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Abstract

In order to design azo polymers having potential for use as colonic coating materials, the most important factors
able to affect the bacterial degradation of azo derivatives were evaluated by a reliable method, using Clostridium
perfringens ATCC 3626 as colonic bacteria. The azo degradation was followed by recording the decrease of the
absorbance of azo dye solutions in phosphate buffer salt (PBS), pH 7.2, containing Clostridium perfringens, vs time.
The results obtained show that the degradation of azo substrates is linear (zero order), faster in basic media and when
a redox mediator, such as riboflavin or benzylviologen, is introduced in the incubation medium. Moreover, the
substrate redox potential was shown not to affect significantly the degradation rates. However, when several azo dyes
are introduced simultaneously into the incubation medium, the microbial azo reduction occurs sequentially as a
function of the substrate redox potential, the substrate having the smallest negative redox potential being degraded
first. Finally, when Eudragit® RL/RS films containing an azo dye (amaranth) are incubated with Clostridium
perfringens or NADPH, the time required to bleach the films decreases dramatically when the percentage of Eudragit®

RL in the films increases, as a result of the increase of the film permeability. © 1998 Elsevier Science B.V.
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1. Introduction

The site-specific delivery of drugs to the colon
has implications in a number of therapeutic areas.

These include the topical treatment of colonic
diseases (Crohn’s disease, ulcerative colitis, car-
cinomas, microbial infections), the potential oral
delivery of proteins, peptides and other labile
drugs and the improvement of therapy in diseases
susceptible to circadian rhythm such as asthma.
Since the discovery of the activation mechanism
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of sulphasalazin (salicylazasulfapyridine) into 5-
aminosalicylic acid by the intestinal microflora
(mainly localized in the colon), a number of stud-
ies have shown the potential of azo polymers for
drug targeting to the colon (Saffran et al., 1986;
Van den Mooter et al., 1992).

However, the insufficient understanding of the
bacterial azo reduction mechanism and the
difficulty in obtaining successful colonic delivery
systems which need firstly to protect a drug dur-
ing its transit from mouth to caecum and secondly
to afford site-specificity, are obstacles for an effi-
cient design of colonic azo polymers (Lloyd et al.,
1994). Although the bacterial metabolism of azo
dyes used as food dyes has been extensively inves-
tigated with regard to their toxicity, there is still a
need for a better understanding of the mecha-
nisms and factors governing the azo dye and
polymer degradation by the intestinal flora.

Many bacterial strains (Clostridia, Eubacter,
Streptococcus, Bacteroides) of the intestinal mi-
croflora are capable of achieving the reduction of
azo groups (Chung et al., 1978; Rafii et al., 1990).
Although the exact mechanism of the bacterial
azo reduction is still a matter of discussion, it
seems to involve biological water-soluble electron
carriers such as FAD (flavin adenine dinucle-
otide), FMN (flavin mononucleotide), riboflavin,
NAD (nicotinamide adenine dinucleotide) or
NADP (nicotinamide adenine dinucleotide phos-
phate). According to some authors, the biological
cofactors, acting as electron mediators, are firstly
reduced by azo reductase, while the azo com-
pounds act as electron receptors at the end of the
electron transport process (Gingell and Walker,
1971; Lloyd et al., 1994). This mechanism sug-
gests that azo reduction is in part mediated by
low molecular weight electron carriers rather than
by specific azo reductase enzymes. Therefore, a
better accessibility of the substrate through poly-
mer films or swollen polymer matrix can be ex-
pected.

Among the bacteria of the intestinal microflora,
Clostridium perfringens possesses the highest azo
reduction activity (Rafii et al., 1990). The intracel-
lular localization of Clostridium perfringens azo
reductase is characterized by a uniform distribu-
tion through the cytoplasm. Moreover, the extra-

cellular secretion of azo reductase immediately
follows its synthesis without accumulation in the
cell (Rafii and Cerniglia, 1993).

The first aim of this study was to design a
reliable method for determining bacterial azo-
degradation kinetics, using Clostridium perfringens
ATCC 3626 as test organism. Furthermore, the
influence of some experimental factors on the
degradation rate was also studied. These experi-
mental factors include the pH of the incubation
medium, the ethanol concentration in the
medium, the redox potential of azo derivatives,
the addition of electron carriers (riboflavin, ben-
zylviologen) and the ability of NADPH to reduce
some azo dyes. Finally, the relationship between
the Eudragit® RL/RS ratio of films containing an
azo dye (amaranth) and the time required for
bacteria or NADPH to decolorize these films was
studied in order to evaluate the permeability of
azo polymer films that could be required to un-
dergo a satisfactory degradation in the colon.

2. Materials and methods

2.1. Preparation and standardization of the
inoculum

Clostridium perfringens LMG 10468 (Laborato-
rium voor Microbiogie en Microbiele genetica
Gent, Belgium) was kept at 4°C in thioglycollate–
resazurin broth (Bio Mérieux, France) as anaero-
bic medium. A volume of 0.5 ml of this standing
culture was used to inoculate 12 ml of the same
broth. After incubation for 20 h at 37°C, the cells
were centrifuged at 1595×g (3000 rpm) for 10
min (Megafuge 1.0, Van der Heyden, Belgium).
The bacterial pellets were suspended in 10 ml of
PBS buffer, pH 7.2 (2 mM KH2PO4; 8 mM
Na2HPO4H2O; 167 mM NaCl), containing 0.125
mM benzylviologen (Sigma Chemical Co., St.
Louis, MO, USA) and 6.3 mM glucose D(+ )
monohydrate (Merck, Darmstadt, Germany). The
PBS buffer was previously deoxygenated by bub-
bling with oxygen-free nitrogen for 10 min.

The concentration of viable cells in the suspen-
sion (inoculum) was evaluated by incubating 10-
fold dilutions of the inoculum in the reinforced
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Table 1
Physico-chemical characteristics and reduction rates of some azo dyes

Incubation medium K (mmol/ml/h)Azo dye E1/2 (mV)lmax (nm)

I 0.7490.04Amaranth −455522
0.6290.03 NDI507Methyl orange

483 I 0.790.1 −480Orange II
−5450.6790.08I425Tartrazine

0.3190.02 −5204-Amino-azobenzene 495 II
0.3190.02 −4454-Hydroxy-azobenzene 346 II

II 0.2490.01Amaranth 522 −455

E1/2, half-wave potential of the azo substrate. The E1/2 values have been determined by the polarographic method, using 0.2 M
phosphate buffer, pH 7.2, containing 20% ethanol as solvent. ND, not determined; lmax, wavelength of maximum absorption of the
azo dye. The measurements of the absorbances of each azo dye were carried out at its lmax. K, degradation rates of the azo dyes
by Clostridium perfringens (mean9S.D.; at least three determinations). I, PBS, pH 7.2, containing Clostridium perfringens ; II, PBS,
pH 7.2, containing 9% ethanol and Clostridium perfringens.

Clostridium agar (RCA) at 37°C under anaerobic
conditions (Oxoid Gaspack jar). The bacterial
concentration of the inoculum was 391×108

cfu/ml and was close to that of Clostridia in
colonic content (1.3×109 cfu/g wet weight of
faeces) (Ikeda et al., 1994).

2.2. Kinetic studies

2.2.1. Azo reductase acti6ity of Clostridium
perfringens

Four ml of PBS buffer, pH 7.2, solutions con-
taining 33 mM azo dyes, 0.125 mM benzylviolo-
gen and 6.3 mM glucose D(+ ) monohydrate,
previously deoxygenated by bubbling with oxy-
gen-free nitrogen for 20 min, were distributed into
12-ml wheaton® bottles (Polylabo, France). The
bottles were closed with rubber stoppers, left to
reach 37°C (10 min), then 0.5 ml of inoculum or
PBS buffer (blank) were added to each bottle.
After a rapid bubbling with nitrogen, the bottles
were sealed with aluminum caps to ensure anaero-
biosis and then incubated at 37°C in a horizontal-
shaking water bath (GFL 1087, Vel, Belgium), set
at 100 shakes/min. At regular time intervals, two
bottles were withdrawn from the bath, opened
and 0.5 ml of 30% trichloroacetic acid (Sigma
Chemical Co., St Louis, MO, USA) aqueous solu-
tion was added to stop the reaction. After cen-
trifuging for 10 min at 1595×g, the absorbance
of the clear supernatant was measured at the
maximum wavelength of absorbance (lmax, Table

1) of the dye. A calibration graph for each dye
was carried out by measuring the absorbance of
PBS buffer, pH 7.2, solutions containing 3% (w/
w) of trichloroacetic acid and known concentra-
tions of the dye. From the calibration graphs, the
dye concentration was determined and plotted
against time. The rate of degradation (K, the
slope of the linear part of the degradation curve)
was calculated by linear regression analysis and
expressed as micromoles of dye degraded per hour
and per ml of inoculum (mmol/h/ml).

All the azo dyes (Fig. 1) used in this study were
purchased from Aldrich Chemical Company Inc.
(Milwaukee, WI, USA), except tartrazine and or-
ange II (Fluka, Buchs, Switzerland).

2.2.2. Effects of some experimental factors on
azo reductase acti6ity

Factors affecting the bacterial azo reduction
activity were evaluated by using the same experi-
mental procedure but, in some cases (pH of
medium and riboflavin effects, competition of
many azo dyes for azo reductase), benzylviologen
was intentionally excluded with a view to simpli-
fying the experiment. Amaranth was often used as
azo substrate.

The competition of water-soluble azo dyes for
azo reductase was evaluated by incubating ama-
ranth, tartrazine, orange II (30 mM of each) to-
gether with the inoculum. At regular time
intervals, absorbance of supernatant was mea-
sured at 425, 483 and 522 nm, which are the
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Fig. 1. Chemical structures of azo dyes.

respective lmax values of tartrazine, orange II
and amaranth. Therefore, it was possible to cal-
culate the concentration of each dye in the
medium as a function of time.

2.2.3. Azo reduction acti6ity of NADPH
The capacity of NADPH to reduce azo dyes

was determined under atmospheric conditions
(aerobiosis) according to Lloyd et al. (1993).
Thirty mM of dye, 0.4 mM benzylviologen and
the NADPH generator system (glucose-6-phos-
phate (0.83 mM), NADP (0.25 mM), glucose-6-
phosphate dehydrogenase (1 IU/ml)) were
incubated in PBS buffer, pH 7.2, at 37°C
and the absorbance of solutions was measured
directly, at regular intervals, at the lmax of the
dye.

2.2.4. Film decoloration time
On one hand, 200 g of Eudragit® RS 30D

aqueous dispersion (30% w/w of solid content,
Rhöm GmbH, Pharma Polymers, Germany), 30
nmol of azo dye (amaranth or methyl orange)
and 13 g of triacetin (Eastman Chemical Com-
pany, TN, USA) as plasticizer were mixed and
diluted to 400 g with water. On the other hand,
a similar dispersion of Eudragit® RL 30D (30%
w/w of solid content, Rhöm GmbH), was also
prepared. From these two dispersions (17.25%
w/w solid content), blends containing increasing
amounts (0, 5, 10, 15, 20, 25, 30, 50, 75 and
100% w/w) of Eudragit® RL in the Eudragit®

RS were prepared, and 5 g of each blend were
cast in petri dishes (60×15 mm). The plates
were covered with funnels in order to prevent a



R. Semdé et al. / International Journal of Pharmaceutics 161 (1998) 45–54 49

too rapid evaporation rate. After complete evapo-
ration of water (24 h at 60°C), the films were
cured for 48 h at 40°C, removed from the plates
and stored in a desiccator until use. The ab-
sorbance was determined at 522 nm to evaluate
the distribution of amaranth in the films. Assays
of different samples taken from different parts of
films gave almost constant results: absorbance=
0.22090.006 (mean9S.D., n=6). Blank films
without azo dye were prepared under the same
conditions. Rectangular pieces of film (about 250
mm in thickness), weighing 45–55 mg, were incu-
bated at 37°C (100 shakes/min) in 4.5 ml of PBS
buffer containing 0.125 mM benzylviologen, 6.3
mM glucose and 0.5 ml of inoculum under anaer-
obiosis conditions or in the presence of the
NADPH generator system. At timed intervals, the
films were visually examined, compared to blank
film and the time required for their total bleaching
was recorded.

2.3. Determination of the half-wa6e potential
(E1/2)

The solutions of azo dyes (10 mM) in 0.2 M
phosphate buffer, pH 7.2, containing 20%
ethanol, were swept at a rate of 5 mV/s at 21°C,
using a Polarographic analyzer 174 PAR, with a
Ag/AgCl electrode as reference. The half-wave
potentials E1/2 (Table 1), determined from the
polarograph, were taken as redox potentials.
Twenty percent ethanol in phosphate buffer was
employed as solvent because, with certain azo
dyes, it was impossible to prepare 10 mM of dye
solutions with buffer containing a lower percent-
age of ethanol. Since we wished to establish a
classification of the different azo dyes as a func-
tion of their redox potential, it was necessary to
use the same experimental conditions for the re-
dox potential determination.

2.4. Statistical analysis

Statistical analysis of the experimental results
was performed using, either a two-tailed unpaired
or paired Student t-test or analysis of variance
(ANOVA) at the significance level a=5%.

3. Results and discussion

3.1. Azo reductase acti6ity of Clostridium
perfringens

The degradation of amaranth and methyl or-
ange by Clostridium perfringens vs the incubation
time is shown in Fig. 2. It can be seen that, after
an initial latency phase, the concentration of azo
compounds decreases linearly as a function of the
incubation time, indicating that the azo reduction
is a zero-order phenomenon.

Moreover, the linearity of the degradation was
confirmed by studying the influence of the dye
concentration on the degradation rate (not
shown). No change of the degradation rate could
be observed when the initial concentration of
amaranth was doubled.

Fig. 2. Reduction of amaranth and methyl orange by Clostrid-
ium perfringens (mean9S.D.; n=4).
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The linearity of the azo degradation by intesti-
nal bacteria has been demonstrated also in the
literature for Streptococcus faecalis (Walker et al.,
1971), Proteus 6ulgaris (Dubin and Wright, 1975),
Bacteroides fragilis (Bragger et al., 1993) and fae-
cal microflora (Kopeckova et al., 1994).

The degradation rates of amaranth and methyl
orange by Clostridium perfringens, determined by
linear regression from the linear part of the degra-
dation curves, were 0.7490.04 and 0.6290.03
mmol/ml/h, respectively (not significantly differ-
ent, unpaired Student t-test, p\0.05). These val-
ues are quite similar to those obtained by other
workers using faecal microflora as azo reduction
medium (1.0190.3 (Ikeda et al., 1994) and 1.09
0.3 (Kopeckova et al., 1994) mmol/g/h). This
method, which can be used for comparative stud-
ies between species, is relatively easy, reproducible
and therefore can be useful for the in vitro evalu-
ation of azo dye and azo polymer degradation by
the intestinal microflora.

3.2. Effects of some experimental factors on azo
reductase acti6ity

The influence of the most important experimen-
tal parameters on the azo reductase activity are
now discussed for a better understanding of the
bacterial azo reduction mechanism.

When degradation studies were performed un-
der aerobiosis conditions, the azo reduction pro-
ceeds generally at a very slow rate. The inhibition
effect of oxygen on bacterial azo reduction can
result either from its toxicity for anaerobic bacte-
ria or from a direct inhibition of enzyme or,
finally, from the fact that oxygen is a better
electron acceptor than azo derivatives.

The influence of redox mediators on the degra-
dation rate of amaranth by Clostridium perfrin-
gens is shown in Fig. 3. As can be seen, the
degradation rate of amaranth is substantially in-
creased in the presence of both riboflavin and
benzylviologen. Indeed, redox mediators, which
are characterized by a redox potential ranging
from −200 to −350 mV, can act as electron
shuttles between azo reductase and azo deriva-
tives, and thereby increase the degradation rate
(Brown, 1981).

Fig. 3. Effect of 125 mM benzylviologen or riboflavin on the
reduction of amaranth by Clostridium perfringens (mean9
S.D.; n=3).

The incorporation of ethanol into the incuba-
tion media is often required in order to improve
the solubility of slightly water-soluble azo deriva-
tives. Fig. 4 shows the influence of the incorpora-
tion of increasing amounts of ethanol on the
degradation kinetics of amaranth. A dramatic
decrease of azo reduction occurs when the ethanol
concentration in the incubation media is in-
creased; the degradation rate is already reduced
by about 70% in presence of only 9% v/v of
ethanol in the incubation media. Therefore, the
impact of organic solvents, such as ethanol, used
to improve the solubility of the substrates in the
evaluation of azo polymer degradation can be
disastrous because of their toxicity or protein
denaturing effect.

Some characteristics of azo derivatives such as
the half-wave potentials (E1/2) and the degrada-
tion rates (K) are shown in Table 1. The experi-
ments were carried out in PBS buffer, pH 7.2, for
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the water-soluble derivatives (amaranth, methyl
orange, orange II, tartrazine) and in PBS, pH 7.2,
containing 9% v/v ethanol for other compounds
(4-amino-azobenzene, 4-hydroxy-azobenzene).
From these results, it appears that no relationship
can be established between E1/2 and K values. On
the contrary, when the same incubation medium
is used (medium I or II, Table 1), all the azo
derivatives tested are degraded linearly at approx-
imately the same rate (not statistically different,
ANOVA, p\0.05), so that the degradation rate
appears to be independent of both the redox
potential and the structure of the azo dye.

However, these findings are in contradiction
with other results reported in the literature with
other bacteria (Proteus 6ulgaris (Dubin and
Wright, 1975), Bacteroide fragilis (Bragger et al.,
1993)) for which it appears that the azo reduction
rate is increased as the E1/2 value of the azo dye
increases bearing in mind the negativity of the
redox potential.

Fig. 5. Reduction curves of three azo dyes (amaranth, orange
II and tartrazine) incubated together with Clostridium perfrin-
gens. Individual (open symbols) and total (filled symbols)
reduction curves (mean9S.D.; n=3).

Fig. 4. Effect of ethanol on the reduction of amaranth by
Clostridium perfringens (n=3).

Fig. 5 shows the degradation results obtained
for three water-soluble azo dyes (amaranth, or-
ange II and tartrazine), having different redox
potentials, incubated together with Clostridium
perfringens. This study shows that, after a lag
time, the individual (open symbol) and total (filled
symbol, obtained by addition of the three individ-
ual values at each time interval) degradation of
the azo dyes occurs at practically the same rate.
On the other hand, the concomitant presence of
the three azo dyes in the medium induces degra-
dation processes with different lag times whose
duration is as much longer as the negative redox
potential of the azo dye is high. From the individ-
ual degradation curves (open symbols), it can
indeed be observed that amaranth, characterized
by the smallest negative redox potential (−455
mV), is degraded first, followed by Orange II
(−480 mV) and, finally, by tartrazine which has
the highest negative redox potential (−545 mV).
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The degradation process occurs exactly as if the
azo reductase were able to distinguish between the
azo dyes present concurrently in the medium ac-
cording to their redox potential. An alternative
explanation is that the dye which is more readily
reducible (smallest negative redox potential) by
the cofactors at the end of the electron donor
chain is more likely to be reduced first, ahead of
compounds that are more difficult to reduce
(highest negative redox potential). Anyway, redox
potential remains an important parameter which
has to be taken into account for the azo polymer
design despite the fact that, as shown above, the
degradation rate was independent of it.

The degradation rate of amaranth was evalu-
ated at different pH values in order to determine
the optimal pH range for azo degradation by
Clostridium perfringens, and even to underscore
how much the variation of pH along the colon
(mean9SD: from 6.3790.58 in the right colon
(n=66) to 7.0490.67 in the left colon (n=55))
(Evans et al., 1988) can affect the azo reduction
rate. Fig. 6 shows that the azo reductase activity
increases dramatically from pH 5.4 to pH 7, but
no significant variation (ANOVA, p\0.05) of the
degradation rates could be found between pH 7
and pH 9.5. The azo reduction activity of
Clostridium perfringens is therefore optimal in
neutral and alkaline pH media. This seems to be a
general feature of the bacterial azo reduction
(Chung and Stevens, 1993).
3.3. Azo reduction acti6ity of NADPH

The degradation of amaranth by the NADPH
generator system is shown in Fig. 7. As can be
observed, the reduction of amaranth by NADPH
seems to be a first-order reaction with respect to
the dye concentration. Obviously, if one of the
substances contributing in the NADPH generator
system (NADP, G6P, G6PD) is missing, the re-
duction of amaranth cannot be observed because
of the absence of NADPH generation in the
incubation media. In addition, the amaranth
degradation rate is faster when benzylviologen is
added to the incubation medium and no inhibit-
ing effect of oxygen has been observed (aerobio-
sis). Similar results have been already reported by
Lloyd et al. (1993).

Surprisingly, the NADPH generator system was
not able to reduce the other azo dyes tested
(methyl orange, orange II, tartrazine, 4-amino-
azobenzene, 4-hydroxy-azobenzene). Therefore, in
contrast with the degradation tests using isolated
colonic microorganisms, the NADPH generator
system is not able to provide a universal simple
assay method for assessing the reduction process
of novel azo derivatives in future studies.

3.4. Film decoloration time

The insoluble but readily permeable Eudragit®

RL30D can be mixed in all proportions with the
less-permeable Eudragit® RS30D in order to ob-
tain films of graded permeability. Indeed, these
two film-forming polymers are often combined to
formulate pH-independent, permeable oral sus-
tained-release coatings (Amighi, 1995; Amighi

Fig. 6. Effect of pH variations (5.1–9.4) on the amaranth
reduction rate by Clostridium perfringens (mean9S.D.; n=4).
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Fig. 7. Reduction of amaranth by the NADPH generator
system; BZV, benzylviologen.

polymer films should be at least greater than that
of Eudragit® RS/RL film containing 10% RL. In
earlier works, it has been demonstrated that the
bacterial azo degradation rates of azo polymer
films were increased with swelling and increasing
permeability (Van den Mooter et al., 1994a,b).

It has been also noted that the films containing
methyl orange were decolorized by bacteria but
not by NADPH. This result was expected since,
as shown above, NADPH alone is not able to
reduce methyl orange. Moreover, no significant
difference could be found (paired Student t-test,
p\0.05) between the times taken by bacteria and
NADPH to decolorize the films incorporating
amaranth. This observation suggests that the
molecular sizes of bacteria cofactors acting as
electron donors to the azo derivatives could be
close to those of NADPH. According to Gingell

Fig. 8. Time required for NADPH and Clostridium perfringens
to decolorize the Eudragit® RL/RS films incorporating ama-
ranth (mean9S.D.; n=4).

and Moës, 1995). Thus, it is worth using them for
estimating the permeability required for an azo
polymer film to be accessible to the bacteria co-
factors or enzymes.

Rectangular pieces of film containing azo dyes
were incubated with Clostridium perfringens under
anaerobiosis, or in the presence of the NADPH
generator system, until their total bleaching was
observed. No diffusion of the dye out of the films
and no bleaching were detected when colored
films were incubated in the same conditions with-
out bacteria and NADPH for up to 7 days.

Fig. 8 depicts the times required for bacteria
and NADPH to completely bleach the Eudragit®

RS/RL films containing amaranth. As can be
observed, the time required to bleach the films
decreases dramatically when the percentage of
Eudragit® RL in the film increases. Moreover,
only the films containing more than 10% of Eu-
dragit® RL can be decolorized within 24 h. There-
fore, for efficient use, the permeability of azo
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and Walker (1971), these cofactors could be the
water-soluble flavins (FADH2, FMNH2).

4. Conclusion

This work provides not only interesting data
for an optimal design of azo polymers intended to
be used as colonic coating materials, but also
confirms the validity of the azo polymer approach
for colonic drug delivery systems. Indeed, an azo
polymer film which would possess a permeability
close to that of a Eudragit® RL/RS film contain-
ing 10% of Eudragit® RL could protect suffi-
ciently the drug cores during the transit from
mouth to caecum and undergo a significant degra-
dation in the colon by the colonic flora.
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