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ABSTRACT: Herein, the controlled release of etidronic acid (hydroxyethylidene-bis(phosphonic) acid), an important drug for
osteoporotic conditions, immobilized onto cationic polymeric matrices, such as polyethyleneimine (PEI) or cationic inulin
(CATIN) is reported. Several CATIN- and PEl-etidronate composites have been synthesized at various pH regions and
characterized. Tablets with starch as the excipient containing the active ingredient (polymer-etidronate composite) were prepared,
and the controlled release of etidronate was studied at aqueous solutions of pH 3 (to mimick the pH of the stomach) for 8 h. All
studied composites showed a delayed etidronate release in the first 4 h, compared to the “control” (a tablet containing only starch

and etidronic acid, without the polymer).

Etidronic acid belongs to the important class of antiresorption
agents known as bis(phosphonates) (see Figure 1).' Among
the important structural features of these molecules, one can
single out the position of the two phosphonate moieties that are
covalently bonded to the same carbon atom. This geminal
position renders the bis(phosphonates) organic analogues of
pyrophosphate, and thus, potent chelators of Ca®" ions in
solution, or of Ca*" embedded in an inorganic biomaterial, such
as bone.”

The uses and potential applications of bis(phosphonates) are
numerous: they are used in the treatment of osteoporosis,”
Paget’s disease,* hypercalcemia,5 breast cancer,® and they are
also used in dental materials.” The significance of bis-
(phosphonates) drugs notwithstanding, great interest has been
noted in supplying the active ingredient in a controlled fashion.
Notably, Xu and co-workers have covalently grafted pamidronate
onto polymeric chains based on homo- and copolymers of
acrylamide.® Other phosphonate incorporation techniques
(such as polymerization of suitable phosphonate-containing
monomers) have been exploited by other researchers.” Results
originated from our group have shown that when phosphocitrate
(a potent anticalcification inhibitor'®) is combined with Ca>" an
inorganic—organic hybrid material can be prepared which re-
leases the active phosphocitrate in a controlled fashion and
results in a 3-fold increase in anticalcification efficiency in Wistar
rats'' and a substantial reduction in osteoarthritic overgrowths in
guinnea pigs.'>* Furthermore, calcium phosphocitrate proved
powerful in the inhibition of amorphous calcium phosphate-
DNA coprecipitates-induced cell death.'*

In this paper, we report the immobilization of etidronic acid
(used as a model bis(phosphonate) drug) onto cationic polymers
polyethyleneimine (PEL see Figure 1) or cationic inulin
(CATIN, see Figure 1), and the controlled release of the active
bis(phosphonate) ingredient at pH ~ 3 (to mimick the pH
conditions of the stomach). PEI has been extensively used in the
past as a gene delivery agent.'” The branched PEI used herein,
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had a MW 70 kDa and ~25% primary amines, ~50% secondary
amines, and ~25% tertiary amines. On the other hand, CATIN is
a cationic, inulin-based polysaccharide. Inulin is a polysaccharide
composed of 3 2,1 linked p-fructofuranose units and end-capped
with an o-D-glucopyranose unit. Studies have shown that a
carboxylate-modified inulin is nontoxic and environmentally
friendly."* A family of three CATIN polymers was used as
matrices: CATIN-1 (with degree of substitution (DS) = 0.22),
CATIN-2 (DS =0.84),and CATIN-3 (DS = 1.28). DS is defined
as the average number of quaternary ammonium moieties per
monomeric unit.

The immobilization of etidronic acid can be achieved by ionic
cooperative interactions between the cationic polymeric matrix
and the deprotonated etidronate. Composite materials (PEI-
etidronate or CATIN-etidronate) were prepared in water at
appropriate pH regions.15

A wide pH range was tested for the syntheses, from 2 to 9, in
order to synthesize several composite materials as potential
controlled release agents. pH affects the deprotonation of
etidronic acid and also the protonation of PEIL but not the
CATIN family, as the latter possesses a quaternary ammonium
group. Taking into account the pK, values of branched PEI (4.5
for primary, 6.7 for secondary, and 11.6 for tertiary amine
groups'®) it is obvious that at pH regions <5 PEI will exist in
its fully protonated form. On the other hand, the pK, values of
etidronic acid are 1.43,2.70. 7.02, and 11.20,"” which means that
at pH < 7 etidronic acid will possess a “—2” charge. Its negative
charge increases as pH increases. Three PEI-etidronate compo-
sites were synthesized (at pH 3, 4, and S, with corresponding P
contents of 5.02%, 4.79%, and 4.59%). We were unable to
prepare materials at higher pH regions. This is likely because at
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Figure 1. Schematic structures of etidronic acid (hydroxyethylidene-
bis(phosphonic) acid, upper), CATIN (middle), and PEI (lower). The
positively charged N moieties on CATIN and PEI are highlighted in red.

Figure 2. Typical tablet containing polymer—etidronate active ingre-
dient (upper left). SEM image of the tablet surface (lower). Surface
particles of the PEI—etidronate composite are highlighted. EDS spec-
trum of the tablet showing the presence of P (from etidronic acid) and C,
O, N from the polymer.

pH > 5 the primary amine groups of PEI are not protonated
and cannot interact strongly with etidronate. Apparently, the
PEI—etidronate composites that form are too soluble and do not
precipitate. We did not pursue such products any further. On the
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Figure 3. Controlled release curves for the PEI—etidronate and CA-
TIN —etidronate composites. For clarity purposes the average release of
free etidronic acid from a starch-only tablet (control) is presented as a
continuous line. Filled symbols represent the release of etidronic acid
from CATIN matrices and hollow symbols show the release from PEI
matrices. Specifically: O, PEI (from pH 3); O, PEI (from pH 4); A, PEI
(from pH S); M, CATIN-3 (from pH 9); ¢, CATIN-2 (from pH 7); @,
CATIN-3 (from pH 7); A, CATIN-1 (from pH 9).

other hand, solid CATIN—etidronate composites were synthe-
sizedat pH 7, 8,9, and 10. A total of 13 composites were prepared
(3 PEI- and 10 CATIN-based composites). They were charac-
terized by determining the P content and by FT-IR spectroscopy
(see Supporting Information). All CATIN-etidronate compo-
sites show bands from the organic polymer chain and those
assigned to etidronate in the 900— 1200 cm ™' region, originating
from phosphonate moieties."®

Controlled release experiments were carried out at pH A 3 and
jonic strength 0.1 M (NaCl), in order to mimic the conditions
present in the stomach durin(g digestion.'® Tablets were prepared
using starch as the excipient.”’ An image of a typical tablet (typical
weight &~ 1.6 g) is shown in Figure 2. Appropriate amounts of all
composites were calculated based on their corresponding P con-
tents, in order for all tablets to contain the same amount of
“phosphonate” (see Supporting Information).

The tablets then were used for the controlled release experi-
ments.”' The released etidronic acid was determined by a well-
established spectrophotometric method* from aliquots drawn from
the experimental solution. Representative controlled release curves
for the PEI—etidronate and CATIN composites are shown in
Figure 3. A phosphonate release curve for the “control” (starch +
etidronic acid) is also included for comparison purposes.

All 13 composite materials exhibited slower phosphonate
release than the control, at least in the first 300 min. A number
of them produced nearly identical release curves and were not
included in Figure 3 (see Supporting Information).

As can be seen, both polymeric cationic matrices enable the
controlled release of etidronate. During the first 4 h all tested
materials released etidronate at a slower rate than the control. At
release times >4 h, the composites CATIN-3-etidronate (from
pH 7) and CATIN-1-etidronate (from pH 9) exhibited faster
release than the control. All other composites showed a con-
sistently slower release than the control until the last measure-
ment at 8 h. Eventually, these composites release all phosphonate
after 2 days. It is noteworthy that the PEI-containing matrices are
the most effective, as indicated in Figure 3, showing the slowest
release rate.
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A few comments regarding the possible underlying mechan-
ism of the demonstrated controlled release of the PEI- and
CATIN-etidronate composite materials are in order. Etidronate
is immobilized onto the cationic matrices by a combination of
electrostatic and hydrogen bonding interactions between the
cationic matrix and the anionic bis(phosphonate). In the case of
the PEI-based composites etidronate is immobilized mainly by
ionic interactions, combined with strong —P—O" - - ‘H-Nt—
hydrogen bonds.**** In the CATIN-based composites the
etidronate-matrix ionic interactions have to be weaker, as the
cationic charge is “burried” within the quaternary —N*(CH,);
group. Hydrogen bonds can also form between the phosphonate
groups and the hydroxyl groups in the fructose ring. Another
factor that may be important is that the cationic charge density is
much higher in PEI than that in CATIN.*® The cationic groups in
the latter are far apart. The more efficient controlled release of
etidronate from the PEI-based composites is certainly related to
the stability of the composite.

Among the PEl-etidronate composites (prepared at pH 3, 4,
and S), the one synthesized at the lowest pH (3) appears to
release etidronic acid faster than the others. This may be because
etidronic acid at the synthesis pH 3 may be partially in its
monodeprotonated form (“—1” charge), and thus forming
weaker electrostatic attractive forces with the PEI matrix. Of the
other two PEI—etidronate composites the one prepared at pH 4
appears to release etidronate slower than that prepared at pH S.
This can be explained by re-examining the pK, values of PEI and
etidronic acid. The latter exists in its bis-deprotonated form (“—2”
charge) between pH 4—S5. However, only at pH 4 all amine groups
of PEI are protonated as the pK, for primary amines is 4.5 (it is 6.7
for secondary, and 11.6 for tertiary amine groups). When synthesis
is performed at pH S, at least some (if not all) primary amine
groups are not protonated. This certainly creates weaker amine—
etidronate interactions, and thus more rapid release.

An interesting theme to discuss is the effect of DS (degree of
substitution) on the release rates of the CATIN—etidronate
composites. Based in Figure 3, the slower release of etidronic acid
is demonstrated for the CATIN-2 (prepared at pH 7) matrix,
followed by the CATIN-3 (prepared at pH 9) matrix. CATIN-2
has DS = 0.84 and for CATIN-3 the DS = 1.28. At pH > 7,
etidronic acid will have a “—3” charge, whereas the charge of the
CATIN polymers will be unaffected by pH. Note that the two
comgosites contain approximately the same loading of etidronic
acid*® A plausible explanation for the slower release of the
CATIN-2-etidronate versus the CATIN-3-etidronate composite
is that in CATIN-2 a greater number of hydroxyl groups (from
the fructose rings) are available for hydrogen bonding than in
CATIN-3. This may induce greater stability of the composite,
hence slower release of etidronic acid. The same arguments can
be put forth for the CATIN-1-etidronate composite. Lastly, it
appears that the overall release rate is determined by a combina-
tion of cooperative ionic and hydrogen bonding interactions.

Our current efforts focus on extending this chemistry to other
biologically relevant phosphonates of the “—dronate” family, as
well as preparing composite materials with other cationic ma-
trices containing branched or linear homo- and copolymers.
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