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Elimination of mutagenic contaminants R

from water using cellulose bearing ferrous-
phthalocyanine
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Abstract

Background We previously investigated methods for separating mutagenic contaminants from aqueous solu-
tions using cellulose-bearing covalently bound trisulfo-Cu-phthalocyanine (blue cotton and blue rayon). Mutagenic
contaminants with three or more fused aromatic rings in their structures were adsorbed onto blue cotton and rayon.
Since Cu-phthalocyanine is considered an unsuitable absorption ligand for byproducts of water chlorination, such

as 3-chloro-4-(dichloromethyl)-5-hydroxy-2(5H)-furanone (Mutagen X or MX), we investigated the development

of a new material for the elimination of MX from aqueous solvents.

Results We selected green cellulose powder bearing ferrous phthalocyanine (FePh), hereafter referred to as green
cellulose or GP, as the candidate material. GP is composed of cationized cellulose (white cellulose, WP) and FePh
tetracarboxylic acid. The mutagenicity of MX dissolved in buffer or dimethyl sulfoxide (DMSO) solution significantly
decreased after treatment with GP. The effects of GP on the elimination of MX from the solvent were very close

to being expired after 70 cycles of repeated adsorption of the same GP, and the capacity of GP for MX removal

was estimated to be exhausted after 120 cycles of repeated adsorption based on the extrapolation of the obtained
result; thus, the interacting ligands on GP may be saturated after complete MX adsorption. The mutagenicity of MX
dissolved in agueous buffer significantly decreased after treatment at pH7.4 but not at pH 4.0. Since MX is dissociated
to be the anionic form at pH 6 or higher, the negative charge of MX in the buffer at pH 7.4 may interact with the posi-
tive charge of ferrous ions in GP to create a linkage between MX and GP. After GP adsorbed MX, mutagenicity

was extracted with water or acetonitrile and recovered in the eluent. Thus, the reversible interaction between MX
and FePh may have caused adsorption of MX onto GP.

Conclusion GP could be used as a new eliminator and recovery agent for MX in chlorinated drinking water. Devel-
oping new materials for the removal and recovery of agents for the detection of mutagenic contaminant-related
chlorination in water is beneficial for environmental health.

Keywords Mutagen removal, Mutagen X, Contaminant elimination, Water chlorination, Water contaminants, lron(ii)
phthalocyanine, Ferrous phthalocyanine
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Previously, we investigated methods for the sepa-
ration of chemical pollutants from their aqueous
solutions using cellulose-bearing covalently bound tri-
sulfo-Cu-phthalocyanine (blue cotton and blue rayon)
[7]. Using blue cotton and rayon, chemicals with three
or more fused aromatic rings in their structures (such
as mutagenic chemicals found in the urine of smokers,
cooked beef, and river water) are efficiently adsorbed
[8, 9]. However, these methods are considered inef-
fective for the detection and removal of contaminants
with two or fewer fused aromatic rings in their struc-
ture, such as 3-chloro-4-(dichloromethyl)-5-hydroxy-
2(5H)-furanone (Mutagen X or MX), a byproducts of
the disinfection of water by chlorination. MX is one of
the strongest bacterial mutagens ever tested [10], with
no rings in the structure at pH>6.0 and one ring at
pH<5.0 in its structure (Fig. 1) [11].

We aimed to identify effective ligands for absorp-
tion and removal of MX from aqueous environments.
Ferrous-phthalocyanine  (FePh)  tetracarboxylate,
whose chemical structure is shown in Fig. 1, is a metal-
lophthalocyanines. FePh nanopores exhibit promising
potential for water desalination [12], and FePh derived
products have been reported as molecular models for
electrocatalytic oxygen reduction reactions [13]. FePh
is a candidate of adsorption and removal material for
MX.

In the present study, we developed a new material
for the elimination and detection of mutagenic water-
contaminants using FePh-fixed cellulose, and investi-
gated its mechanisms.
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Materials and methods

Materials

MX (CAS 77439-76-0, standard for water analy-
sis), methyl methanesulfonate (CAS 66-27-3, MMS),
1-nitropyrene (CAS 5522-43-0), benzo[a]pyrene (CAS
50-32-8), and acetonitrile were purchased from FUJI-
FILM Wako Chemicals (Osaka, Japan). Dimethyl sulfox-
ide (DMSO) was purchased from Dojindo Laboratories
(Kumamoto, Japan). For metabolic activation, the super-
natant fraction of rat liver homogenate prepared using
phenobarbital and 5,6-benzoflavone was obtained from
FUJIFILM Wako Chemicals.

Cationized cellulose powder (white cellulose or WP)
and cellulose powder bearing FePh-tetracarboxylic acid
(green cellulose or GP) were solid powder obtained from
Daiwabo Co., Ltd. (Osaka, Japan). WP was prepared as
follows: a methylol moiety of polysaccharide unit in cel-
lulose was linked covalently to a component with two
molecules of quaternary ammonium cations, and then
the component was covalently linked to another meth-
ylol moiety of the another polysaccharide unit, as shown
in Fig. 1. GP was prepared using WP and FePh tetracar-
boxylates. The negative charge of the carboxyl moiety
of FePh tetracarboxylate form an ionic linkage and are
strongly connected to the cationic moiety of WP. FePh
tetracarboxylate linked WP formed GP. The FePh con-
tent (mw. 740.4) in GP was 2% of cellulose (w/w %), thus
approximately 20 pg (27 nmole) of FePh was contained
in the 1 mg of GP. Preparation of WP and GP was out-
sourced to Daiwabo Co., Ltd. (Osaka, Japan).

Salmonella enterica subspecies I, serovar Typhimurium
(Salmonella typhimurium) strain TA100 [hisG46 AuvrB
gal bio chl1005 rfal001/pKM101] and TA98 [hisD3052
AuvrB gal bio chl1005 rfal001/pKM101] was provided by

H
pH >

Cl PH<50

Cellulose-O-CH,-CH(OH)-CH,-N*(CH,3),-(CH,)s-N*(CHj3),-CH,-CH(OH)-CH,-O-Cellulose
Fig. 1 Structures of MX, Fe-phthalocyanine tetracarboxylate, and cationized cellulose
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Dr. B. N. Ames from the University of California, Berke-
ley [14]. All the other reagents were purchased from
commercial sources.

Mutagen elimination from the solvents using GP

The powder dose-dependent change in regard to MX
removal was investigated as follows; 0.4 mL of MX
solution (MX 1 uM) dissolved in Na-phosphate buffer
(10 mM, pH 7.4) was added to a test tube. WP or GP
(solid powder 0-10 mg per 0.1 mL of MX solution,
[0-40 mg / tube]) was added to the mixture. Tubes were
shaken for 30 min, and then centrifuged at 10,000 rpm
for 5 min at 4°C. Samples (0.1 mL) were collected from
the supernatant, and assayed using the Ames test with S.
typhimurium TA100 without metabolic activation [14].
The experiment was performed in triplicate.

Elimination depending on the MX concentration was
performed as follows: A set of three tubes of MX solu-
tion (0-5 uM, 0.8 mL each) dissolved in Na-phosphate
buffer (10 mM, pH 7.4) was prepared. The first tube was
a no-powder control (NP), in which the powder was not
added. GP (solid powder 10 mg / 0.1 mL of MX solution,
[80 mg/tube]) was added to the second tube, and WP
(solid powder 10 mg / 0.1 mL of MX solution, [80 mg/
tube]) was added to the third tube. Tubes were shaken for
30 min, and then centrifuged at 10,000 rpm for 5 min at
4°C. Samples (0.1 mL) of each were taken from the super-
natants and assayed using the Ames test with S. typhimu-
rium TA100 without metabolic activation.

In addition to phosphate buffer, DMSO and acetoni-
trile were also examined as solvents. Three tubes of MX
(0-5 puM, 0.8 mL each) dissolved in DMSO or acetonitrile
were prepared. NP, GP (10 mg/ 0.1 mL) or WP (10 mg/
0.1 mL) was added to the tubes, then tubes were shaken
for 30 min, and centrifuged at 10,000 rpm for 5 min at
4°C. Samples (0.1 mL) were collected from the superna-
tants. Samples dissolved in DMSO were assayed using
the Ames test as described above. Samples of acetoni-
trile solution were evaporated under reduced pressure to
remove the acetonitrile, and the residues were dissolved
in the same volume of water (0.1 mL) and assayed using
the Ames test, as described above. The experiment was
performed in triplicate.

The elimination of MMS (0-200 mM), 1-nitropyrene
(0-0.02 mM), and benzo[a]pyrene (0—-0.2 mM) from
DMSO solution was also examined as described in the
MX experiments. The mutagenic activity of MMS was
assayed using the Ames test using S. typhimurium TA100
without metabolic activation, and that of 1-nitropyrene
was assayed using S. typhimurium TA98 without meta-
bolic activation. Benzo[a]pyrene was assayed using S.
typhimurium TA100 with metabolic activation [14]. The
experiment was performed in triplicate.
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For the experiments examining the effects of pH, 1 mM
sodium acetate buffer (pH 4.0) or 1 mM sodium phos-
phate buffer (pH 7.4) was used as the MX solvent. 0.4 mL
of MX solutions (MX 0, 1 or 5 uM) dissolved in buffer
(pH4.0 or pH 7.4) mentioned above were shaken for
30 min with GP (10 mg/ 0.1 mL), WP (10 mg/ 0.1 mL), or
no-powder added (NP). The mixtures were centrifuged,
and aliquots (0.1 mL, [MX 0, 0.1 or 0.5 nmole]) of the
supernatant were collected and assayed using the Ames
test using S. typhimurium TA100 without metabolic acti-
vation. The experiment was performed in triplicate.

For repeated experiments, three tubes with MX (10 puM,
0.4 mL each) dissolved in Na-phosphate buffer (20 mM,
pH 7.4) were prepared. The first tube was used as a no-
powder control. WP and GP (10 mg / 0.1 mL, each)
were added to the second and third tubes, respectively.
Tubes were shaken for 30 min, and then centrifuged at
10,000 rpm for 5 min at 4°C. Samples (0.1 mL) were col-
lected from the supernatant and assayed using the Ames
test. The number of revertants (/plate) obtained with the
samples (0.1 mL, [1 nmole of MX]) from no-powder con-
trol was used as 100% control. The GP and WP precipi-
tates obtained after centrifugation were used in the next
cycle. The elimination experiment was repeated 70 times,
and supernatant samples at first, second, third, 5th, 10th,
15th, 20th, 25th, 30th, 35th, 40th, 45th, 50th, 55th, 60th,
65th, and 70th cycles were assayed using the Ames test.
The experiment was performed in triplicate.

Recovery of mutagenicity from treated GP or WP

The recovery of mutagenicity from treated GP or WP
was performed as follows. Tubes with MX solution
(10 uM) dissolved in Na-phosphate buffer (20 mM, pH
7.4, 0.4 mL) were prepared. WP or GP (160 mg/tube)
was then added. Tubes were shaken for 30 min, and
then centrifuged at 10,000 rpm for 5 min at 4°C. The
supernatant was removed. In the second adsorption
cycle, a solution of MX (10 uM) in sodium phosphate
buffer (20 mM, pH 7.4, 0.4 mL) was added to the tubes
containing the precipitate (WP or GP). Tubes were
shaken for 30 min, and then centrifuged as described
above. The adsorption cycle was repeated for five times
and precipitates (approximately 160 mg/tube) were
obtained. To the tubes containing the precipitates,
1 mL of distilled water, acetonitrile, DMSO, methanol
or methanol-conc. NH,OH (50: 1) was added as the
eluent. Tubes were shaken for 30 min, and then centri-
fuged at 10,000 rpm for 5 min at 4°C. Samples (0.1 mL
each) were collected from the supernatants, and the
samples from the aqueous solution or DMSO were
assayed using the Ames test, as described above. Sam-
ples (0.1 mL) obtained from the acetonitrile, methanol
or methanol-conc. NH,OH (50: 1) evaporated under
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reduced pressure to remove the eluent, and the residues
were dissolved in water (0.1 mL) and assayed using the
Ames test as described above. Distilled water (0.1 mL)
was used as a negative control (NC) in the Ames assay.

The variable conditions of different experiments are
shown in supplemental table.
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Fig. 2 Mutagenicity of the supernatant (0.1 mL) obtained from MX
solution (1 uM) treated with GP (circle) or WP (triangle). The amount
of powder used for elimination (mg of solid GP or WP /0.1 mL

of solution) is indicated on the horizontal axis. The experiment

was repeated twice, and the error bar represents the SD (n=3). *:
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Statistical analyses

Data were expressed as mean + SD for each data point, as
indicated in each figure. Error bars represented the SD.
Statistical analyses were performed using KaleidaGraph
(Synergy Software, Reading, PA, USA) and Excel statis-
tics (SSRI Co. Ltd., Tokyo, Japan). Statistical significance
was set at p<0.05.

Results
The mutagenicity of the MX solution was significantly
decreased after the treatment with GP (0.5-10 mg) com-
pared to that with no treatment with GP (no-powder con-
trol, 0 mg GP) in a GP-dose dependent manner (Fig. 2).
Statistical analyses were performed using Dunnett’s test.
The mutagenicity of the supernatant did not decrease nor
increase with the treatment with WP (0.5-10 mg) com-
pared to that of the no-powder control (0 mg of powder)
(Fig. 2). The mutagenicity remained in supernatant after
GP treatment was 80.0 £3.0% with 0.5 mg GP in 0.1 mL,
and 58.5+1.6% with 10 mg GP in 0.1 mL, respectively.
Thus, the adsorption % of MX solution (1 pM) was 20.0%
with 0.5 mg GP in 0.1 mL, and 41.5% with 10 mg GP in
0.1 mL, respectively (Fig. 2). The number of spontaneous
revertants/plate (NC) was 79+ 7.48 using S. typhimurium
TA100 without metabolic activation. We selected 10 mg /
0.1 mL as the dose of GP or WP for further experiments.
The effects of MX concentration (0-5 uM) on the elim-
ination efficiency were examined (Fig. 3). After the treat-
ment with GP (10 mg / 0.1 mL), the mutagenicity of the
supernatant of the MX solution (0.5-5 uM) dissolved in
buffer was significantly decreased compared with those in
the WP treatment or no-powder control (Fig. 3a). Treat-
ment with WP in MX solution resulted in no decrease
nor increase in the mutagenicity of the supernatant

1600 [ b DMSO

MX (uM)

Fig. 3 Mutagenicity of the sample (0.1 mL) of supernatant obtained from MX solution (0-5 uM) treated with 10 mg/0.1 mL of GP (circle) or WP
(triangle, dashed line), or no-powder control (NP, square). MX was dissolved in buffer (@) or DMSO (b). The experiment was repeated twice,

and the error bar represents the SD (n=3)
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compared to the no-powder control. The mutagenicity
of MX (0.5-5 uM) dissolved in DMSO also significantly
decreased after GP treatment, but not after WP treat-
ment, compared to the no-powder control (Fig. 3b). The
mutagenicity of MX (0.5 pM) was 49.5+4.0% removed
from buffer and 51.1+4.3% was removed from DMSO
after treatment with GP (10 mg / 0.1 mL), respectively
(Fig. 3). The mutagenicity of the supernatant of MX dis-
solved in acetonitrile did not decrease nor increase after
GP nor WP treatment (data not shown). The mutagenic-
ity of MMS, 1-nitropyrene, and benzo[a]pyrene dissolved
in DMSO did not decrease or increase with GP nor WP
treatment (data not shown). Statistical analyses were
performed using Tukey’s test. Further experiments were
conducted using aqueous solutions of MX.

We investigated the effects of the pH on the interaction
between MX and the GP (Fig. 4). If the ionic interaction
between MX and FePh participates in the adsorption
of MX to GP, the adsorption efficiency of GP might dif-
fer from that in a neutral to acidic (pH<5.0) solvent.
When MX was dissolved in 1 mM sodium acetate buffer
at pH 4.0, no significant difference in mutagenicity was
observed among the samples treated with GP, WP or
the no-powder control (Fig. 4a). As a positive control,
the mutagenicity of MX dissolved in sodium phosphate
buffer (pH7.4) was significantly decreased after the treat-
ment with GP compared to that of the no-powder control
or with WP (Fig. 4b).

We investigated whether the elimination effect was
caused by the adsorption of MX to GP, or by the chemi-
cal destruction and disappearance of MX on GP. If MX
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was adsorbed onto the GP ligand, saturation of the
adsorption site with MX would be observed after most
of the available ligands on the GP had been occupied
by the MX molecules. The mutagenicity remaining in
the solvent increased with repeated adsorption (Fig. 5).
After adsorption was repeated 70 times, the mutagenic-
ity remaining in the solvent treated with GP approached
nearly 100% of that of the original solution (Fig. 5), which
was 626 +33.3 (His* revertant/plate). The regression line
for the mutagenicity remaining in the GP-treated elu-
ent was calculated as y=50.225+0.42546 X R=0.8316.
Here, "y" is mutagenicity remaining in the solvent (%),
and "x" is adsorption cycle. According to this approxi-
mate formula, the mutagenicity remaining in the elu-
ent treated with GP would be 100% after 117 treatment
cycle. The regression line for WP was calculated as
y=102.11-0.064723 x R=0.29577.

If the elimination of MX from the solvent was due to
adsorption but not the destruction by FePh in GP, a suit-
able eluent might recover the mutagenicity from treated
GP. We investigated the adsorption and recovery of the
mutagenicity from GP. After 5th cycle of adsorption
of MX to GP or WP, the treated GP or WP was washed
with the eluent, and the mutagenicity of the eluent was
examined (Fig. 6). When the treated GP was washed
with an eluent (water, acetonitrile, DMSO, methanol or
methanol-conc. NH,OH (50: 1)), the mutagenicity of elu-
ent (0.1 mL) was significantly increased when compared
with NC (Fig. 6). A significant difference was observed
between the mutagenicity of each eluents obtained from
the GP and WP samples (Fig. 6). The mutagenicity of
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Fig. 4 Mutagenicity of the sample (0.1 mL) of supernatant obtained from MX (0, 1, 5 uM) solution at pH 4.0 (a) or pH 7.4 (b) treated with no-powder
control (NP, white) or WP (shaded) or GP (black). The experiment was repeated twice, and the error bar represents the SD (n=3). *p < 0.05,

significantly different from no-powder control and WP using Tukey test
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Fig. 5 Mutagenicity (%) remaining in the supernatant after each
treatment cycle with GP (circle) or WP (triangle). 100% was 626 +33.33
(His* revertants / plate). The experiment was repeated twice,

and the error bar represents the SD (n=3). Regression lines are
also shown (dashed line)
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the GP sample eluent was highest with acetonitrile than
with water, DMSO, methanol or methanol-conc. NH,OH
(50: 1). The second best eluent was water. No increase in
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mutagenicity was observed in the eluent from the treated
WP. Statistical analyses were performed using Tukey’s
test.

Discussion

Water decontamination tools have been investigated for
removing environmental contaminants in water, such as
polyaniline-based adsorbents for the removal of hexa-
valent chromium (Cr (VI)) [15], natural and synthetic
materials for fluoride contamination [16], bioflocculants
for microplastics pollution [2], and coconut coir powder
for dye-contaminated wastewater [17]. Bagheban et al.
developed graphene oxide-coated sand particles for the
removal of MX from water [18], and the sand particles
(80 g/L) decreased the concentration of MX from 20 pg/L
(0.092 uM) to 2 pg/L under the optimum conditions.

We developed a new material for the elimination of
mutagenic contaminants. Ideally, it would be desirable
for a smaller amount of absorbent to remove MX at lower
concentrations. Treatment with GP (0.5 mg/0.1 mL, i.e.,
5 g/L) decreased the mutagenicity of MX (1 uM) dis-
solved in buffer by 20% (Fig. 2). One of the merits of GP is
that a lower amount of adsorbent (GP 5 g/L) can remove
MX from the solvent compared to that for Bagheban’s
graphene-coated sand (80 g/L) [18].

Since the content of FePH in GP was 13.5 nmole/0.5 mg
GP, removed MX (20% of 1 uM of 0.1 mL, [0.02 nmole])
corresponds to the 0.15% of the total FePh. It is likely
that a part of the FePh in GP was available for interaction
with MX. GP eliminated the mutagenic activity of MX
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Fig. 6 Recovery of the mutagenicity from GP or WP. NC was negative control of the Ames test. The experiment was repeated twice, and the error

bar represents the SD (n=3). *: p <0.05, significantly different
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dissolved in water and DMSO (Fig. 3). Polar solvents may
be appropriate for the interaction between MX and FePh
in the GP. The percentages of MX (0.5-5 pM) removed
was rather constant at approximately 50% of MX.

Since MX is dissociated to its anionic form at pH 6 or
higher, it has a negative charge in Na-phosphate buffer at
pH 7.4; however MX is not dissociated and has no charge
at pH 4 (Fig. 1). As shown in Fig. 4, MX dissolved in the
buffer at pH7.4 but not at pH 4.0, was eliminated by GP
treatment. The negative charge of MX may interact with
the positive charge of the ferrous ions in GP to form a
linkage between MX and GP, and the ionic interaction
between FePh and MX may cause the MX adsorption
onto GP.

If GP disrupts MX to form nonmutagenic compounds,
it is expected to be reusable. However, the effects of GP
on the elimination of MX from the solvent were close to
being expired after 70 cycles of repeated adsorption of
the same GP, and the capacity of GP for MX removal was
estimated to be exhausted after 120 cycles of repeated
adsorption, based on the extrapolation of the obtained
result (Fig. 5). This means that the available ligands on GP
interacting with MX were saturated after adsorption. The
MX adsorbed on the GP was recoverable (Fig. 6), and the
interaction of MX with the GP was a reversible linkage
rather than a rigid connection, such as a covalent bonds.

The elution efficiency was higher with acetonitrile
than with water, DMSO, methanol or methanol-conc.
NH,OH (50: 1) (Fig. 6). When the treated GP was washed
with acetonitrile, the mutagenicity of eluent (0.1 mL)
was significantly increased by 122.3 (His™ revertant /
plate), compared with that of NC, which corresponded
to 1223 (His™' revertant /plate) per total eluent (1 mL).
Based on the data in Fig. 3a (no-powder control), 1223
(His* revertant /plate) corresponded to the mutagenic-
ity of approximately 3.5 uM MX. Then, about 3.5 nmole
of MX was present in 1 mL eluent. After five adsorption
cycles, maximum of 20 nmole of MX (0.4 mL of 10 yuM,
five times) was adsorbed onto the GP (160 mg). However,
based on the experiment described in Fig. 4, the adsorp-
tion efficiency from first to 5th cycle was 43—-52% (aver-
age 47 £ 3.4%). Therefore, approximately 9.5 nmole of MX
was adsorbed. Then, elution efficiency was calculated
to be about 37% (Fig. 6). Low recoveries of mutagenic-
ity might be caused by the degradation of MX. How-
ever, the response to MX mutagenicity seems to vary
from one experiment to another, and therefore the elu-
tion efficiency may also vary with the conditions. Further
researches should be conducted in this regard.

An eluent with acetonitrile can be easily concentrated
by evaporation, and GP may provide a separation and
concentration methods for low amounts of MX in envi-
ronmental waters. The formation of byproducts related
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to water chlorination, such as trihalomethanes and MX,
in drinking water remains a severe problems for human
health [19]. Thus, GP may be a candidate of elimina-
tor and detection tools for MX in chlorinated drinking
water. The development of this novel method for chlo-
rination-related mutagenic contaminants from water
presents potential for improving environmental water
quality and public health.

Unfortunately, mutagenicity of MMS, 1-nitropyr-
ene, and benzo[a]pyrene dissolved in DMSO did not
decrease or increase after treatment with GP or WP.
The elimination of these environmental contaminants
is important for public health. Further development of
tools and methods for contaminant removal is required.
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