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Iron chelates are usually costly and easily leached beyond the root zone. This creates a need to
frequently replenish the rhizosphere with chelated Fe and might contaminate groundwater with organic
compounds and metals. The development of a slow-release Fe fertilizer that will efficiently supply Fe
to plants while exhibiting high resistance toward leaching and/or degradation in the rhizosphere has
been the focus of this study. Desferrioxamine B (DFOB) and ethylenediaminebis(o-hydroxyphenylacetic
acid) (EDDHA) were immobilized on Sepharose. 13C NMR and FTIR measurements confirmed that
coupling of DFOB to the gel did not appear to influence its ability to chelate Fe3+ or its binding nature.
Isotherms for the immobilized ligands were determined in the presence of 1 mM HEDTA, at 25 °C
and at an ionic strength of 0.1 M. The isotherms showed a high affinity of Fe3+ to the ligands and
binding up to saturation level throughout the pH range examined (4.0-9.0). The Kapp values for the
immobilized Fe chelates were determined using a modified Scatchard model and found to be lower
than the soluble ones. This decrease in Kapp might facilitate Fe uptake from these chelates by plants.
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INTRODUCTION

The development of selective chelating resins has received
much attention over the last few decades. The growing interest
in chelating ion exchangers originates from their potential
applications in analytical chemistry, metal processing, and
wastewater treatment (1-3).

A suitable resin enriched with a metal-chelating agent for
chemical and biological applications should possess a high
capacity for, and a favorable selectivity toward, the metal,
combined with high stability and a rapid exchange kinetics that
will allow metal release and a recharge process. Most of the
commercial resins exhibit a high capacity for, but poor selectiv-
ity toward, the metal ion (4). In some cases, the kinetics of
complexation is slow, due to the hydrophobic characteristics
of the polystyrene backbone. Quantifying functional groups of
solid supported ligands is of high relevance to final product
quality, selection of the appropriate solid support, and optimiza-
tion of the coupling conditions of ligands via a selected protocol
(5).

Iron chelators such as ethylenediaminebis(o-hydroxyphenyl-
acetic acid) (EDDHA), diethylenetriaminepentaacetic acid
(DTPA), and ethylenediaminetetraacetic acid (EDTA) are the
most effective Fe fertilizers known to date. They are, however,

easily leached beyond the depth of the root zone due to their
negative charge (6,7). Besides the ecological aspect of
contamination of groundwater with organic compounds and
metals, leaching often creates the need to frequently replenish
the rhizosphere with chelated Fe. Binding of the synthetic
chelates or microbial siderophores to a solid phase is therefore
an attractive alternative.

Aiming to overcome leaching, we studied sorption of various
chelates on activated Sepharose gels. Although DFOB is
positively charged at pH levels prevailing in calcareous soils,
we selected it for this study as a model for microbial sidero-
phores due to the large number of publications on this
compound, its importance in the medical field, and its avail-
ability. In this study, DFOB and EDDHA will be immobilized
on Sepharose. The influence of the coupling reaction on the Fe
binding properties will be investigated to evaluate their function
as an Fe source to plants.

THEORY: DETERMINATION AND CALCULATION OF
STABILITY CONSTANTS

An important characteristic of a metal complex is its stability
constant, the value of which provides an index of the affinity
of the metal for the ligand. Stability constants are important
factors required to predict the behavior of trace elements in the
rhizosphere and their availability to plants. Chelates having high
stability constants with Fe3+ may exhibit an improved potential
to alleviate Fe deficiency in plants, although kinetics and the
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Fe3+ reducing potential are highly important factors (7-9).
Below we will describe the theory and different approaches
applied in this research for the determination of the stability
constants for Fe3+ with DFOB and EDDHA sorbed on
Sepharose gels.

Stability constants are classified according to the type of
reaction they characterize. The overall reaction of a ligand L
with a metal M is

wheren andmare the moles of metal ions and ligand molecules
in the complex, respectively. The overall stability (equilibrium)
constant (âML) is given by

where brackets represent the concentration at a given ionic
strength. The ligand and its metal complex may form various
protonated species, based on protonation degree, possible M:L
ratios, concentrations of the solution components, and, espe-
cially, pH. Each of these species has its own overall stability
constant (10,11).

To simplify the comparison among chelators for their ability
to compete for a specific metal in solution, across a wide
concentration range, one should prefer the use of the term
“apparent stability constant”. The apparent stability constant
(Kapp) for a ligand L and a metal M is defined by

where Lt and MLt represent the sums of all protonated and
hydroxylated species of the ligand and its metal complex,
respectively.Kapp can be calculated for any given pH from all
stepwise formation constants or from the overall stoichiometric
stability constants (â) of all possible species, as described in
the following equation for a 1:1 metal-ligand complex (11,
12):

where all â values are the product of their partial stepwise
stability constants (K):

(all charges omitted).
Nutrient cultures and soil solution are much more complicated

systems than presented here. They contain various metals that
might compete with Fe on the ligand as well as other competitive
natural ligands. The equilibrium situation will depend on the
Kapp values of all ligands present, their concentrations, and the
metal concentration.Kapp accurately describes the affinity
between a ligand and a given metal only when no other metals

are present in the solution (11). It is stressed here that our
discussion is confined to a system containing one metal and
two ligands.

Ligand-Ligand Competition. Winston and Kirschner (13)
reported the stability constants for several Fe3+ poly(hydrox-
amic) acids complexes measured by competition experiments
between Fe3+, the polymer, and EDTA. The procedure is based
on the distribution of the metal between a soluble chelator and
an insoluble chelating resin. When equilibrium is established,
a definitive relationship should exist between the stability
constants of the soluble and insoluble complexes. In practice, a
suitable soluble chelator must be chosen to obtain a measurable
distribution of metal between the resin and the soluble chelator.

Soluble hexadentate ligands such as DFOB and EDDHA form
a 1:1 metal-ligand complex with Fe3+ (14). Assuming a 1:1
M:L ratio for the immobilized chelators as well, competition
with a known soluble 1:1 complex will give rise to two chelation
reactions:

where M is the metal, L and L′ are the soluble and immobilized
ligands, respectively, and ML and ML′ are the soluble and
immobilized metal complexes, respectively. Brackets represent
the concentration at a given ionic strength, andK and K′ are
the equilibrium constants of reactions 3 and 4, respectively.

Assuming that L and L′ represent the sum of all protonated
species of the soluble and immobilized ligands, respectively,
and ML and ML′ are the sum of all protonated species of the
soluble and immobilized metal complexes, respectively, at a
given pH, thenK andK′ will represent theKapp values (11,12)
of the soluble and immobilized complexes, respectively.

A system including a metal and both soluble and immobilized
ligands can be described as a combination of reactions 3 and 4:

SinceK is known andK′′ can be determined experimentally,
K′, the apparent stability constant of the immobilized chelate,
can be calculated from their multiplication. In eq 5 the total
concentration of M is known. Since L and L′ have high affinities
for M, and if their total concentrations are kept higher than that
of M, it is reasonable to assume that no metal precipitation
occurs and that the metal distributes between L and L′.

The mass equation for M is therefore (13)

The soluble complex concentration [ML] can be measured and
the concentration of the immobilized complex [ML′] calculated
from eq 6. The ligand concentrations [L] and [L′] can be
calculated from eqs 7 and 8, respectively.

[L t] and [L′t] are the results of the preparation procedure.

nM + mL h MnLm (1)

âML )
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[M] n[L] m
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Scatchard Analysis.The Scatchard analysis (10,15) has been
used to evaluate the affinity constant and number of binding
sites in various biological processes such as Fe nutrition in
infants (16), disease factors (17), and medical treatments (18).
Nir et al. (19) applied this method to the prediction of uptake
of particles by cells and Stevenson (10) for the determination
of metal humate complex. On the basis of work by Stevenson
(10) and Nir et al. (19) we slightly modified Scatchard plots to
evaluate the immobilized-ligand density on the solid matrix,
[L′], and to determine itsKapp value with Fe3+.

Rearrangement of eqs 6 and 8 gives

Multiplication of eq 10 byK′′ yields

From eq 5

Therefore

whereG0 is the weight of the solid matrix on which the ligand
L′ is immobilized andN is the molar concentration of metal-
binding sites per gram of solid phase (gel in our study).

After eq 10 is divided by the initial concentration of the
immobilized ligand, [L′t], eqs 10 and 11 yield

Following the literature (10, 15, 19), we define the metal
bound to the solid matrix,m, as

With the introduction ofm into eq 12 and multiplication by
N, a linear relationship is obtained:

where the slope of the curve isK′′ and N can be calculated
from the intercept of the curve.K′′ is unitless and at a given
pH is actually the ratio between the apparent stability constants
Kapp of the soluble and immobilized ligands (10, 20, 21).

MATERIALS AND METHODS

Preparation of Immobilized Chelates.Desferrioxamine B (DFOB
(Figure 1), Desferal; Ciba Geigy, Basel, Switzerland) or ethylendi-
aminebis(o-hydroxyphenylacetic acid) (EDDHA (Figure 2), Sigma, St.
Louis, MO), were immobilized on CNBr-activated Sepharose 4B and
epoxy-activated Sepharose 6B (Pharmacia, Uppsala, Sweden) according
to the manufacturer’s instructions. The following activated Sepharose
samples (Sigma, St. Louis, MO) were prepared in our laboratory: cyano
transfer activated Sepharose (22), (p-nitrophenyl)chloroformate (PN-
PCF) activated Sepharose (23), PNPCF activated Sepharose with
ε-aminocaproic acid as spacer arms (24), O,N-succinimidyl-N,N,N′,N′-

tertramethyluronium tetrafluoroborate (TSTU) and (dimethylamino)-
pyridine (DMAP) activated Sepharose (23).

Coupling the Ligand to the Activated Gel. DFOB and EDDHA
were coupled to the activated gel in phosphate-buffered saline (PBS)
or 50 mM HEPES (N-[2H]piperazine-N′-[2-ethanesulfonic acid], Sigma
Chemical Co., St. Louis, MO) buffer at pH 7.4 at 4°C with shaking.
The ligand was added to the activated gel at a ratio of 3:1 v:w. After
2 days, NaHCO3 was added to a final concentration of 0.1 M and shaken
at 4 °C for another 2 days. The chelate-resin complex was washed
with distilled water, 0.1 M NaOH, and 50 mM HEPES buffer at pH
7.4, freeze-dried under vacuum, and kept at-20 °C.

Fourier Transform Infrared (FTIR) Spectroscopy. The FTIR
spectra of DFOB and EDDHA as free or immobilized ligand samples
were obtained for a wavenumber range of 4000-400 cm-1 with a
Nicolet 550 Magna-IR spectrometer (Nicolet Instruments Corp.,
Madison, WI). The samples were freeze-dried and finely ground prior
to analysis. Samples for analysis were prepared by mixing and pounding
98-99 mg of KBr with 1-2 mg of the tested material and then
compressing the mixture into pellets. To obtain FTIR spectra, 20 scans
were collected. To compare one spectrum to another, a linear baseline
correction was applied using 4000, 3700, 2600, 1800, and 800 cm-1

as zero-absorbance points. The major-peak data (intensity and wave-
number) were obtained by using OMNIC software (Nicolet Instruments
Corp., Madison,WI).

Cross-Polarization and Magic Angle Spinning (CPMAS) Nuclear
Magnetic Resonance (13C NMR) Spectroscopy.Solid-state CPMAS
13C NMR spectra were recorded using a Bruker DPX 300 MHz NMR
spectrometer (Bruker Analytic GmbH). The spectrometer was operated
at 100 and 25 MHz for1H and 13C, respectively, with the following
experimental parameters: contact time of 1 ms; recycle delay time of
0.8 s; sweep width of 28 kHz; line broadening of 0 Hz. Freeze-dried
samples were placed into a 4 mmrotor and spun at a frequency of 3.5
kHz at the magic angle (54.7°to the magnetic field).

[L′] ) [L′ t] - [ML′] ) [L′ t] - ([M] t - [ML]) (9)

K′′[L′] ) K′′[L′ t] - ([M] t - [ML])
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[ML′][L]

[ML]
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[L′ t] ) G0N (11)

[ML′][L]

G0N[ML]
) K′′ - (K′′([Mt] - [ML])/G 0N) (12)
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m[L]

[ML]
) K′′N - K′′m (14)

Figure 1. Chemical structures of (a) desferrioxamine B (DFOB) and (b)
ferrioxamine B (FeDFOB).

Figure 2. Chemical structures of (a) EDDHA (ethylenediaminebis(o-
hydroxyphenylacetic acid)) and (b) FeEDDHA (S,S isomer).
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Adsorption Isotherms. Increasing concentrations of Fe as Fe(NO3)3

were added to 10 mg of immobilized DFOB in the presence of 10-3 M
citric acid or N-(2-hydroxyethyl)ethylenediaminetriacetic acid
(HEDTA), for the comparison between the different activation proce-
dures and the determination ofKapp, respectively, to avoid precipitation
of Fe as iron oxides. Solutions were adjusted to pH 4.0, 5.5 and 6.5,
7.3, and 9.0 using 50 mM glycine, MES, HEPES, and Tris buffers,
respectively. An ionic strength of 0.1 M was maintained using KCl.
The tubes were shaken for 24 h and 3 days for the comparison between
the different activation procedures and the determination ofKapp,
respectively, at 25°C. This is based on preliminary experiments, which
showed that most of the Fe3+ was bound to the immobilized gel within
24 h and that no significant changes in Fe3+ concentration in the solution
were detected between 3 day and 1 month equilibrium periods. The
equilibrium concentrations of Fe in the solutions were determined by
inductive coupled plasma (ICP) spectroscopy (Spectroflame modula
E, Spectro, Kleve, Germany). The amount of Fe adsorbed to the
immobilized ligand was calculated from the difference between total
Fe concentration and that of the soluble Fe, assuming there was no Fe
precipitation. The data were subjected to Scatchard analysis, andK′
values were determined from the slope of the curve and from ligand-
exchange competition according to eq 5.

RESULTS AND DISCUSSION

Activation Procedures. Several activation methods were
tested on Sepharose followed by coupling of the ligand (DFOB
or EDDHA) to the solid matrix. The activated Sepharose was
compared to commercial activated gels. Capacities of the
immobilized DFOB and EDDHA for Fe binding at pH 7.3
resulting from the various activation methods are summarized
in Table 1. The highest ligand density after 24 h was achieved
using PNPCF in the presence of DMAP as the activator.
Although most widely used for the activation of hydroxyl group
of a polymeric support, coupling of amines to CNBr-activated
agarose forms unstable N-substituted iso-urea bonds (25). In
addition, the iso-urea bonds are positively charged at physi-
ological pH (pK ) 9.4), thereby exhibiting ion-exchange
behavior which could interfere with the biospecificity of the
adsorbent (26). In contrast, activation with PNPCF forms
reactive carbonates on the Sepharose, and reaction with amines
results in stable and uncharged urethane derivatives (23).

Addition of ε-aminocaproic acid as a spacer arm reduced the
Fe-binding capacity of the gel, probably as a result of the low
mechanical stability of the attached ligand or due to steric
hindrance. The differently activated Sepharose gels differed not

only in their ligand density and capacity for Fe3+ but also in
their affinity for Fe3+, as indicated by the slopes of the binding
isotherms (Figure 3). Thus we used PNPCF to activate
Sepharose and coupled the ligand directly to the gel.

FTIR Analysis. The FTIR spectra of DFOB, immobilized
DFOB, their complexes with Fe3+, and Sepharose CL 4B are
presented inFigure 4. The peaks at 3313 and 3102 cm-1, which
were assigned to N-H stretch bands overlapping with the strong
O-H band of the hydroxamic groups, were clearly noticeable
in the IR spectrum of DFOB. However, these peaks were
completely shielded by the strong broad band around 3400 cm-1

of Sepharose hydrogen-bonded hydroxyl groups in the spectrum
of immobilized DFOB. The C-H stretching of methylene
groups appearing at 2931 and 2858 cm-1 and their bending
vibrations in the range of 1400-1460 cm-1 could be distin-
guished in both spectra. Both DFOB and immobilized DFOB
showed absorption at 1568 cm-1. This absorption involves
coupling of the N-H bending and C-N stretching vibrations
of the secondary amide. The high-intensity signal of the DFOB
hydroxamate CdO stretching at 1628 cm-1 and the peaks
around 1656-1643 cm-1 resulting from CdO stretching of the
agarose polymer in the spectrum of Sepharose were seen as
one sharp peak at 1652 cm-1 in the immobilized DFOB
spectrum. The DFOB sulfonamide peak appearing at 1196 cm-1

disappeared after coupling the ligand through its free amino
group to the Sepharose. The peak at 1270 cm-1 and the C-N
stretch bands at 1050-1170 cm-1 when DFOB was immobilized
were hidden by the distinct broad peaks at 1159 and 1077 cm-1

assigned to C-O stretching of the Sepharose. These peaks,
however, were shifted and split into four peaks at 1168, 1113,
1070, and 1045 cm-1 as a result of the new C-O bond formed
upon activation of the Sepharose with PNPCF. The signals at
frequencies of 1778, 1595, and 1520 cm-1 possibly resulted
from the carbamate bond between the gel and the ligand.

Upon complexation of DFOB with Fe3+, the most distinct
changes were in the range of 3600-3100, 1650-1560 and 1078
cm-1. The most pronounced peak was the one assigned to N-H
of the secondary amide at 3440 cm-1. The shift in this peak
could be attributed to the dissociation of the hydroxamate

Table 1. Iron Chelating Capacity of the Immobilized Ligands Sorbed
on Activated (Various Activation Procedures) Sepharose Gel

activation procedure ligand

Fe chelating
capacity
(µM/g)

Commercial Activated Gels
CNBr-activated Sepharose 4B DFOB 38

EDDHA 47
epoxy-activated Sepharose 6B DFOB 59

EDDHA 74

Sepharose CL 4B Activated in our Laboratory
CNBr and triethylamine DFOB 55
PNPCFa and DMAPb DFOB 260

EDDHA 285
PNPCF and DMAP with ε-aminocaproic

acid as spacer arms
DFOB 51

TSTUc and DMAP with ε-aminocaproic
acid as spacer arms

DFOB 46

a (p-Nitrophenyl)chloroformate. b (Dimethylamino)pyridine. c O,N-Succinimidyl-
N,N,N′,N′-tertramethyluronium tetrafluoroborate. Figure 3. Binding isotherm of Fe3+ on immobilized DFOB (immobilization

on activated Sepharose). Activation procedures: CNBr, cyanogen bromide
activated Sepharose; PNPCF, (p-nitrophenyl)chloroformate activated
Sepharose; PNPCF + spacer, PNPCF with ε-aminocaproic acid as spacer
arms.
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hydroxyl groups resulting from the coordinative bond to Fe3+

and to the new five-ringed structure that was formed. Binding
Fe3+ also influenced the CdO stretching absorbance at 1628
cm-1. The peak was shifted to 1639 cm-1, and its intensity was
reduced significantly due to the resonative O-CdN bond.
Instead, new bands of CdN and C-O appeared at wavenumbers
of 1580 and 1077 cm-1, respectively. The relatively broad Cd
N peak shielded the absorbance at 1568 cm-1 assigned to the
secondary amide that is not part of the Fe3+ binding.

Coupling of DFOB to activated Sepharose did not appear to
influence its ability to chelate Fe3+ nor its binding nature. The
new bands at 1580 and 1077 cm-1 that were distinguished upon
binding Fe3+ by DFOB were seen with the immobilized chelate
as well (at 1586 and 1078 cm-1). In conclusion, the metal was
bound to the immobilized DFOB through DFOB hydroxamate
groups.

The FTIR spectra of EDDHA, immobilized EDDHA, and
their complexes with Fe3+ are shown inFigure 4. The peak
centered at 3100 cm-1 in the spectrum of EDDHA was assigned
to the aromatic C-H stretching bands. This peak overlapped
with a broad O-H stretch of the carboxylic groups at 3300-
2500 cm-1, N-H stretching vibrations at 3350-3310 cm-1,
and intermolecular hydrogen-bonded O-H stretches of the
phenolic groups at 3650-3125 cm-1. These peaks were
significantly lowered and shifted to higher wavenumbers of
3600-3000 cm-1 with a maximum at 3210 cm-1 when EDDHA
was complexed with Fe3+. This change was the result of the
dissociation of the functional groups involved in the Fe3+

binding: the phenolic and carboxylic hydroxides and the amine.
When EDDHA is complexed with a metal, its interaction with
water is reduced. A similar reduction in peak intensities at high
frequencies was observed at the spectrum of FeDFOB.

The C-H stretching of methylene groups appeared at 2926
cm-1 and their bending vibrations at 1464 cm-1 (scissoring)

and 1350-1150 cm-1 (twisting and wagging), and weak
combination and overtone bands appeared in the 2000-1700
cm-1 region. The CdO band was observed at 1646 cm-1 due
to internal hydrogen bonding that reduced the frequency of the
carbonyl stretching. However, upon complexation of Fe3+, the
frequency of this band was reduced even more, and the strong
asymmetric carboxylate anion O-CdO band appeared at 1632
and 1628 cm-1.

The aromatic CdC stretching vibrations appeared around
1600 and 1464 cm-1. The peak at 1464 cm-1 was overlapped
by methylene scissoring and was split to 1476 and 1453 cm-1

in the spectrum of FeEDDHA. The carboxylic O-H bending
at 1412 cm-1, shown in the ligand spectrum, disappeared and
the in-plane O-H bend at 1374, 1337, and 1331 cm-1, coupled
with C-H wagging, were reduced upon chelation of the metal.
The strong peak at 1275 cm-1 was assigned to the carboxylic
and phenolic C-O stretches. This peak was split into two peaks
at 1284 and 1267 cm-1 when EDDHA was ferrated. A weak
absorption band for the C-N linkage appeared at 1175 and 1102
cm-1. This peak did not appear in the FeEDDHA spectrum,
although the explanation for this is not clear at this point.

Immobilization of EDDHA on Sepharose gel resulted in an
IR spectrum similar to that of the Sepharose. The characteristic
peaks of EDDHA and FeEDDHA could hardly be detected.
However, a comparison of the spectrum of the immobilized
EDDHA with that of the Sepharose reveals a distinct increase
in the range of 3700-2500 cm-1, as compared to the peaks at
1159 and 1077 cm-1 resulting from C-O stretching of the
polymer backbone. The aromatic C-H, carboxylic O-H, N-H,
and phenolic intermolecular hydrogen-bonded O-H stretching
vibrations, although shielded by the broad band of Sepharose,
contributed to this increase. An increase at higher frequencies
of the spectrum (3700-2800 cm-1) was found for the im-

Figure 4. FTIR spectra of (A) DFOB, immobilized DFOB, EDDHA, immobilized EDDHA and (B) their complexes with Fe3+: (a) Sepharose; (b) soluble
DFOB; (c) immobilized DFOB; (d) soluble EDDHA; (e) immobilized EDDHA. Immobilization on (p-nitrophenyl)chloroformate activated Sepharose.
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mobilized FeEDDHA as for the immobilized EDDHA, but to
a lesser extent.

13C Solid-State NMR spectroscopy.The CPMAS13C NMR
spectra of DFOB, immobilized DFOB, and Sepharose are shown
in Figure 5. Peak identification of the13C NMR spectra of the
various ligands is given inTable 2. In addition to the peaks
originating from the polymer backbone and the ligand, the
spectrum of the immobilized DFOB showed signals at 160 and
52.6 ppm. The peak at 160 ppm is assigned to the coupling
bond of DFOB through its free amino group to the Sepharose.
The changes in the spectrum of immobilized EDDHA could
hardly be detected, possibly due to low ligand density on the
gel (Figure 5). Zooming in on that part of the spectrum, we
observed very small peaks at 155 and 52.8 ppm. The peak at
around 155 ppm could be the result of the phenyl group or the
carbonate bond that is formed upon coupling of EDDHA to
the matrix through its amine or hydroxyl group. The peak at
53 ppm is assigned to the deshielding of the (R-)carbon induced
by the deprotonation of the amino group attached to the activated
gel. This indicates that in EDDHA as well as in DFOB the
attachment to the gel is through the amino group.

DFOB contains three hydroxamic acid groups and a terminal
free amino group. It coordinates with Fe3+ through its three

hydroxamates, forming an octahedral Fe chelate. The stability
of the Fe3+ complex is very high (logK ) 31.4 (14,27)). This
high stability is attributed not only to the high coordinative
energy of the hydroxamic acid for Fe(III) but also to the number
and spacing of the coordinative groups. Evaluation of these Fe
scavengers in living organisms has shown that the spacing of
hydroxamic acids adjusts so that the three hydroxamic acids of
the siderophore precisely fit the required octahedral coordination
sphere of the Fe (13). As apparent from FTIR and NMR
analyses, these properties of DFOB remain unchanged by
immobilization on PNPCF activated Sepharose.

Fe-Binding Isotherms: Thermodynamics of Formation of
the Metal Complexes.The affinity of Fe to the immobilized
ligand was evaluated by plotting the binding (adsorption)
isotherm, in which the amount of the ion bound to the polymer
is plotted against the concentration of soluble Fe3+ (Figure 6).
Isotherms for the immobilized DFOB were determined in the
presence of 1 mM HEDTA at pH values of 4.0, 5.5, 6.4, 7.3,
and 9.1 and at 0.1 M ionic strength. All curves are concave to
the soluble ion concentration ordinate, indicating that the binding
is not cooperative. The H-type isotherm observed for the
immobilized DFOB showed a very high affinity of Fe3+ to the
ligands and saturable binding to the immobilized DFOB. The

Figure 5. CPMAS 13C NMR spectra of (a) Sepharose, (b) DFOB, (c)
immobilized DFOB, (d) EDDHA, and (e) immobilized EDDHA (immobiliza-
tion on (p-nitrophenyl)chloroformate activated Sepharose).

Table 2. Cross-Polarization Magic Angle Spinning (CPMAS) Nuclear
Magnetic Resonance (13C NMR) Spectroscopy: Peak Assignment for
the Spectra of DFOB, EDDHA, and Sepharose
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degree to which the results fit the Langmuir model (equation)
is summarized inTable 3.

The values ofK1 andK2 represent the concentration of binding
sites and the binding energy constant, respectively. The con-
centration of binding sites was found to be in the range of 143-
234 µmol/g and was pH dependent. TheK2 constant, which is
related to the affinity, that is the binding energy, varied between
0.016 and 0.335µM-1. It should be noted that the Langmuir
adsorption equation assumes a monolayer adsorption on a
uniform surface with no interactions between adsorbed mol-
ecules (10).

Scatchard plots of the binding isotherms are shown inFigure
7. The constantsK′′ for the system containing immobilized
DFOB, HEDTA, and Fe3+ at various pHs were calculated from
the slope of the linear curve fits. These results are summarized
in Table 4. The formation constant of the immobilized complex,

Figure 6. Binding isotherm of Fe3+ to DFOB immobilized on (p-
nitrophenyl)chloroformate activated Sepharose at various pH levels.

Table 3. Langmuir-Binding Model Parameters of Fe3+ Binding
Isotherms by DFOB Immobilized on (p-Nitrophenyl)chloroformate
Activated Sepharose

pH K1
a K2

b K1K2
c R 2 d

4.0 142.8 0.086 12.3 0.990
5.5 234.4 0.174 40.9 0.977
6.4 233.0 0.085 19.5 0.973
7.3 205.9 0.155 31.9 0.984
9.1 195.6 0.335 65.5 0.969

a Number of binding sites (µmol/g). b A constant reflecting the binding energy
(µM-1). c The slope of the linear part of the curve. d Direct fitting of the data to
the curve.

Figure 7. Scatchard plots of DFOB immobilized on (p-nitrophenyl)-
chloroformate activated Sepharose with Fe3+ at various pH levels.

Table 4. Parameters of a Scatchard Model Analysis of Fe3+ Binding
Isotherms by DFOB Immobilized on (p-Nitrophenyl)chloroformate
Activated Sepharose

pH K ′′a KHEDTA K ′b N c R 2 K ′ ligand competition

4.0 110.9 1012.7 1014.7 133 0.949 1014.0−1014.8

5.5 152.5 1016.5 1018.7 248 0.907 1018.4−1018.8

6.4 118.5 1018.7 1021.0 209 0.850 1020.7−1021.2

7.3 171.7 1020.4 1022.6 201 0.870 1022.0−1022.6

9.1 381.1 1024.3 1026.9 193 0.800 1026.0−1026.9

a The combined apparent stability constant. b Apparent stability constant of
immobilized DFOB. c Concentration of binding sites (µmol/g).
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K′, was calculated from multiplication ofK′′ by theKapp value
of HEDTA.

The apparent stability constant,K′, of the immobilized DFOB
increased with increasing pH (Table 4). The number of available
binding sites was calculated from the intercept of the curves
(Figure 7) and was also found to be pH-dependent, with a
maximum value of 248 mmol/g at pH 5.5. The changes are
probably the result of competition with hydrogen ions at pHs
lower than 5.5 and with Fe hydroxides at higher pHs.

Each point on the curves shown inFigure 6 represents an
equilibrium state between the immobilized ligand, the soluble
ligand, the metal, and their complexes, where the total concen-
trations of both soluble and immobilized ligands are constant
and the total metal concentration is increasing. The ranges of
values obtained forK′ according to ligand-ligand competition
were 1014.1-1014.5, 1018.6-1018.8, 1020.6-1021.2, 1022.1-1022.6,
and 1026.4-1026.9 for pH levels of 4.0, 5.5, 6.4, 7.3, and 9.1,
respectively. A reference for the logâ values used in the
calculations ofKapp for Fe(III) and the competitive ligand,
HEDTA, was given by Martell and Smith (27). TheK′ values
determined using eq 5 are in accordance with those found using
the Scatchard analysis (Table 4).

Binding isotherms of Fe3+ to immobilized EDDHA at pH
levels of 5.5, 6.5, and 7.4 are shown inFigure 8. The L-type
isotherms indicate high affinity of the metal to EDDHA
immobilized on Sepharose. However, the affinity was not as
high as for the immobilized DFOB. This is supported by the
parameters that were found according to the Langmuir equation
(Table 5). The bonding energy constant,K2, was in the range
of 0.004-0.006µM-1, which is much lower than that found
for the Fe3+ binding to immobilized DFOB (Table 3). Moreover,
the maximum capacity of the binding sites in immobilized
EDDHA approached 60µmol of Fe3+/g and was significantly
lower than that exhibited by the immobilized DFOB (about 250
µmol/g).

The constants for the system containing both competitive
ligands and Fe3+ were calculated using Scatchard plots (Figure

9), and the apparent formation constants,K′, of the immobilized
EDDHA with the metal were determined accordingly. The
results of the Scatchard analysis exhibited an increase inKapp

for the Fe3+ bound to immobilized EDDHA with increasing
pH (Table 5). The same trend was found for Fe3+ bound to
immobilized DFOB. Calculation of these constants using the
ligand competition method resulted with 1017.1-1017.4, 1019.5-
1019.7and 1021.1-1021.4 for Fe3+ bound to immobilized EDDHA
at pH levels of 5.5, 6.5, and 7.4, respectively. The values are in
accordance with those found using the Scatchard analysis (Table
5).

The capacity of Fe3+ binding was analyzed according to
Scatchard analysis. It was found to be within the range of 53-
56 µmol/g with a maximum at pH 5.5. These values were close
to the values that were found using the Langmuir equation,
although in the latter case the maximum was obtained at pH
7.4 (Table 5).

Since attaching the ligand to the activated matrix was
performed at high ligand concentrations, ligand density on the
gel and, therefore, its concentration in the system were difficult
to evaluate. The use of the Scatchard analysis to determine the
apparent stability constant eliminates the need to determine the

Figure 8. Binding isotherm of Fe3+ to EDDHA immobilized on (p-
nitrophenyl)chloroformate activated Sepharose at various pH levels.

Table 5. Parameters of Fe3+ Binding Isotherms by EDDHA
Immobilized on (p-Nitrophenyl)chloroformate Activated Sepharose

Langmuir-binding model Scatchard analysis

pH K1
a K2

b R 2 K ′′c K ′d N e R 2

5.5 53.6 0.005 0.930 4.75 1017.2 56.1 0.853
6.5 55.3 0.006 0.974 5.80 1019.7 54.4 0.960
7.4 58.5 0.004 0.925 5.09 1021.7 53.3 0.885

a A constant reflecting the number of binding sites (µmol/g). b A constant
reflecting the binding energy (µM-1). c The combined apparent stability constant.
d Apparent stability constant of immobilized EDDHA (M-1). e Concentration of binding
sites (µmol/g).

Figure 9. Scatchard plots of EDDHA immobilized on (p-nitrophenyl)-
chloroformate activated Sepharose with Fe3+ at various pH levels.
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total immobilized-ligand concentration and gives additional
information regarding the maximal binding capacity for metals
under certain conditions. This approach has also been used and
found to be useful by many researchers in studies on metal
binding to macromolecules having an unknown structure yet
known charge distribution functions (10,28).

A graphic description of the change in theKappvalues of the
immobilized DFOB and immobilized EDDHA with pH as
determined by Scatchard analysis (in comparison with known
chelates) is given inFigure 10. The Kapp values of the
immobilized chelates are lower than those of the soluble ones.
The difference inKappbetween DFOB and immobilized DFOB
and between EDDHA and immobilized EDDHA increased with
pH, suggesting a change in the protonation constants of the
immobilized chelators as compared with the soluble ligand.

This assumption is in contrast with the hypothesis of Feng
et al. (29) and needs further investigation. These researchers
used the ligand competition method to determine stability
constants of Fe3+-ligand complexes on insoluble polymeric
matrixes. For DFOB immobilized on CNBr-activated Sepharose,
they assumed the same protonation constants as for the soluble
ligand and found a value of 1026.6 for the overall stability
constant (âML′) with Fe3+. The species L′3- and FeL′0 do not
represent the only possible species of the immobilized ligand
and its ferric complex (11). It is also unlikely that bound and
free ligands will exhibit the same protonation constants. This
statement is also supported by the fact that the Fe3+ binding
constants are different for free and bound ligands. Therefore,
as was mentioned earlier, the apparent stability constant is a
more useful tool for the evaluation of the ability of chelating
agents to compete for Fe3+ than the overall stability constant.

The reduction inKapp, resulting from the immobilization on
the activated Sepharose, is more significant in EDDHA than in
DFOB. The attachment of the ligand to the PNPCF activated
Sepharose occurs via the amine group (23). DFOB has a
terminal free amino group that is covalently bound to the gel.
As became clear from the FTIR analysis (Figure 4), binding
groups preserve their Fe3+ binding nature. In contrast to DFOB,
EDDHA is attached to the matrix through at least one of its
two amine groups that is participating in Fe3+ binding.
Therefore, its chelating ability is much more influenced by the
immobilization process, resulting in significantly lower forma-
tion constants with the metal.

The efficacies of Sepharose (30) or clay bound chelate (31)
in providing Fe3+ to plants were recently reported. We wish to

stress here that the lowerKappwhich was found for Fe3+ bound
to the immobilized DFOB as compared to its soluble form could
actually be beneficial, by being instrumental in facilitating Fe
uptake by plants. Higher plants use strategies of reduction,
acidification, and chelation to utilize Fe. Dicots and nongrass
monocots reduce complexed Fe3+ to Fe2+, which is the form
taken up by the roots. In addition, dicots release protons to the
rhizosphere and lower the pH. The decrease in pH increases
the solubility of Fe in the soil solution. A different mechanism
for acquiring Fe operating in grasses is the release of phyto-
siderophores (32). The uptake of Fe from rhizoferrin, a microbial
siderophore by barley and corn, has been shown to occur via
an indirect mechanism that involves ligand exchange between
rhizoferrin and the phytosiderophores (33). According to
calculations ofKapp for synthetic and microbial chelators such
as EDTA, EDDHA, DFOB, and pseudobactin with Fe3+ at pH
7.3, it was suggested that their values are too high for effective
ligand exchange (34). Lowering theKapp by immobilization of
DFOB and EDDHA by 3- and 5-fold, respectively (Figure 10),
can be significant for ligand exchange reactions with phyto-
siderophores (i.e. mugineic acid and deoximugineic acid) and
Fe uptake in Poacea species. This issue should be further
investigated, and the ability of these chelates to serve as Fe
carriers to plants operating by both strategy I and strategy II is
currently investigated in our laboratory. However, the im-
mobilized chelate approach shown here should be further
developed and examined in soil cultures. Once its stability
constants with other metals prevailing in soil solution is
determined, its species distribution in soil can be predicted using
computational programs (e.g. GEOCHEM-PC (35)). In addition,
its properties should be optimized mostly with regard to its
ability to serve as an Fe source to plants and its resistance to
removal processes such as leaching and photochemical and
biological degradation. An emphasis should also be given to
the cost of a new product developed along the proposed lines,
including testing of other bound ligands (e.g. rhizoferrin).
Different techniques of application in the field and cheaper
supports should also be tried out.

Abbreviations Used.DFOB, Desferrioxamine B; EDDHA,
ethylendiaminebis(o-hydroxyphenylacetic acid); HEDTA, eth-
ylenediaminetriacetic acid; EDTA, ethylenediaminetetraacetic
acid; DTPA, diethylenetriaminepentaacetic acid; MA, mugineic
acid; DMA, deoximugineic acid; PNPCF,p-nitrophenylchlo-
roformate; TSTU,O,N-succinimidyl-N,N,N′,N′-tetramethyluro-
nium tetrafluoroborate; DMAP, (dimethylamino)pyridine;Kapp,
apparent stability constant.
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