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Antibacterial activity of a water-insoluble iron(I1I)-chelating resin with covalently bonded 3-hydroxy-
2-methyl-4(1H)-pyridinone (HMP) groups was evaluated in a brain heart infusion (BHI) medium.
The activity of the resin against Escherichia coli was lower than that of soluble HMP iron(III)
chelators, whereas against Listeria inocua, an activity approximately equal to those of the soluble
chelators was found. It was observed that the growth of E. coli and L. inocua was reduced by
increasing the amounts of the resin from 2 to 40 mg of resin/mL of medium. Inhibition of bacterial
growth in the presence of the resin (10 mg/mL) was abolished by addition of ferric ion to the
medium, indicating that the growth of E. coli and L. inocua was dependent on the available iron
in the medium. Reducing the iron concentration in the medium from 14.2 to 0.16 uM (by action
of the resin) resulted in a decrease in the growth response from 100% to 19% for E. coli and from
100% t0 10% for L.inocua. Inaddition, the influence of citrate was studied, but only small effects
of citrate supplementation on the growth of bacteria and on the antibacterial activity of the resin

were observed.

Introduction

Iron is an essential element for all living things because
a large number of cellular enzymes and other proteins
require iron in order to function properly.! It is generally
considered that the growth of bacteria may be inhibited
by depriving iron from the growth media.24 The anti-
bacterial activity of iron chelators, such as the proteins
lactoferrin and transferrin, and desferrioxamine B (a
natural siderophore) has been studied extensively.5-11
Synthetic iron(III) chelators were also found to inhibit
the growth of bacterial? and malaria parasites,}415 and we
recently reported on the antibacterial activity of soluble
iron(II) chelators containing the 3-hydroxy-2-methyl-
4(1H)-pyridinone (HMP) moiety.’® However, it is im-
possible to separate water-soluble iron chelators from the
treated systems, which may create problems such as
toxicity and thus limits their application to a large extent.
In addition, with soluble iron chelators, no relationship
could be determined between iron concentration and
bacterial growth because iron was only chelated and not
removed from the system.1%18

Application of iron-chelating resins might be advan-
tageous for inhibiting bacterial growth because the resins
can be easily separated from the treated systems. DeVoe
" and Holbein reported, in a patent, on the inhibition of
microbial growth by insoluble compounds containing
natural siderophores.? Resins with immobilized desfer-
rioxamine B (DFO) or HMP groups have been synthesized
in our laboratory.1’-2® These resins showed iron(III)-
chelating properties and could be used for preparation of
apolactoferrin,?! iron detoxification of poisoned human
blood plasma,?? or iron removal from milk and other
media.2 One of these iron(IIl)-chelating resins with a
high affinity and selectivity for iron(III) was obtained by
copolymerization of 1-(8-acrylamidoethyl)-3-hydroxy-2-
methyl-4(1H)-pyridinone (AHMP) and N,N-dimethyl-
acrylamide (DMAA) in the presence of a cross-linking
agent.2024
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Table 1. Antibacterial Activity of the Iron(III)-Chelating Resin
and the Water-Soluble HMP Chelators®

iron-chelating conc of ligand growth response (%)
agent (mM) E. coli L. inocua
AHMP-DMAA 17% 35 11
AHMP-DMAA 33¢ 19 10
AHMP¢ 20 0 13
PHMP? 20 0 14
control 0 100 100

¢ Assay tubes were incubated at 37 °C for 7 h. ¥ 20 mg of the resin.
¢ 40 mg of the resin. ¢ Reference 16.

In this paper, results are presented about the antibac-
terial activity of the AHMP-DMAA resin and the factors
influencing the antibacterial activity. The antibacterial
activity of the resin against Escherichia coli and Listeria
inocua was studied, and the results are compared with
those obtained with the corresponding soluble HMP
chelators. Data are also given about the effect of the iron
concentration on the growth of bacteria and the influence
of the addition of citrate.

Results

The antibacterial activity of the iron(III)-chelating resin
was determined, and it was observed that the growth of
both E. coli and L. inocua was reduced by the insoluble
iron(III)-chelating resin (Table 1). (Structures of the iron-
(III) chelators are shown in Chart 1.) The resin showed
a lower activity against E. coli than the corresponding
soluble chelators but decreased the growth of L. inocua
to the same extent as the soluble chelators. It is noted
that the resin as well as the soluble chelators exhibited
different activities against different bacteria.

In order to get more information about the effect of the
amount of the resin on the growth of E. coli and L. inocua,
various amounts of the resin were added, and the results
are givenin Figures 1 and 2. It can be seenthat increasing
the amount of the resin resulted in a decrease in bacterial
growth response; however, the influences on E. coli and
L.inocua were different. For E. coli, the growth response
was reduced gradually from 100 % to 19% with increasing
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Figure 1. Growth response of E. coli in the presence of various
amounts of the iron(III)-chelating resin. Experiments were
carried out at 37 °C for 7 h.
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Figure2. Growthresponseof L.inocua in the presence of various
amounts of the iron(III)-chelating resin. Experiments were
carried out at 37 °C for 7 h.

Chart 1. Structures of AHMP-DMAA Copolymer,
AHMP, and PHMP
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amounts of the resin from 0 to 40 mg/mL of medium.
Initially, a large decrease in the growth response of L.
inocua was observed (15% with a resin amount of only 10
mg/mL), and an almost constant growth response was
found for amounts of more than 10 mg of resin/mL.

Figures 3 and 4 show the growth response as a function
of time for L. inocua and E. coli under various conditions.
By using an amount of the resin of 10 mg/mL, the effect
of the resin was maximal after about 6 h. It can also be
seen that addition of iron(IIl) in an amount to saturate
the resin abolished the inhibitory activity of the resin for
both L. inocua and E. coli.

Because bacterial growth seemed to depend on the
available iron (Figures 3 and 4), the effect of the iron
concentration on the bacterial growth was studied in more
detail. The effects of the iron(III)-chelating resin on the
bacterial growth, as illustrated in Figures 1 and 2, are
summarized in Table 2. As can be seen from Table 2, the
growth response of both E. coli and L. inocua decreased
with decreasing iron concentrations. However, complete
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Figure 3. Effect of iron(IIl) on the growth of L. inocua.
Experiments were performed at 37 °C with (1) medium only, (2)
medium + 10 mg/mL resin, and (3) medium + 10 mg/mL resin
+ 2.8 umol/mL iron(III).
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Figure 4. Effect of iron(IIl) on the growth of E. coli. Exper-
iments were performed at 37 °C with (1) medium only, (2) medium
+ 10 mg/mL resin, and (3) medium + 10 mg/mL resin + 2.8
umol/mL iron(III).

Table 2. Influence of the Iron Concentration on Bacterial
Growths

resin conc of iron? growth response (%)
(mg/mL) (uM) E. coli L. inocua
0. 14.2 100 100
2.5 3.1 87 44
10 0.63 T2 c
20 0.44 36 11
40 0.16 19 10

¢ Bacteria were incubated in the media at 37 °C for 7 h. ® Iron
concentration in medium after contact with various amounts of resin.
¢ Not determined.

inhibition of bacterial growth was not observed even at an
iron concentration of 0.16 uM. In addition, it was found
that the growth response of L. inocua did not decrease
any more at an iron concentration below 0.44 uM.

It has been reported that some bacteria utilize iron—
citrate complexes to sequester iron from iron-poor envi-
ronments,? so the effect of the addition of citrate on the
bacterial growth and the activity of the resin were
investigated (Figures 5 and 6). It was found that addition
of citrate at a concentration of 10 umol/mL had only a
slight effect on the bacterial growth and the activity of the
resin for E. coli and almost no influence for L. inocua.

Discussion

From the results shown in Table 1, it is evident that by
using the iron(III)-chelating resin the bacterial growth of
E.coliand L. inocua could be reduced. Iron removal from
the medium was supposed to occur by the immobilized
iron(III)-chelating groups on the resin. It was found that
the resin was stable in water?® and that no detectable
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Figure 5. Effect of citrate on the antibacterial activity of the
resin for E. coli. Growth of E. coli took place at 37 °C for 7 h.
Citrate (10 umol/mL) and the resin (10 mg/mL) were added to
the corresponding samples.
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Figure 6. Effect of citrate on the antibacterial activity of the
resin for L. inocua. Growth of L. inocua took place at 37 °C for

7h. Citrate (10 umol/mL) and the resin (10'mg/mL) were added
to the corresponding samples.

amounts of iron(III)-chelating groups (HMP) were released
from the resin under the experimental conditions. The
activity of the iron-chelating resin was comparable to that
of the soluble HMP iron chelators for L. inocua but was
lower for E. coli. Because the action of soluble iron(III)
chelators on bacterial growth is by competing available
iron with the bacteria, the difference in the activity between
the resin and the soluble iron chelators was probably due
to a different mechanism.

The growth of the bacteria was reduced with increasing
amounts of the resin, which might be due to the fact that
more iron was removed from the medium when more resin
was added. However, it seemed impossible to inhibit the
growth of E. coli and L. inocua completely by the resin
even by increasing the amount of the resin to 40 mg/mL
(Figures 1 and 2). Theoretically, the addition of 40 mg of
resin/mL would lead to chelation of 11.1 umol of iron(III),
while the iron content in the BHI medium was about 0.014
pmol/mL (determined by AAS). This means that the
capacity of the resin present in the medium was about 800
times the iron concentration. Because it was not possible
to obtain lower iron concentrations in the medium than
0.16 uM (Table 2), this might indicate that a small amount
of iron in the medium was tightly bound by other
substances. It is possible that the remaining iron is used
by bacteria for growth because bacteria can produce iron-
chelating compounds (siderophores) tosequester iron from
iron-poor environments.5:8-10,26,27

It was observed that when the resin was saturated with
iron its activity to inhibit the bacterial growth was blocked
(Figures 3 and 4), indicating that the basis for the
antibacterial activity of the resin was its removal of iron
required for bacterial growth. Moreover, the bacterial
growth response decreased with a decrease of iron con-
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centration inthe medium (Table 2). However,a complete
inhibition of the bacterial growth was not observed. It
was also found that the growth dependence of E. coli and
L. inocua on the iron concentration was different, indi-
cating a different iron requirement for the growth of the
different bacteria. An important presently unsolved
problem is the determination of the minimal quantities
of iron required for the growth of different bacteria and
the maximal quantities of iron at or below which the growth
of bacteria will be completely inhibited. Weinberg indi-
cated that Gram-negative bacteria need 0.3-1.8 uM iron;
most Gram-positive bacterianeed 0.4—4.0 uM iron for their
growth, and commonly used complex culture media contain
3.0-12.0uMiron.2? The minimal quantity of iron required
for complete cell growth of E. coli in “demineralized”
synthetic media was reported to be 0.5 uM.?-32 In our
case, incomplete bacterial growth was observed below 3.1
uM iron for both E. coli and L. inocua, which may have
resulted from the different media used. Because a
complete inhibition of the growth of E. coli and L. inocua
was not observed, the maximal iron quantities for com-
pletely inhibiting the growth of E. coli and L. inocua could
not be determined.

Addition of citrate to the medium (10 umol/mL) in the
absence of the resin resulted in negligible effects for E.
coli and L. inocua. Contrasting to the reported results
with lactoferrin,®1? citrate enhanced the activity of the
resin for E. coli but not for L. inocua. One possible
explanation for this observation may be that the resin
removed more iron in the presence of citrate. This
explanation is in agreement with the fact that the growth
response of E. coli decreased with decreasing iron con-
centration whereas the growth response of L. inocua did
not decrease any more at an iron concentration below 0.44
uM.

Conclusions

A cross-linked AHMP-DMAA resin containing co-
valently bonded HMP groups exhibited antibacterial
activity in vitro with E. coli and L. inocua. The anti-
bacterial activity of this water-insoluble iron(III)-chelating
resin on E. coli was lower than those of soluble HMP iron-
(III) chelators, whereas for L. inocua, the resin showed
almost the same activity as the soluble chelators.

The antibacterial activity increased with increasing
amounts of the resin, and it was observed that the growth
of both E. coli and L. inocua was dependent on the available
ironinthemedium. The minimal quantity of iron required
for complete cell growth of both E. coli and L. inocua in
the medium was 3.1 uM, and decreasing the iron concen-
tration in the medium resulted in a reduced bacterial
growth.

Addition of citrate on the growth of bacteria and on the
antibacterial activity of the resin for E. coli and L. inocua
was studied. In the absence of the resin, citrate did not
influence the growth of the bacteria. However, citrate
was able to enhance slightly the antibacterial activity of
the resin for E. coli.

Experimental Section

AHMP-DMAA resin was prepared by the reverse-suspension
polymerization of 1-(8-acrylamidoethyl)-3-hydroxy-2-methyl-
4(1H)-pyridinone and N,N-dimethylacrylamide, using N,N’-
ethylenebisacrylamide (EBAA) as a cross-linking agent.?0 To a
reaction flask with a mechanical stirrer were added AHMP (6.0
mmol), DMAA (51.0 mmol), EBAA (3.0 mmol), (NH,);S:05 (0.6
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mmol), water (40 mL), hexane (100 mL), CCl, (60 mL), and
sorbitan monostearate (100 mg). The mixture was stirred and
flushed with N; for 20 min and then N,N, N’ N’-tetramethyl-
ethylenediamine (0.20 mL) was added, and the polymerization
took place for 2h at 40 °C. The resin was washed with solvents
and dried at 80 °C for 48 h. The ligand (HMP) density of the
resin was 871 umol/g of resin, as described previously.?®

E. coli CA5 (E. coli) and L. inocua 6B (L. inocua) bacteria
cultures were provided by NIZO (Netherlands Institute for Dairy
Research, Ede). Test strains were subcultured every 3 months
to ensure cultural viability and purity. Prior to each assay,
bacteria were grown in brain heart infusion (BHI) broth (Difco;
iron content, about 14 uM) at 37 °C in a shaking incubator water
bath. Iron was minimized in all experiments by using acid-washed
glassware as well as chemicals of highest purity. Iron contents
in growth media were determined with a Perkin-Elmer Zeeman
5000 atomic absorption spectrophotometer (AAS).

Determination of Bacterial Growth. Bacterial cultures
were prepared according to a reported method.!® Stock cultures
(BHI slants) were streaked for growth on BHI plates and
incubated at 37 °C for 24 h. A single loopful of bacteria was
transferred to 10 mL of BHI medium and incubated at 37 °C for
1h. A 1.0-mL sample of the culture was transferred to 200 mL
of BHI medium and incubated for 2 h at 37 °C in a water bath
with shaking.

.Theiron-chelating resin was tested in vitrofor its antibacterial
activity against E. coli and L. inocua. Determined amounts of
the resin and/or other additives were added to tubes, each
containing 9.0 mL of BHI medium. The mixtures were sterilized
at 121 °C for 15 min and incubated at 37 °C in a water bath for
18 h. A 1.0-mL portion of the bacterial culture was transferred
to the tubes (final volume in all assay tubes, 10.0mL). The tubes
were incubated at 37 °C in a water bath with shaking. Plate
counts (CFU) were determined using the standard plate-counting
technique, as previously described.?® The data were expressed
as the percentage of growth response (GR), calculated using the
formula given by Nonnecke et al.1®

GR (%) =
growth under experimental conditions (CFU/mL)

% 100
maximum growth in basal medium only (CFU/mL)

(CFU = colony-forming units.)

Acknowledgment, Dr. T. Beugeling is greatly appre-
ciated for helpful discussions. We thank Dr. A. H.
Weerkamp of the Microbiology Department, NIZO, for
his interest and useful suggestions and for supplying
bacteria cultures. The technical assistance and advice
fromIr. H.v.d. Beld of our department are acknowledged.

References

(1) Crichton, R. R. Inorganic biochemistry of iron metabolism; Ellis
Horwood: London, 1991; pp 29-58.

(2) DeVoe, L. W.; Holbein, B. E. Insoluble chelating compositions. U.S.
Patent 4,530,963, 1985.

(3) Bullen, J. J.; Rogers, H. J.; Griffith, E. Role of iron in bacterial
infection. Curr. Top. Microbiol. Immunol. 1978, 80, 1.

(4) Rosenberg, H.; Young, L. Iron transport in the enteric bacteria. In
Microbial iron metabolism; Neilands, J. B., Ed.; Academic Press:
New York, 1974.

(5) Payne, K.D.;Davidson, P. M.; Oliver, S. P.; Christen, J. L. Influence
of bovine lactoferrin on the growth of Listeria monocytogenes. J.
Food Prot. 1999, 53, 468-472.

(6) Stuart, J.; Norrell, S.; Harrington, J. P. Kinetic effect of human
lactoferrin on the growth of Escherichia Coli0111. Int.J.Biochem.
1984, 16, 1043-1047.

(7) Denis, F.; Ramet, J. Antibacterial activity of the lactoperoxzidase
system on Listeria monocytogenes in trypticase soy broth, UHT
milk and fresh soft cheese. J. Food Prot. 1989, 52, 706-711.

Journal of Medicinal Chemistry, 1994, Vol. 37, No. 7 927

(8) Batish, V. K.; Chander, H.; Zumdegni, K. C.; Bhatia, K. L.; Singh,
R. S. Antibacterial activity of lactoferrin against some common
food-borne pathogenic organisms. Aust. J. Dairy Technol. 1988,

. 43, 16~18.

9) Bishop, J. G.; Schanbacher, F. L.; Ferguson, L. C.; Smith, K. L. In
vitro growth inhibition of mastitis-causing coliform bacteria by
bovine apolactoferrin and reversal of inhibition by citrate and high
concentrations of apolactoferrin. Infect. Immun. 1976, 14, 911~
918.

(10) Nonnecke, B. J.; Smith, K, L. Inhibition of mastitic bacteria by
bovine milk apolactoferrin evaluated by in vitro microassay of
bacterial growth. J. Dairy Sci. 1984, 67, 606-613.

(11) van Asbeck, B. S.; Marcelis, J. H.; van Kats, H.; Marx, J. J. M.;
Verhoef, J. In vitro antibacterial activity of the iron chelator
deferoxamine. InCurr.Chemother.Immunother., Proc.Int.Congr.
Chemother., 12th; Periti, P., Gialdroni grassi, G., Eds.; American
Society for Microbiology: Washington, DC, 1981; Vol. 1, pp 94-96.

(12) Brock, J. H.; Liceaga, J.; Kontoghiorghes, G. J. The effect of
synthetic iron chelators on bacterial growth in human serum.
FEMS Microbiol. Immunol. 1988, 47, 55-60.

(13) Heppner, D. G.; Hallaway, P. E.; Kontoghiorghes, G. J.; Eaton, J.
W. Antimalarial properties of orally active iron chelators. Blood
1988, 72, 358-361.

(14) Iheanacho, E. N.; Samuni, A.; Avramovici-Grisaruy, S.; Sarel, S.;
Spira, D. T. Inhibition of Plasmodium falciparum growth by a
synthetic iron chelator. Trans. R. Soc. Trop. Med. Hyg. 1990, 84,
213-216.

(15) Lytton, S. D.; Mester, B.; Dayan, L; Glickstein, H.; Libman, J.;
Shanzer, A.; Cabantchik, Z. I. Mode of action of iron(III) chelators
asantimalarials: I. Membrane permeation properties and cytotoxic
activity. Blood 1993, 81, 214-221.

(16) Feng, M.; van der Does, L.; Bantjes, A. Iron(III) Chelating Resins.
3. Synthesis, Iron(III) Chelating Properties and in vitro Antibac-
terial Activity of Compounds Containing 3-Hydroxy-2-methyl-
4(1H)-pyridinone Ligands. J. Med. Chem. 1993, 36, 2822-2827.

(17) Feng, M.; van der Does, L.; Bantjes, A. Iron(III) Chelating Resins.
L. Preparation and properties of Sepharose-desferrioxamine gels.
J. Biomater. Sci., Polym. Ed. 1992, 4, 99-105.

(18) Feng, M.; van der Does, L.; Bantjes, A. Iron(I1I) Chelating Resins.
II. 3-Hydroxy-4(1H)-pyridinones-Sepharose gels. J. Biomater.
Sci., Polym. Ed. 1992, 4, 145-154.

(19) Feng, M.; van der Does, L.; Bantjes, A. Iron(III) Chelating Resins.
IV. Crosslinked copolymer beads of 1-(8-acrylamidoethyl)-3-
hydroxy-2-methyl-4(1H)-pyridinone (AHMP) with 2-hydroxyethyl
methacrylate (HEMA). Eur. Polym. J., in press.

(20) Feng, M.; van der Does, L.; Bantjes, A. Iron(III) Chelating Resins.
V. Crosslinked copolymers of 1-(8-acrylamidoethyl)-3-hydroxy-
2-methyl-4(1H)-pyridinone (AHMP) and N,N-dimethylacrylamide
(DMAA) for iron(III) chelation studies. /. Appl. Polym. Sci., in
press.

(21) Feng, M.; van der Does, L.; Bantjes, A. Iron(III) Chelating Resins.
VII. Removal of Iron(Iil) from Lactoferrin by an Iron(III) Chelating
Resin. J. Am. Chem. Soc., submitted for publication.

(22) Feng, M.; van der Does, L.; Bantjes, A. Iron(III) Chelating Resins.
X. Iron detoxification of human plasma with iron(IiI) chelating
resins. React. Polym., in press.

(23) Feng, M.; van der Does, L.; Bantjes, A.; de Groote, J. M. F. H.
Iron(III) Chelating Resins. VIIL Ironremovalfrommilkand other
nutrient media with an AHMP-DMAA resin. J. Dairy Sci.,
submitted for publication.

(24) Feng, M.; van der Does, L.; Bantjes, A. Iron(III) Chelating Resins.
VI. Stability constants of iron(1II)-ligand complexes on insoluble
polymeric matrices. J.Appl. Polym. Sci.,submitted for publication.

(25) Cox, G. B.; Gibson, F.; Luke, R.; Newton, N.; O’'Brien, I G.;
Rosenberg, H. Mutations affecting iron transport in Escherichia
Coli. J. Bacteriol. 1970, 104, 219.

(26) Crichton, R. R.; Charloteux-Wauters, M. Review: Iron transport
and storage. Eur. J. Biochem. 1987, 164, 485-506.

(27) Finkelstein, R. A.; Sciortino, C. V.; Mcintosh, M. A. Role of iron
in microbe-host interactions. Rev. Infect. Dis. 1983,5, S759-8777.

(28) Weinberg, E. D. Iron and Susceptibility to Infectious Disease.
Science 1974, 184, 952-956.

(29) Weinberg, E. D. Roles of iron in host-parasite interactions. J. Infect.
Dis. 1971, 124, 401-410.

(30) Waring, W. S.; Werkman, C. H. Iron requirements of heterotrophic
bacteria. Arch. Biochem. 1943, 1, 425-433.

(31) Ratledge,C.; Winder, F. G. Effect ofiron and zinc on growth patterns
of Escherichia coli in aniron deficient medium. J. Bacteriol. 1964,
87, 823-8217.

(32) Wang, C. C.; Newton, A. Iron transport in Escherichia coli:
relationship between chromium sensitivity and high iron require-
ment in mutants of Escherichia coli. J. Bacteriol. 1969, 98, 1135~
1141.

(33) Standard methods for the examination of dairy products, 13th
ed.; American Public Health Association: New York, 1972.



