg/ml; f 66, 36, 72, and

42 lg/ml. Each data point is presented as mean ± SD. The mean was

from triplicate incubations with SDs \ 5%
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Discussion

Azo dyes are mainly reduced by bacteria to colorless aro-

matic amines and the resulting amines can be further

degraded aerobically by bacteria. Some bacteria have the

capacity to metabolize azo dyes both aerobically and

anaerobically. White rot fungi can efficiently break down

azo dyes through oxidation by utilizing ligninolytic enzymes

[51]. Simultaneous heavy metal reduction and azo dye

decolorization have been described in bacteria [41]. Azo

dyes can be converted into colorless aromatic amines, some

of which may become less toxic than the original dye,

whereas others, such as arylamines and free radicals, are

potentially carcinogenic. It has been demonstrated that

Sudan Orange G has a significant cytotoxic effect on yeast

cell growth and that CotA-laccase enzymatic treatment of

the dye can effectively reduce the toxicity of Sudan Orange

G [42]. Staphylococcus arlettae is able to form aromatic

amines by reductive breakdown of the azo bond and to

oxidize them into non-toxic metabolites by sequential

microaerophilic/aerobic stages [18]. A bacterial consortium

is capable of decolorizing different azo dyes under micro-

aerophilic conditions [27]. On the other hand, the genotox-

icity of the metabolites of Acid Orange 52 produced by

Pseudomonas putida mt-2 has been connected to azore-

ductive conversion of the dye into corresponding aromatic

amines. The metabolites produced in static incubation with

the bacterium showed a higher pro-oxidant effect in com-

parison to those of shaken cultures [3].

Maintaining a normal skin microbiota is vital for human

skin health. Azo dyes are important colorants in the cos-

metics industry. Metabolism of azo dyes in cosmetics by

human skin microbiota and potential effects of the

metabolism on human health have not been vigorously

studied in comparison to the intestinal microbiota [46].

Previously a few studies showed that some skin bacteria

are able to reduce water-soluble azo dyes resulting in the

formation of aromatic compounds, which may easily pen-

etrate skin [43, 46].

In the present study, we have demonstrated that

S. aureus can efficiently metabolize water-soluble Orange

II or water-insoluble Sudan III. About 70% of Orange II or

90% of Sudan III at 18 lg/ml were metabolized at 48 h,

although the degradation effectiveness decreased with

increasing concentration of the dyes. Previous studies

suggested that mechanisms of the bacterial degradation of

water-soluble and water-insoluble azo dyes might be dif-

ferent [50]. The water-soluble dyes pass through the bac-

terial cell membrane, and are reduced in the cytoplasm by

azoreductases [20]. However, the particles of water-insol-

uble dyes were bound to the bacteria, and reduced on the

membrane [50]. A study to investigate the interactions of

Sudan dyes with E. coli membranes showed that over 60%

of the dyes (Sudan II or Sudan IV) penetrated into E. coli,

and 90% of these dyes remained in the membrane of the

bacterium [31]. Another study on the membrane transport

of the bacterium also proved that Sudan dyes would

accumulate on the membrane of E. coli [44]. Therefore, the

water-insoluble Sudan III should remain in the membrane

of S. aureus until being reduced by the enzymes. Previ-

ously it has been demonstrated that both cytosolic and

membrane-associated azoreductases are present in E. fae-

calis, which is able to metabolize both water-soluble and

-insoluble azo dyes. However, no membrane-associated

azoreductase activity has been found in E. coli, which is

not able to metabolize water-insoluble Sudan azo dyes

[50]. The inhibition of the bacterial cell growth and the

decrease of viability of the bacterial cells may result from

the dye accumulated on the membrane which is likely to

perturb the structure and function of the membrane [31,

50]. Therefore, it is reasonable that Sudan III can inhibit

the cell growth and decrease the cell viability of the bac-

terium, whereas Orange II can not cause obvious negative

effects on the bacterial cell growth and cell viability at the

tested concentrations.

Among the metabolites of Orange II and Sudan III

reduced by S. aureus, 1-amino-2-naphthol was the only

Table 4 Effects of different metabolites on the cell viability of S.
aureus

Concentrations of metabolites Cell viability

(%)a

Control (no metabolites) 90.0 ± 3.2

Sulfanilic acid (11 lg/ml) 91.2 ± 1.1

Sulfanilic acid (1 mg/ml) 90.5 ± 0.7

1-Amino-2-naphthol (1 lg/ml) 87.8 ± 4.0

1-Amino-2-naphthol (12 lg/ml) 89.8 ± 2.2

1-Amino-2-naphthol (100 lg/ml) 90.3 ± 1.7

1-Amino-2-naphthol (120 lg/ml) 86.3 ± 3.1

Sulfanilic acid (11 lg/ml) ? 1-amino-

2-naphthol (12 lg/ml)

88.6 ± 1.6

Sulfanilic acid (110 lg/ml) ? 1-amino-

2-naphthol (120 lg/ml)

87.5 ± 0.1

Aniline (6 lg/ml) 88.7 ± 0.4

Aniline (1 mg/ml) 90.8 ± 1.3

p-Phenylenediamine (7 lg/ml) 88.7 ± 1.9

p-Phenylenediamine (1 mg/ml) 91.5 ± 0.4

Aniline (6 lg/ml) ? p-phenylenediamine

(7 lg/ml) ? 1-amino-2-naphthol (12 lg/ml)

89.0 ± 1.8

Aniline (60 lg/ml) ? p-phenylenediamine

(70 lg/ml) ? 1-amino-2-naphthol (120 lg/ml)

89.9 ± 1.5

The dye metabolites were added after incubating the cultures at 37�C

for 12 h. After exposure of the bacterial cells to the metabolites for

12 h, the bacterium was collected for cell viability measurement
a Data are presented as mean ± SD. The mean was from triplicate

incubations with SDs
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metabolite that significantly inhibited the bacterial cell

growth, which agreed with a study on the toxicity of

1-amino-2-naphthol [23]. In their toxicity assay of

1-amino-2-naphthol on a bioluminescent organism Vibrio

fischeri, Gottlieb et al. [23] determined the sample con-

centration that inhibited 50% of the light output after a

5-min exposure period (EC50). On the basis of this study,

1-amino-2-naphthol was very toxic, with an EC50 of only

0.1 mg/l. In a genotoxicity assay comparing the survival of

a repair deficient mutant E. coli to that of the repair pro-

ficient wild-type strain, 1-amino-2-naphthol was genotoxic

only at a much higher concentration (100 mg/l) [23].

Therefore, 1-amino-2-naphthol is more toxic than geno-

toxic at low concentrations, which may explain why it

inhibited cell growth while not affecting cell viability in

our study. In addition, p-phenylenediamine enhanced the

inhibitory effect of 1-amino-2-naphthol on the bacterial

cell growth (Fig. 3c). However, none of the dye metabo-

lites had a significant effect on the bacterial cell viability.

Previously, we showed that Orange II reduction by

S. aureus ATCC 25923 began around the late exponential

or early stationary phase of the culture, and the dye was not

completely reduced within 24 h [46]. This resulted in no

accumulation of large quantities of metabolites formed

before the stationary phase. Therefore, no effect on the cell

growth and viability was found when Orange II was used as

substrate, though both Orange II and Sudan III are reduced

to 1-amino-2-naphthol by S. aureus. The results that sul-

fanilic acid, aniline, and p-phenylenediamine had no effect

on the cell growth and viability also confirm other geno-

toxcity studies. The mutagenicity of sulfanilic acid was

evaluated by using Salmonella Typhimurium TA 102 and

TA 104 and no mutagenicity was observed in the presence

or absence of a metabolic activation system (S9), which is

the post-mitochondrial fraction prepared from the livers of

rats [36]. Aniline was proved to be non-mutagenic in Sal-

monella Typhimurium and E. coli systems [4]. Even at

concentrations over 1,860 lg/ml, aniline did not induce

mutations [19]. In our study, aniline did not affect the cell

viability of the bacterium at a concentration as high as

1,000 lg/ml. The results that p-phenylenediamine alone

did not affect the cell growth and viability also supported a

study which suggested that p-phenylenediamine only pos-

sess slight genotoxicity [22]. In addition, although degra-

dation of Sudan III by S. aureus started in the early

exponential phase, only 20% of the dye (18 lg/ml) was

degraded at 10 h, which means less than 2 lg/ml of

1-amino-2-naphthol was produced (data not shown).

Hence, the inhibition on the cell growth as shown in Fig. 1

may be mostly contributed by Sudan III.

In summary, our results demonstrated that S. aureus

metabolizes water-soluble Orange II and water-insoluble

Sudan III azo dyes. Sudan III inhibits cell growth and

viability of the bacterium. Among the products of Sudan III

reduction, only 1-amino-2-naphthol can inhibit the cell

growth and the inhibition can be enhanced by p-phenyl-

enediamine. However, none of the metabolites from both

of the dyes reduced by the bacterium had effects on the cell

viability. This investigation provides data examining the

potential effects of azo dyes permitted for use in cosmetics.

This information will be useful in the risk assessment

process when evaluating azo dye ingredients in cosmetics.

On the basis of the current results, further studies on the

toxicological effects of other cosmetic dyes on various

human skin bacteria in vivo and studies on the inhibition

mechanisms of azo dyes and their metabolites at the gene

and protein levels are warranted.
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