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Abstract

The aim of this work was that to synthesize macromolecular derivatives based on inulin able to complex iron and useful in the treat-
ment of iron deficiency anaemia. Carboxylated or thiolated/carboxylated inulin derivatives were obtained by single or double step reac-
tions, respectively. The first one was obtained by reaction of inulin (INU) with succinic anhydride (SA) alone obtaining INU-SA
derivative; the second one was obtained by the reaction of INU with succinic anhydride and subsequent reaction of INU-SA with cys-
teine; both derivatives were treated with ferric chloride in order to obtain the INU-SA—Fe'™ and INU-SA-Cys—Fe" complexes. Both
complexes showed an excellent biodegradability in the presence of inulinase and pronounced mucoadhesion properties; in particular,
thiolated derivative INU-SA-Cys showed greater mucoadhesive properties than polyacrylic acid chosen, as a positive reference polymer,
and a good iron release profile in condition mimicking the intestinal tract. These results suggest the potential employment of such systems

in the oral treatment of iron deficiency anaemia or as supplement of iron in foods.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Iron deficiency anaemia (IDA) is an extremely dissemi-
nate trouble involving about 1/3 of the global population.
World Health Organization estimates that 46% of the
world’s 5- to 14-year-old children are anaemic, the great
majority resident in developing country [1]. In the Third
World, 56% of pregnant women are anaemic. Even in
developed country such as USA, about 7.8 million of
women and about 700,000 of growing children have prob-
lems of iron deficiency [2,3]. Iron is a component of pro-
teins required for crucial cellular processes being iron-
containing proteins involved in oxygen transport, ATP
production, DNA synthesis, and other physiological
processes [4-6]. The major processes responsible for modu-
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lating mammalian iron homeostasis are: intestinal absorp-
tion, interorgan transport and uptake, and cellular
utilization [2]. Ferric iron is absorbed in the intestinal tract
via a B; integrin and mobilferrin pathway (IMP) which is
unshared with other nutritional metals. Ferrous iron
uptake in the intestinal tract is facilitated by a DMT-1
(divalent metal transporter-1) pathway that is shared with
manganese [7,8]. In iron deficiency, large quantities of both
mobilferrin and DMT-1 are found in goblet cells and intra-
luminal mucin suggesting that they are secreted with mucin
into the intestinal lumen where they bind either ferric or
ferrous iron to maintain the iron available for absorption
by the enterocytes [7,9-13]. Furthermore, it was demon-
strated that colon (both proximal and distal portion) is a
good site for iron absorption, even more significantly, in
condition of iron deficiency since in such circumstance,
iron transport systems, including DMT1, were expressed
in the large intestine at high levels [7,14-18]. For these rea-
sons, oral administration of iron can be successfully
exploited to treat iron deficiency. The main drawbacks of
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oral iron administration are nausea, epigastric discomfort,
diarrhoea, and constipation occurring within 1 h or two of
ingestion [19,3]. These symptoms vary proportionally to
the concentration of ionizable iron in the upper gastroin-
testinal tract and they can be reduced by taking iron with
food or using a chelated form. Other problems associated
with the use of iron are the low solubility of uncomplexed
form and its propensity to catalyze formation of toxic oxi-
dants. In the last years, it was demonstrated that some nat-
urally occurring nondigestible fructooligosaccharides such
as inulin, with prebiotic effect, and their products of fer-
mentation into the colon, could have an enhancing effect
in iron absorption [20-24]. The mechanisms involved in
this enhancer effect can be various; among all, the produc-
tion of short-chain fatty acids, due to fermentation of inu-
lin into the colon, determines a lowering in luminal pH of
the colon with consequent increase in iron solubility and
absorption [20]. Considering the potential to improve iron
absorption by the co-administration of fructooligosaccha-
rides such as inulin and the need to decrease side effects
caused by the conventional iron administration eventually
also with chelate forms, our idea was that to design and
synthesize macromolecular derivatives of inulin able to
complex iron and useful for oral iron administration. To
this aim two different copolymers based on inulin have
been prepared: a carboxylated derivative of inulin obtained
by derivatization of inulin with succinic anhydride (SA)
called INU-SA. The introduction of carboxylic moieties
into inulin structure should enhance the iron complexation
properties of INU. Furthermore, the reduction of intra-
luminal pH, determined by carboxyl acid groups, should
promote iron solubility [25,26,20]. Subsequently a thiolat-
ed/carboxylated derivative has been prepared by the reac-
tion of INU-SA with cysteine (Cys) called INU-SA-Cys.
The thiolated/carboxylated inulin has been ideated in order
to enhance the interaction of inulin with intestinal mucosa
[27] (by its interaction with mucin) with the aim to increase
the residence time into the intestinal tract and to promote
the absorption of iron consequently to colonic degradation
of inulin backbone. The obtained INU-SA and INU-SA-
Cys derivatives have been characterized and tested as iron
complexing agents obtaining two different complexes INU-
SA-Fe'"" and INU-SA-Cys—Fe'.

2. Materials and methods
2.1. Materials

All reagents were of analytical grade. Succinic anhydride
(SA), inulin from Dahlia Tubers Mw =~ 5000 Da, inulinase
from Aspergillus niger (INU-ase), cysteine hydrochloride
anhydrous >99.5% (Cys), butanol 99.5%, N-(3-dimethyla-
minopropyl)-N'-ethylcarbodiimide hydrochloride >99%
(EDC), pr-dithiothreitol 99.5% (DTT) and triethylamine
(TEA) were from Fluka (Italy). Anhydrous N,N-dimethyl-
formamide 99.9% (DMF), N,N-dimethylacetamide 99.8%
(DMA), orcinol 97%, p-(—)-fructose (Fru), 1,10-phenan-

throline >99%, anthrone 97%, picrylsulfonic acid (TNBS),
Ellman’s reagent 5,5'-dithiobis(2-nitrobenzoic  acid)
(DTNB), D,O (isotopic purity 99.9%), sulfuric acid 95-
98%, Dowex 50W x 8 200 mesh cationic exchange resin,
polyacrylic acid (Mw 5000), mucin from porcine stomach
type II and Tris(hydroxymethyl)aminomethane 99.8% were
purchased from Aldrich Chemical Co. (Italy). Diethyl
ether, acetone, methanol, acetonitrile, acetic acid, and 2-
propanol were purchased from Merck (Germany), Pullulan
GPC standards were from Polymer Laboratories (Ger-
many). Iron(III) chloride anhydrous min 98% was from
Riedel-de-Haen. Silica gel 60 SIL GIUV,s4 TLC plates
were purchased from Macherey—Nagel.

2.2. Apparatus

"H NMR (D,0) spectra were obtained with a Bruker
AC-250 instrument.

FT-IR spectra were recorded as pellets in KBr in the
range 4000-400 cm~! using a Perkin-Elmer 1720 Fourier
Transform Spectrophotometer with a resolution of
1 em™'; each spectrum was recorded after 100 scans.

Molecular weights of INU-SA and INU-SA-Cys were
determined by a SEC system equipped with a pump system
and a 410 differential refractometer (DRI) as a concentra-
tion detector all from Waters and using as columns a Ultra-
hydrogel 1000 (size exclusion range 10,000-500,000) and a
Ultrahydrogel 250 (size exclusion range 1000-50,000) both
from Waters, 0.05 M PBS at pH 7.2 as a mobile phase, at
35°C, flow rate of 0.6 ml/min and using Pullulan (Mw
range 300-150,000 Da) as a standard.

Centrifugations were performed with Beckman Coulter
Allegra X-22R equipped with a fixed-angle rotor F0850
and refrigeration system.

UV studies were performed using a Shimadzu spectro-
photometer UV-2401.

High-pressure liquid chromatography (HPLC) analyses
were carried out by using an Agilent 1100 Liquid Chro-
matograph equipped with a Rheodyne 7125 injector (fitted
with a 20 pl loop) and an Agilent 1100 HPLC detector
online with a computerized workstation. Column:
reversed-phase C;g (1 Bondapak; 10 pm of 250 x 4.6 mm
internal diameter, obtained from Waters). Mobile phase:
PBS 0.5 M, pH 5, flow rate of 1 ml/min, A 200 nm.

Release and degradation studies were performed in a
Benchtop 80 °C Incubator Orbital Shaker model 420.

2.3. Synthesis of succinylated inulin copolymer (INU-SA)

The derivatization reaction of INU with succinic anhy-
dride (SA) has been performed by proper modification of
an already reported method [28-30].

Briefly, a proper amount of inulin was dissolved in
anhydrous DMF under argon and suitable amounts of tri-
ethylamine (TEA) and succinic anhydride (SA) were added
according to the following ratio X =0.75 and Y =0.35
indicating, respectively: X = moles of SA/moles of inulin
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repeating units and Y =moles of TEA/moles of inulin
repeating units.

The reaction mixture was allowed to react at 25°C
under continuous stirring for 24 h. After this time, the reac-
tion mixture was precipitated in 140 ml of a mixture of
ether/acetone 2:1 v/v and centrifuged for 15min at
10,000 rpm and 4 °C. The product was recovered, washed
several times with a total of 500 ml of the same mixture
of solvents and then dried under vacuum. One gram of
the obtained product, dissolved in 60 ml of twice-distilled
water, was passed through a Dowex 50W x 8 cationic
exchange resin and resulting solution freeze-dried. The final
product was obtained with a yield of 99% (w/w) based on
the starting inulin (Scheme 1).

2.4. Characterization of INU-SA copolymer

The obtained copolymer was characterized by FT-IR
spectroscopy, '"H NMR analysis, by titration of succinic
carboxyl groups after passage through a cationic exchange
resin and SEC analysis.

FT-IR (KBr) spectrum showed a broad band centred at
3300 cm ! (v, OH) and a strong band at 1732 (v,; COO).

'"H NMR (D,0) showed peaks at § 2.7 (4H, s, -CH,
CH;,-) 3.54.0 (5H, m, -CH,-OH; CH-CH,-OH; —CH»—
CH,-0O-), 4.14 (1H, t, CH-OH), 4.25 (1H, d, CH-OH).
The determination of the degree of derivatization (DDga
%) was performed by 'H NMR and titration. By 'H
NMR the amount of linked succinic residues was
calculated by comparing the peak integrals at ¢ 2.7
(-CH,CH,-) relative to succinic group, with the peaks
between 6 3.5 and 4.25 relative to inulin fructose unit.
The amount of succinic residues was confirmed by titration
with NaOH 0.01 N after passing through a Dowex 50W x 8
cationic exchange resin. The DDgs % by titration was
calculated according to the Equation:
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where Vnaon 18 the volume of the base used in the titration,
N is the normality of the base solution, W, is the weight of
the analysed sample, MW, pol 100% sub 1S the molecular
weight of repeating unit of INU-SA (assuming that all
the hydroxyl groups of inulin were derivatized with SA)
and MW,y start pol 1S the molecular weight of the repeating
unit of starting inulin. DDgx % obtained by both methods
were in good agreement and equal to about 70 & 2 mol %
in succinic groups.

2.5. Synthesis of thiolatedlsuccinylated inulin copolymer
(INU-SA-Cys)

Five hundred milligrams of INU-SA was dissolved in
25 ml of nitrogen bubbled twice-distilled water at 25 °C
and then a suitable quantity of EDC was added according
to X' =12 being X' =moles of EDC/moles of inulin
repeating units; the pH value of reaction mixture was reg-
ulated and maintained at 4.75, the activation reaction was
carried out at 25 °C under argon for 1 h. After this time,
cysteine hydrochloride was added according to Y'=2
being ¥! = moles of Cys/moles of EDC. The reaction mix-
ture was kept under argon for 3 h at room temperature
maintaining the pH value at 5.3. After this time, the solu-
tion pH was adjusted at 8.0 and DTT (a 3-fold molar quan-
tity in comparison with cysteine used amount) was added
and the mixture stirred for 3 h. After this time the mixture
of reaction was dialysed by using a dialysis membrane
ROTH® Zellu Trans V series (cut off 1000 Da) against
nitrogen bubbled distilled water at pH 4 for HCI and con-
taining also 1% (w/v) of NaCl for 24 h and for further 24 h
without NaCl. The collected solution was lyophilized; the
product was recovered with a yield of 85% (w/w) based
on the starting INU-SA (Scheme 2).
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Scheme 1. Scheme of reaction between inulin (INU) and succinic anhydride (SA) to give INU-SA copolymer.
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Scheme 2. Scheme of reaction between INU-SA and cysteine (Cys) to give INU-SA-Cys derivative.

2.6. Characterization of INU-SA—Cys copolymer

The obtained copolymer was characterized by FT-IR
spectroscopy, 'H NMR analysis, HPLC, DTNB, and
TNBS assays and SEC analysis.

FT-IR spectrum did not show significant differences in
comparison with INU-SA spectrum.

'H NMR (D,O) showed peaks at & 2.7 (4H, s,
—-CH,CH,-), 3.5-4.0 (5H, m, -CH,~OH; CH-CH,-OH;
-CH,-CH,-O-), 4.14 (1H, t, CH-OH), 4.25 (1H, d,
CH-OH), and 2.88 (2H, s, CH,—SH). The degree of deriv-
atization in cysteine (DD, %) was calculated by compar-
ing the peak integral at 6 2.88 (2H, s, CH,—SH) relative to
cysteine group, with the integral of the peaks between ¢ 3.5
and 4.25 relative to inulin fructose unit. The DD¢y % cal-
culated by this method resulted to be 46 mol % of cysteine
compared to inulin repeating unit or 64 mol % of cysteine
compared to succinic groups bonded to inulin, being the
quantity of cysteine for gram of polymer 494 umol/g.

The purified and spectrophotometrically characterized
product was subjected to HPLC and Ellman’s assay. In par-
ticular, 10 mg of the sample was extemporaneously dissolved
in 1 ml of pH 5.0 PBS, injected and the eluate was detected at
200 nm. No absorption of inulin, solvent, succinic anhydride
or INU-SA was detected at 200 nm, while cysteine and
INU-SA-Cys showed a peak of absorption at 200 nm pro-
portional to the solution concentration. The concentration
value was extrapolated by means of a calibration curve
obtained by using standard solutions of cysteine in the range
of concentrations 1-0.01 mg/ml (y = 0.0006x — 0.0011;
R?>=1). The quantity of cysteine as resulted from HPLC
studies was 540 pmol/g. Ellman’s reagent was prepared by
dissolving 8 mg of DTNB plus 41 mg of sodium acetate (2
and 50 mM, respectively) in 10 ml of twice-distilled water;
samples were prepared as a 10 mg/ml solution in twice-dis-
tilled water. The solutions to be analysed were obtained by
mixing 100 pl of 1 M Tris buffer solution (pH 8) plus 50 pl
of DTNB/Na acetate solution plus 10 pl of the sample solu-
tion and diluting to a final volume to 1 ml with twice-distilled
water; all the solutions were prepared extemporarily and
analysed by UV at 412 nm.

Moreover, in order to confirm if all the detected cysteine
was bonded to INU-SA, the TNBS assay was performed.
20 pl of TNBS was added to 25 pl of a 2 mg/ml solution
of sample (INU-SA-Cys) solubilised in a tetrahydroborate
1 M solution and diluting to a final volume of 1 ml with
twice-distilled water. The UV wavelength was fixed at
420 nm.

2.7. Studies of interaction between INU-SA or INU-SA—
Cys derivatives and mucin by transmittance measurements

Ten milligrams of mucin was dispersed in 10 ml of PBS,
pH 6.8 (0.1%,w/v), and then this dispersion was allowed to
hydrate at 37 °C for 24 h. Then, 10 mg of polyacrylic acid,
INU-SA or INU-SA-Cys was dispersed in mucin disper-
sion and after 2, 8, or 24 h sample transmittance was mea-
sured at 650 nm.

2.8. Preparation of INU-SA and INU-SA—Cys complexes
with FeCly (INU-SA-Fe™) and INU-SA—Cys—Fe™

One hundred milligrams of INU-SA or INU-SA-Cys
derivatives was dispersed in 150 pl of twice-distilled water
and after few minutes 1 ml of a 0.5 M FeCl; solution was
added (molar ratio FeCls/U.R. inulin = 1.2). A red-yellow
gel was formed in about 2 min. The reaction was allowed to
proceed at room temperature for 24 h.

After this time, resulting gels were washed with a
0.001 N HCI solution, then with twice-distilled water until
neutral pH. Finally, the recovered products were freeze-
dried.

Dried materials characterized by FT-IR showed two
strong peaks at 1600 and 1450 cm ™! relative to asymmetric
and symmetric stretching of carboxylate group implicated
in Fe'! coordination.

2.9. Quantification of Fe'" amount in INU-SA-Fe"" and
INU-SA-Cys—Fe"" complexes

Ten milligrams of dried INU-SA-Fe'' or INU-SA-
Cys—Fe"" complexes was dispersed in 2 ml of HCI IN in
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order to break the complexes and make soluble all released
iron. After 24 h the samples were filtered and the total iron
amount was evaluated by the 1,10-phenanthroline method.
For 1,10-phenanthroline assay, following solutions have
been prepared: (1) the reducing solution mixing 12.5 ml
of fuming HCl and 5.5 g of ascorbic acid adjusting the final
volume at 500 ml with twice-distilled water, (2) the chro-
mogen solution by mixing 68 g of sodium acetate and
45 mg of 1,10-phenanthroline in 250 ml of twice-distilled
water. Then, 100 ul of each hydrochloric solution was
adjusted at 1 ml with twice-distilled water and added to
1 ml of reducing solution. After 30 min, 1 ml of chromogen
solution was added and the UV detection was performed at
A =411 nm. The calibration curve was performed by using
standard solutions of FeCl, in twice-distilled water
(v = 0.00028x — 0.00003; R*=0.99913). The iron amount
resulted to be 175 mg/g of complex for INU-SA-Fe'!
and 160 mg/g of complex for INU-SA—Cys—Fe'"".

2.10. In-vitro chemical degradation studies of INU-SA and
INU-SA-Cys copolymers and their complexes with Fe'

Aliquots (10 mg) of INU-SA or INU-SA-Cys copoly-
mers or their complexes with Fe"' were added to 4 ml of
degradation media, i.e. HCl 0.1 N (pH 1.0) or phosphate
buffer solution pH 6.8 and incubated at 37 4+ 0.1 °C under
continuous stirring (100 rpm). At proper time intervals (1
or 2 h for experiments at pH 1.0 or 24 h for experiments
at pH 6.8) samples were filtered and the solutions contain-
ing the degraded copolymer portion were analysed by using
two different methods: (1) TLC analyses with orcinol as a
detector were used for soluble derivatives (INU-SA and
INU-SA-Cys); (2) anthrone method was used for insoluble
complexes (INU-SA-Fe" and INU-SA-Cys-Fe''!).

TLC method: degradation media of INU-SA or INU-
SA-Cys were chromatographed in a silicagel 60 TLC plate
for 1h using a mixture of butanol/acetic acid/water, 3:3:2 v/
v/v as a mobile phase and a 0.5 mg/ml fructose solution as
a reference. After the developing time of the samples plate
was dried with hot air, sprayed with orcinol and again
dried over a hot plate.

Anthrone method: 50 mg of anthrone was solubilised in
100 ml of a mixture sulfuric acid/water 2.5:1 v/v and then,
200 pl of this solution was added to a solution containing
700 ul of water and 100 pl of INU-SA-Fe'" or INU-
SA-Cys—Fe'! degradation medium; the mixture was kept
at 100 °C in hot water for 10 min. After this time the solu-
tion was allowed to cool at room temperature and analysed
at 4 =625 nm.

Each experiment was performed in triplicate and the
results were in agreement within +2% standard error.

2.11. In-vitro enzymatic degradation studies of INU-

SA,INU-SA—Cys copolymers and their complexes with Fe'"!

Aliquots (10 mg) of INU-SA or INU-SA-Cys copoly-
mers or their dried complexes with Fe'" were incubated

with 5 ml of citrate buffer solution at pH 4.7 in the absence
or in the presence of inulinase (final enzyme concentration
10 U/ml), under continuous stirring (100 rpm) at
374+ 0.1°C for 24 h. Enzyme solutions were prepared
immediately before the experiments, enzyme activity was
evaluated considering that 1 U of inulinase corresponds
to the amount of enzyme which releases 1 pmol of reducing
sugar (measured as fructose) per minute at pH 4.1 and
37 °C from inulin, as reported by Fluka specifications. At
proper time intervals the degradation of the samples was
evaluated by using the above-reported procedure. Each
experiment was performed in triplicate and the results were
in agreement within +2% standard error.

2.12. Iron release from INU-SA—Fe' and INU-SA—Cys-
Fe'" complexes

Aliquots (10 mg) of INU-SA-Fe'™ or INU-SA-Cys—
Fe''! dried complexes were added to 0.1% (w/v) mucin dis-
persion in Tris buffer at pH 6.8 containing 10 U/ml inulin-
ase. The same experiment has been also performed in Tris
buffer alone, in the absence of mucin and inulinase. After
proper time intervals (1, 3, 7, or 24 h) samples were centri-
fuged for 20 min, 4 °C at 10,000 rpm and supernatant was
separated from precipitate. To this supernatant 1 ml of
NaOH IN was added and the solution stirred for 24 h.
The so-obtained [Fe(OH);]¢ precipitate was separated from
supernatant by centrifugation; 1 ml of HCI 1 N was added
to the precipitate while 2 ml of HCI 1 N was added to the
supernatant. The obtained solutions were subjected to
1,10-phenanthroline in order to quantify the released iron.

In particular, 100 ul of each release solution was
adjusted at 1 ml with twice-distilled water and added to
1 ml of reducing solution. After 30 min, 1 ml of chromogen
solution was added and the UV detection was performed at
A =411 nm. The calibration curve was performed by using
standard solutions of FeCl, in twice-distilled water
(v = 0.00028x — 0.00003; R* =0.99913).

3. Results and discussion

In this paper a new approach to delivery iron ions into
the gastrointestinal tract was designed. In order to obtain
novel materials able to form complexes with iron ions use-
ful as potential systems for the oral treatment of iron defi-
ciency anaemia, we have performed suitable chemical
modifications on inulin backbone. Inulin, a fructose
polymer, was chosen for its colon biodegradability, bio-
compatibility, prebiotic properties and for the role played
by itself and its degradation products in iron absorption
[20-24].

Taking into account that carboxyl groups are involved
in the chelation of a wide variety of cations [25,26,19]
and their presence could facilitate iron solubilisation by
pH lowering, inulin was derivatized with succinic anhy-
dride (SA) in organic phase (anhydrous DMF) for 24 h
at 25 °C by using TEA as a catalyst, in order to introduce
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in its backbone pendant carboxyl groups (Scheme 1). The
INU-SA copolymer, obtained with a quantitative yield
based on the starting inulin, has been purified by using a
cationic exchange resin. This is an important step because
in this way it is possible to obtain a sample with all carbox-
ylic groups in the non-dissociated form. As a consequence,
the derivatization degree in succinic residues (DDga) of
INU-SA has been determined by an easy titration proce-
dure of carboxylic groups of SA residues (see experimental
part).

'H NMR analysis of INU-SA derivative (Fig. 1)
showed a new peak, in comparison with native inulin, at
0 2.7 (4H, s, -CH,—CH,-) that confirms the introduction
of succinic groups in this derivative. The DDg4 values, cal-
culated both by "H NMR (see experimental part) and titra-
tion, resulted to be 70 & 2 mol % in SA residues.

FT-IR spectrum of INU-SA (Fig. 2) showed a strong
band at 1732 cm ! attributable to stretching of C=0 group
due to the presence of the ester bonds of SA residues linked
to inulin as well as to the introduction of carboxyl groups
of SA.

In addition, INU-SA derivative resulted to be very
water soluble at 25 °C unlike the native inulin, reasonably
for the presence of carboxyl groups that increase solvata-
tion properties of copolymer.

In a second step a thiolated derivative of INU-SA has
been developed. This approach was attempted in order to
enhance the bioadhesive properties of INU-SA derivative
thanks to the interactions of thiol groups with cysteine
moieties of mucin. This interaction could either enhance
the residence time of polymeric system along the intestinal

-CH;-CH;-

Fig. 1. "H NMR spectrum of INU-SA derivative.

INU

!/\j

™~

L N L 1732 cm! . . |
4000 3600 2800 2000 1600 1200 800 454
cM™?

INU-SA

Fig. 2. FT-IR spectra of inulin (INU) and INU-SA derivative.

tract or improve iron absorption because of the fundamen-
tal role played by mucin in the iron uptake in the intestinal
tract [13]. Furthermore, it was demonstrated that thiol
groups might contribute to iron complexation and in this
way improve the complexing performance of INU-SA [31].

In order to obtain the thiolated derivative, INU-SA was
derivatized with cysteine. INU-SA derivative was allowed
to react with cysteine in nitrogen bubbled twice-distilled
water via carbodiimide activation. In particular, the EDC
O-acylurea adduct obtained [32] between EDC and INU-
SA activated carboxylic undergoes the nucleophilic substi-
tution by -NH, group of cysteine (Scheme 2).

To ensure a low oxidation of thiol groups, the synthesis
was carried out in degassed water and after reaction time,
DTT was added to the mixture in order to reduce all the
oxidized thiol groups. The yield of this reaction, calculated
after dialysis, was 85% (w/w) in comparison with starting
INU-SA. The characterization of the final derivative was
performed by different techniques such as FT-IR and 'H
NMR analyses. FT-IR spectrum of INU-SA—Cys did not
show significant differences in comparison with INU-SA
spectrum, probably owing to peak overlay phenomena.
"H NMR spectrum (Fig. 3) showed a well-defined peak
at 0 2.88 relative to -CH,—SH protons of cysteine group
confirming the presence of cysteine linked to INU-SA
copolymer. The DD¢ys % calculated by '"H NMR (see
experimental part) resulted to be 46 mol % of cysteine com-
pared to inulin repeating unit or 64 mol % of cysteine com-
pared to succinic groups bonded to inulin, being the
quantity of cysteine for gram of polymer 494 umol/g.

HPLC studies were performed in order to quantify the
amount of bonded cysteine. In particular, considering that
bonded cysteine shows a well-definite and reproducible
peak at 1=200nm and that inulin, SA and INU-SA
derivative analysed in the same experimental conditions
showed only very low value of absorbance, it is useful to
exploit HPLC to quantify linked cysteine in INU-SA-—
Cys copolymer that resulted to be equal to 540 umol/g.
This result was in good agreement with that obtained by
'"H NMR studies (494 pmol/g). A further quantification
by Ellman’s reagent confirmed these data.

Beside, the TNBS assay was performed in order to
determine the possible presence of the free cysteine in the
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INU-SA-Cys

INU-SA

Fig. 3. "H NMR spectra of INU-SA and particular of -CH,—SH peak of
INU-SA-Cys derivative.

INU-SA-Cys copolymer by the reaction of its primary
NH, group. The performed assay does not show absorp-
tion of the samples confirming the absence of free cysteine
(as an impurity) and confirming the effective linking of all
cysteine molecules to INU-SA-Cys derivative.
Furthermore, SEC analyses were performed in order to
determine the average weight molecular weights of INU-
SA and INU-SA-Cys derivatives (Fig. 4 and Table 1):
As shown in Table 1, INU-SA and INU-SA-Cys
molecular weights are higher if compared with that of start-

NU-SA

INU-SA-Cys

| T T
10.00 12.00 14.00
Minutes

T | T
16.00 18.00

Fig. 4. SEC chromatogram of INU-SA and INU-SA-Cys derivatives.

Table 1
Molecular characterization parameters of INU based copolymers

Sample Mw  Polydispersity ~ DDga (%) DDcys (70) Yield (%)
index (Mw/Mn)

INU-SA 7600 1.20 70 0 99

INU-SA-Cys 9700 1.68 70 46 99

Mw inulin = 5000.

ing inulin thus confirming that the used reaction conditions
do not alter the integrity of polymeric backbone; this
assumption is further confirmed by the low values of poly-
dispersity index of the copolymer.

In order to verify the chemical stability of INU-SA and
INU-SA-Cys derivatives, chemical hydrolysis studies were
performed incubating them in HCI 0.1 N (simulated gastric
fluid) or PBS pH 6.8 (simulated intestinal fluid). All the
samples showed a great stability in both experimental con-
ditions simulating the gastro-intestinal fluids. In particular,
both incubations (pH 1.0 or 6.8) for two materials were
analysed by using the TLC method; no spots, related to
degradation products, were detected after treatment of
the samples with orcinol, used as a fructose detector (data
not showed).

Furthermore, studies of enzymatic degradation were
performed with inulinase at the optimum pH value (pH
4.7) for the activity of this enzyme; in all experiments,
INU-SA and INU-SA-Cys derivatives showed a complete
degradation by inulinase depending on degradation time
(Table 2).

No degradation was showed when samples were incu-
bated in the above-reported condition, but in the absence
of inulinase (data not showed).

The excellent enzymatic biodegradability confirms that
these inulin derivatives could be used as colon biodegrad-
able delivery systems.

In the transit through the gastrointestinal tract, thanks
to the presence of appropriate functional groups, a poly-
meric system establishes different types of interaction with
mucosal layer, including bioadhesion phenomena.

Bioadhesion is one of the most important factors that
allows to achieve a prolonged interaction between a poly-
meric system and a biological surface [33-36]. Many exam-
ples in the literature show the relationship between the
presence of specific substituents, such as carboxyl or hydro-
xyl groups, in the polymeric repetitive unit and bioadhesive
properties; furthermore, thiolated polymers exhibit
enhanced bioadhesive properties due to the interaction

Table 2
Enzymatic degradation of INU-SA and INU-SA-Cys samples: qualita-
tive evaluation by TLC/orcinol

lh 2h 8h 24 h
INU-SA — +— + +
INU-SA-Cys - +— + +

—, no spot.
+—, medium-high intensity spot.
+ high intensity spot (like inulin).
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between polymeric thiol groups and cysteine moiety of
mucin [27]. Therefore, with the aim to have a preliminary
information about the potential bioadhesive properties of
INU-SA and INU-SA-Cys derivatives, interaction studies
between these copolymers and mucin were performed by
transmittance studies (a method already employed success-
fully by other authors) [37,38] employing polyacrylic acid,
a known bioadhesive polymer, as a positive control [39].
Since it has been well proved the influence of molecular
weight on bioadhesive properties, the used polyacrylic acid
had a molecular weight near those of both INU-SA and
INU-SA-Cys derivatives (i.e. MW = 5000) [33]. In partic-
ular, INU-SA, INU-SA-Cys or polyacrylic acid was dis-
persed in a 0.1% (w/v) mucin dispersion and after 2, 8, or
24 h the transmittance values of the polymer-mucin mix-
ture have been read at A = 650 nm. Greater is the interac-
tion between the polymer and mucin, lower is the
transmittance value of the tested sample (greater UV-vis
scattering) due to the formation of macro-aggregates
[37,38]. As shown in Fig. 5 at all chosen time intervals,
INU-SA or INU-SA-Cys/mucin systems show transmit-
tance values lower than that of polyacrylic acid, i.e., they
show an interaction with mucin stronger than that of the
positive reference. Furthermore, INU-SA—Cys shows after
2 and 8 h transmittance values lower than INU-SA,
whereas, after 24 h, the transmittance value of INU-SA
and INU-SA-Cys systems is about the same. It is reason-
able to think that INU-SA-Cys derivative interacts more
quickly with mucin (according to the presence of cysteine
groups) if compared with INU-SA derivative, but, for a
prolonged time (24 h) both samples are able to interact
efficiently with mucin.

Taking into consideration the good bioadhesive proper-
ties of INU-SA and INU-SA-Cys derivatives, their good
resistance towards hydrolytic degradation and their com-
plete degradation in the presence of inulinase together with
potential of inulin in improvement of iron ion absorption,
the subsequent step of this work has been that to employ
carboxylated and carboxylated/thiolated inulin copolymers
as iron complexing agents for a potential treatment of iron

10 12 14 16 18 20 22 24
Time hrs

Fig. 5. Interaction studies between mucin and INU-SA (-H-), INU-SA—
Cys (-A-) or polyacrylic acid (-4-).

deficiency anaemia. The source of iron was ferric chloride.
The addition of ferric chloride to INU-SA or INU-SA-
Cys derivatives leads to the formation of red—orange gel-
like product. After purification and freeze-drying, the final
products were obtained as red powders. FT-IR analysis of
both products revealed the appearance of new peaks
related to the formation of INU-SA—Fe'! and INU-SA-
Cys—Fe"! complexes as shown in Figs. 6 and 7.

In particular, FT-IR spectra of INU-SA-Fe'! and
INU-SA-Cys—Fe'" complexes showed two strong bands
at 1600 and 1450 cm ™! relative to asymmetric and symmet-
ric stretching of carboxylate groups after complex forma-
tion [25]. It is important to underline that since
complexes’ formation takes place at a very low pH value
(pH 1.02), the bands related to carboxylate groups, showed
in FT-IR spectra, are due to the complex formation.

Chemical and enzymatic degradation studies were also
performed for INU-SA-Fe'! and INU-SA-Cys-Fe'"! sys-
tems. In these experiments, the anthrone method was used
for the determination of degradation products. This
method allows us to determine quantitatively the fructose
resulting from degradation of investigated complexes.

4000.0 3000 2000 1500 1000
cm-

INU-SA

500400.0

Fig. 6. FT-IR spectra of INU-SA derivative and INU-SA—Fe""" complex.

INU-SA-Cys
INU-SA-Cys-Fe™™

1450 cm!

40000 3000 2000 1500 1000
cm-

500400.0

Fig. 7. FT-IR spectra of INU-SA-Cys derivative and INU-SA-Cys—Fe'!!
complex.
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Table 3
Enzymatic degradation of INU-SA-Fe'™ and INU-SA-Cys—Fe'"! sam-
ples: quantitative determination by anthrone method

(mg/ml) of detected (%) of

fructose degradation®
INU 1.98 99
INU-SA-Fe'! 1.46 90
INU-SACys-Fe'" 1.47 87.7

% Quantity % of detected fructose related to total sample weight.
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Fig. 8. Iron release from INU-SA-Fe''' (-¢-) and INU-SA-Cys-Fe!!!
(-A-) complexes in Tris buffer pH 6.8 in the presence of inulinase 10 U/ml
and mucin 0.1% (w/v).

INU-SA-Fe'" and INU-SA-Cys-Fe"" did not show
chemical degradation after incubation until 2 h with HCI
0.1 N solution and until 24 h with phosphate buffer solu-
tion pH 6.8 (data not showed), whereas they had under-
gone an almost complete degradation in the presence of
inulinase (Table 3) like INU-SA and INU-SA-Cys
derivatives. These are very attractive results because it
confirmed the resistance of INU-SA-Fe' and INU-
SA-Cys-Fe'" complexes as well as INU-SA and
INU-SA-Cys derivatives towards chemical hydrolysis, as
a consequence, these systems could pass through the gastric
and duodenal tracts without appreciable chemical hydroly-
sis, unlike starting inulin that, as known, undergoes acidic
hydrolysis [40]. On the contrary, in the presence of inulin-
ase, our systems are degraded and are potentially able to
release iron ions.

Subsequently, iron release studies from INU-SA-Fe
and INU-SA—Cys—Fe'"" complexes were performed in Tris
buffer pH 6.8 in the presence of mucin and inulinase (sim-
ulated intestinal conditions) (see Fig. 8).

As can be seen in Fig. 8 both INU-SA-Fe'"" and INU-
SA-Cys—Fe'! complexes are able to release about 60-70%
of complexed iron in simulated intestinal conditions. On
the contrary, when release studies were performed in pure
buffer in the absence of both inulinase and mucin no release
of iron was found (data not shown).

111

4. Conclusions

This work proposed a new approach to delivery iron ion
into intestinal tract designing new macromolecular chelat-
ing systems based on inulin. The choice of inulin as mate-

rial to design a iron delivery system was based on its great
biocompatibility and biodegradability into the intestinal

tract. Furthermore, the formation of complexes with iron

ion could assure the presence of the Fe'"' in a more avail-

able form, as reported in the literature for complexed forms
of iron. Both obtained INU-SA and INU-SA-Cys deriva-
tives showed very good mucoadhesion properties due to
the presence of specific groups such as carboxyl and thiol
functions able to interact with mucin. Both copolymers
showed to be able to complex Fe''" and to form gel systems
with high chemical stability in gastrointestinal tract but
excellent enzymatic degradability by inulinase and a very
good iron release profile in condition mimicking the intes-
tinal fluid.

Acknowledgement

Authors thank the Ministero dell’Istruzione, dell’Uni-
versita e della Ricerca (MIUR) for financial support.

References

[1] ACC/SCN second report on the world nutrition situation 1992, vol.
1. Global and regional results. Geneva: ACC/SCN WHO, 1992.

[2] H. Tapiero, L. Gaté, K.D. Tew, Iron: deficiencies and requirements,
Biomed. Pharmacother. 55 (2001) 324-332.

[3] J.D. Cook, Diagnosis and management of iron-deficiency anaemia,
Best. Pract. Res. Ha. 18 (2005) 19-332.

[4] E.R. Monsen, Iron nutrition and absorption: dietary factors which
impact iron bioavailability, J. Am. Diet. Assoc. 88 (1988) 786-790.

[5] J.L. Beard, H. Dawson, D. Pinero, Iron metabolism: a comprehensive
review, Nutr. Rev. 54 (1996) 295-317.

[6] R.J. Wood, O.J. Han, Recently identified molecular aspects of
intestinal iron absorption, Nutrition 128 (1998) 1841-1844.

[71 M.E. Conrad, J.N. Umbreit, Pathways in iron absorption, Blood
Cell. Mol. Dis. 29 (2002) 336-355.

[8] S.R. Eisenstein, K.L. Ross, Novel roles for iron regulatory proteins in
the adaptive response to iron deficiency, J. Nutr. 133 (2003) 1510S-
1516S.

[9] F. Canonne-Hergaux, S. Gruenheid, P. Ponka, P. Gros, Cellular and
subcellular localization of the Nramp-2 iron transporter in the
intestinal brush border and regulation by dietary iron, Blood 93
(1999) 4406-4417.

[10] D. Trinder, P.S. Oates, C. Thomas, J. Sadlier, E.H. Morgan,
Localisation of divalent metal transporter (DMT-1) to the microvil-
lous membrane of rat duodenal enterocytes in iron deficiency, but
hepatocytes in iron overload, Gut 46 (2000) 270-28]1.

[11] M.J. Simovich, M.E. Conrad, J.N. Umbreit, E.G. Moore, L.N.
Hainsworth, H.K. Smith, Cellular location of proteins related to
iron absorption and transport, Am. J. Hematol. 69 (2002) 164-
170.

[12] M.E. Conrad, J.N. Umbreit, A concise review: iron absorption — the
mucin—mobilferrin-integrin pathway. A competitive pathway for
metal absorption, Am. J. Hematol. 42 (1993) 67-73.

[13] M. Simovich, L.N. Hainsworth, 1 P.A. Fields, J.N. Umbreit, M.E.
Conrad, Localization of the iron transport proteins mobilferrin and
DMT-1 in the duodenum: the surprising role of mucin, Am. J.
Hematol. 74 (2003) 32-45.

[14] M.E. Conrad, J.N. Umbreit, E.G. Moore, L.N. Hainsworth, M.
Porubcin, M.J. Simovich, M.T. Nakada, K. Dolan, M.D. Garrick,
Separate pathways for cellular uptake of ferric and ferrous iron, Am.
J. Physiol. 279 (2000) G767-G774.

[15] M.D. Fleming, C.C. Trevor, M.A. Su, D. Foernzter, R.D. Beier,
W.F. Dietrich, N.C. Andrews, Microcytic anaemia mice have a



276 G. Pitarresi et al. | European Journal of Pharmaceutics and Biopharmaceutics 68 (2008) 267-276

mutation in Nramp-2; a candidate iron transporter gene, Nat. Genet.
16 (1997) 383-386.

[16] M.A. Su, C.C. Trevor, J.C. Fleming, M.D. Fleming, N.C. Andrews,
The GI185R mutation distrupts function of the iron transporter
Nramp-2, Blood 92 (1998) 2157-2163.

[17] K. Takeuchi, 1. Bjarnason, A.H. Laftah, O.G. Latunde-Dada, R.J.
Simpson, T.A. McKie, Expression of iron absorption genes in mouse
large intestine, Scand. J. Gastroenterol. 40 (2005) 169-177.

[18] K.L. Johnston, D.M. Johnson, J. Marks, S.K. Srai, E.S. Debnam,
P.A. Sharp, Non-haem iron transport in the rat proximal colon, Eur.
J. Clin. Invest. 36 (2006) 35-40.

[19] E.M. Coe, L.H. Bowen, J.A. Speer, R.D. Bereman, Comparison of
polysaccharide iron complexes used as iron supplements, J. Inorg.
Biochem. 57 (1995) 287-292.

[20] C.K. Yeung, R.P. Glahn, R.M. Welch, D.D. Miller, Prebiotics and
iron bioavailability — is there a connection? J. Food Sci. 70 (2005)
R88-R92.

[21] D. Bouglé, N. Vaghefi-Vaezzadeh, N. Roland, G. Bouvard, P. Arhan,
F. Bureau, D. Neuville, J.-L. Maubois, Influence of short-chain fatty
acids on iron absorption by proximal colon, Scand. J. Gastroenterol.
37 (2002) 1008-1011.

[22] T.S. Manning, Prebiotics, Best. Pract. Res. Clin. Gastroenterol. 18
(2004) 287-298.

[23] A. Ohta, M. Ohtsuki, M. Uehara, A. Hosono, M. Hirayama, T.
Adachi, H. Hara, Dietary fructooligosaccharides prevent postgastr-
ectomy anemia and osteopenia in rats, J. Nutr. 128 (1998) 485-490.

[24] N. Delzenne, J. Aertssens, H. Verplaetse, M. Roccaro, M. Rober-
froid, Effect of fermentable fructo-oligosaccharides on mineral,
nitrogen and energy digestive balance in the rat, Life Sci. 57 (1995)
1579-1587.

[25] D. Filipiuk, L. Fuksand, M. Majdan, Transition metal complexes
with uronic acids, J. Mol. Struct. 744-747 (2005) 705-709.

[26] E. Ferrari, M. Saladini, Iron(Ill) complexing ability of carbohydrate
derivatives, J. Inorg. Biochem. 98 (2004) 1002-1008.

[27] D. Guggi, M.K. Marschiitz, A. Bernkop-Schniirch, Matrix tablets
based on thiolated poly(acrylic acid): pH-dependent variation in
disintegration and mucoadhesion, Int. J. Pharm. 274 (2004) 97—
105.

[28] X.Y. Wu, P.I. Lee, Preparation and characterization of inulin ester
microspheres as drug carriers, J. Appl. Polym. Sci. 77 (2000) 833-840.

[29] J. Vermeersch, E. Schacht, Synthesis and characterization of inulin
monosuccinates, Die Makromolekulare Chemie 187 (1986) 125-
131.

[30] G. Tripodo, G. Pitarresi, F.S. Palumbo, E. Fabiola Craparo, G.
Giammona, UV-photocrosslinking of inulin derivatives to produce
hydrogels for drug delivery application, Macromol. Biosci. 5 (2005)
1074-1084.

[31] N. Giles, A. Watts, G. Giles, F. Fry, J. Littlechild, C. Jacob, Metal
and redox modulation of cysteine protein function, Chem. Biol. 10
(2003) 677-693.

[32] T. Pouyani, J.-W. Kuo, G.S. Harbison, G.D. Prestwich, Solid-state
NMR of N-acylureas derived from the reaction of hyaluronic acid
with isotopically-labeled carbodiimides, J. Am. Chem. Soc. 114 (1992)
5972-5976.

[33] D. Dodou, P. Breedveld, P.A. Wieringa, Mucoadhesives in the
gastrointestinal tract: revisiting the literature for novel applications,
Eur. J. Pharm. Biopharm. 60 (2005) 1-16.

[34] N.A. Peppas, Y. Huang, Nanoscale technology of mucoadhesive
interactions, Adv. Drug. Deliv. Rev. 56 (2004) 1675-1687.

[35] J. Blanchette, N. Kavimandan, N.A. Peppas, Principles of transmu-
cosal delivery of therapeutic agents, Biomed. Pharmacother. 58 (2004)
142-151.

[36] G. Pitarresi, P. Pierro, G. Tripodo, D. Mandracchia, G. Giammona,
Drug delivery from mucoadhesive disks based on a photo-cross-
linkable polyaspartamide derivative, J. Drug Deliv. Sci. Technol. 15
(2005) 377-382.

[37] P. He, S.S. Davis, L. Illum, In vitro evaluation of the mucoadhesive
properties of chitosan microspheres, Int. J. Pharm. 166 (1998)
68-75.

[38] S. Rossi, F. Ferrari, M.C. Bonferoni, C. Caramella, Characterization
of chitosan hydrochloride-mucin interaction by means of viscosimet-
ric and turbidimetric measurements, Eur. J. Pharm. Sci. 10 (2000)
251-257.

[39] F. Thermes, J. Grove, A. Rozier, B. Plazonnet, A. Constancis,
C. Bunel, J.-P. Vairon, Mucoadhesion of copolymers and
mixtures containing polyacrylic acid, Pharm. Res. 9 (1992)
1563-1567.

[40] C. Blecker, C. Fougnies, J.-C. Van Herck, J.-P. Chevalier, M. Paquot,
Kinetic study of the acid hydrolysis of various oligofructose samples,
J. Agric. Food Chem. 50 (2002) 1602-1607.



	Inulin-iron complexes: A potential treatment of iron deficiency anaemia
	Introduction
	Materials and methods
	Materials
	Apparatus
	Synthesis of succinylated inulin copolymer (INU-SA)
	Characterization of INU-SA copolymer
	Synthesis of thiolated/succinylated inulin copolymer (INU-SA-Cys)
	Characterization of INU-SA-Cys copolymer
	Studies of interaction between INU-SA or INU-SA-Cys derivatives and mucin by transmittance measurements
	Preparation of INU-SA and INU-SA-Cys complexes with FeCl3 (INU-SA-FeIII) and INU-SA-Cys-FeIII
	Quantification of FeIII amount in INU-SA-FeIII and INU-SA-Cys-FeIII complexes
	In-vitro chemical degradation studies of INU-SA and INU-SA-Cys copolymers and their complexes with FeIII
	In-vitro enzymatic degradation studies of INU-SA,INU-SA-Cys copolymers and their complexes with FeIII
	Iron release from INU-SA-FeIII and INU-SA-Cys-FeIII complexes

	Results and discussion
	Conclusions
	Acknowledgement
	References


