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ABSTRACT: Acetylated and succinoylated inulin were synthesized by reacting inulin
with acetic anhydride and succinic anhydride. The modified inulin was characterized by
FTIR, NMR, and potentiometric titration. The compositional dependence of their prop-
erties, such as solubility, pKa, and melting point, was investigated. The results reveal
that the solubility of the inulin derivatives in pH 7.4 buffer solution increases with the
succinyl content, varying from negligible for fully acetylated inulin to over 54% for fully
succinoylated inulin, whereas the corresponding pKa of the inulin derivatives decreases
with increasing succinyl content. In addition, the melting point is lowered by acetyla-
tion and/or succinoylation. The influence of pH and ionic strength on the solubility of
inulin acetate succinate was also studied. The solubility increases dramatically as the
pH value approaches that of the pKa. Interestingly, in pH 7.4 buffer solutions of
varying ionic strength, a maximum solubility appears at an ionic strength of 0.15M.
This is interpreted as a result of a balance of the ion exchange process and the double
layer suppression. Microspheres of inulin acetate and inulin acetate succinate with and
without drug were prepared by the solvent precipitation method. Cationic compounds,
chlorhexidine and chymotripsin, were used as model drugs. The size and morphology of
microspheres were determined by scanning electron microscope. The microspheres
range in diameters from 0.5 to 4 mm for inulin acetate and inulin/chymotripsin micro-
spheres, and from 90 to 130 mm for inulin acetate/chlorhexindine microspheres. The
cross-section of the microspheres exhibits a porous interior. Preliminary results show
that the microspheres are able to release the incorporated drugs for an extended period
of time. © 2000 John Wiley & Sons, Inc. J Appl Polym Sci 77: 833–840, 2000
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INTRODUCTION

Polymers suitable for human use as injectable
drug carriers or implant materials must be non-
toxic, biocompatible, and ideally biodegradable.

The nontoxic and biocompatible properties are
generally required of not only the polymer but
also the degradation products. Several natural
and synthetic biodegradable polymers such as se-
rum albumin, polylactide (PLA), lactide/glycolide
copolymers (PLA/GA), polyorthoesters, and poly-
(alkyl-cyanoacrylates) have been studied as par-
ticulate drug carriers.1–3 Among synthetic biode-
gradable polymers, PLA and PLA/GA have the
longest history of use in humans as suture mate-
rial. These polymers undergo autocatalytic bulk
erosion, and the resulting degradation products
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are endogenous and nontoxic.4,5 On the other
hand, polyorthoesters undergo surface-erosion
mechanism; however, additives are often required
to promote the erosion, and the degradation prod-
ucts are rather complex. In fact, allergic reactions
have been reported with certain polyorthoesters.4

Application of poly(alkyl-cyanoacrylates) for an
injectable drug carrier is also limited because of
the formation of toxic degradation products such
as isobutanol and formaldehyde.2 The degrada-
tion and erosion periods of these existing bioerod-
ible polymer systems are generally in the order of
weeks and months.

The aim of this work is to develop a new poly-
meric delivery system that can provide a shorter
duration of degradation and erosion. Moreover,
its degradation products would be nontoxic and
biocompatible. We have chosen inulin as a back-
bone polymer because of its prior history of intra-
venous use in man as a diagnostic agent for the
measurement of glomerular filtration rate.

Inulin is a nontoxic water-soluble polysaccha-
ride with a molecular weight around 5000. It is
excreted via the kidney without metabolism. In-
ulin derivatives containing covalently attached
drug moieties have been investigated as potential
macromolecular prodrugs. Schacht and cowork-
ers6–12 synthesized and evaluated polymeric
drugs consisting of procanamide or metronidazole
covalently attached to inulin and inulin monosuc-
cinate. More recently, Williams and Taylor13 re-
ported the synthesis and release evaluation of
conjugates of cromoglycate with inulin. However,
this macromolecular prodrug approach may be
limited by the relatively low drug loading achiev-
able through covalent attachment.

Similar to other polysaccharides, the hydroxyl
groups on inulin can be converted to ester or
carboxyl groups by reacting with mono- or di-
carboxylic acids, respectively. Depending on the
specific substitution, modified inulin may display
a range of different solubility and physico-chem-
ical characteristics. Because inulin has a prior
history of use in humans, and is quickly elimi-
nated from the body, inulin esters with different
solubility characteristics should be potentially
useful as erodible carriers for drug delivery. In
addition, inulin esters may be more advantageous
over some presently used biodegradable polymers
for two reasons: (a) the ester bonds can be hydro-
lyzed to produce inulin and acids without enzy-
matic catalysis; (b) the acids generated are acetic

and succinic acid, which are endogenous and non-
toxic.

In the present study, we have synthesized in-
ulin acetate succinates (ILAS) with a wide range
of acetyl and succinyl contents to impart different
water solubilities at or near neutral pH. We have
also prepared and characterized drug-loaded mi-
crospheres based on these inulin derivatives us-
ing chlorehexidine (CHX) and chymotrypsin
(CTS) as model drugs.

EXPERIMENTAL

Synthesis of Inulin Acetate Succinate

The synthesis was carried out in dimethyl form-
amide (DMF) (Fisher Scientific) by reacting inulin
(Sigma; from dahlia tubers) with acetic anhydride
(Fisher Scientific) and/or succinic anhydride (Al-
drich Chemical Company) in various proportions
at 40°C for a duration up to 24 h. Sodium acetate
(Fisher Scientific) was used as the catalyst (about
0.05% w/w). The reaction scheme is shown in Fig-
ure 1, and the reaction recipe is listed in Table I.
All chemicals were reagent grade, and used as
received. Typically, inulin was reacted with acetic
anhydride for 1.5 h followed by the addition of
succinic anhydride, and the reaction continued for
an additional 22 h. The reaction product was then
precipitated in an excess amount of ethyl ether
(for ILS) or water (for ILA, ILAS-1 and ILAS-2).
The product was subsequently purified by re-
peated dissolution and precipitation, and then
dried in a vacuum oven at 50°C until constant
weight.

Characterization of Inulin Acetate Succinate

The acetyl content of inulin acetate succinate was
analyzed using USP assay for cellulose acetate
phthalate (CAP). The succinyl content and the
pKa values were determined by potentiometric
titration with 0.1N NaOH in water or in ethanol/
water mixture. The solubility of the inulin deriv-
atives in aqueous media was determined at dif-
ferent pHs (pH 5–8) in phosphate buffers of fixed
ionic strength (0.1M), and at a fixed pH of 7.4 in
phosphate buffers of different ionic strengths
(0.01–0.25M).

The chemical composition of these inulin esters
was characterized by FTIR (Bio-Rad FTS-7) on
KBr disk and ATR FTIR on polyester sheet. The
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proton NMR spectra were measured with Gemini
200 MHZ (Varian) in deuterated DMSO using
tetramethylsilane (TMS) as the reference. The
melting points of inulin and inulin derivatives
were measured by DSC (Perkin-Elmer DSC-2C)
at a heating rate of 10°C/min, and by a capillary
melting point apparatus (Thomas Hoover).

Preparation and Characterization of Microspheres

Microspheres of inulin esters, with and without
the drug, were prepared by the solvent precipita-
tion method using Tween 80 as a dispersant. Typ-
ically, a few drops of a 5% Tween 80 aqueous
solution were added to a solution of 5% inulin
derivative dissolved in acetone or ethanol. The
solution was then titrated with deionized water
under mild mixing, until the solution turned
milky. Subsequently, microspheres were formed
after evaporating the organic solvent. The drug-
loaded microspheres were prepared using the

same procedures except for the inclusion of a drug
in the initial polymer solution.

Size and morphology of the microspheres were
determined by scanning electron microscope (Hi-
tachi S-570). In vitro drug release from the micro-
spheres of modified inulin was studied in pH 8
phosphate buffer at 37°C in a flask with shaking.
The release of chlorhexidine and chymotripsin
was monitored on a UV-Vis spectrophotometer
(Hewlett Packard 8452A) at wavelengths of 262
and 276 nm, respectively. The integrity of the
microspheres in pH 7.4, pH 8.0 buffer solutions,
and in deionized water was monitored using op-
tical microscope, as well as scanning electron mi-
croscope (SEM).

RESULTS AND DISCUSSION

IR Spectra and NMR Spectra

Inulin esters with acetyl content 0–45% and suc-
cinyl content 0–66% (w/w) were prepared and
characterized by FTIR and NMR. The IR spectra
of inulin, ILA, inulin succinate (ILS) and ILAS
are compared in Figure 2. It is clear that when the
OH groups are substituted by acetyl and succinyl
groups, the OH stretch band of inulin (; 3353
cm21) diminishes, and the carbonyl band (CAO,
; 1745 cm21) emerges. In addition to the car-
bonyl band, ILA is also characterized by the ace-
tate COO band (; 1230 cm21) and OCH3 band
(; 1370 cm21). Similarly, ILS shows an acid COO
stretching band (; 1160 cm21) and a strong ester
CAO band (; 1750 cm21) overlapping with the
acid CAO band (; 1740 cm21). On the other
hand, ILAS exhibits the characteristics of both
the acetate and succinate. The absorbance ratio of
CAO to COOOC and the ratio of COO to
COOOC are plotted in Figure 3 against the re-

Table I Reaction Recipe for Modification
of Inulin

Sample
Inulin

(g)

Acetic
Anhydride

(g)

Succinic
Anhydride

(g)
DMF
(mL)

ILA 7.5 42.5 0 100
ILAS-1 5 8.4 6.2 40
ILAS-2 5 16.4 4.0 40
ILAS-3 10 7.8 1.9 80
ILS 10 0 25 86

Figure 1 Reaction scheme of acetylation and succi-
noylation of inulin.
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action time for acetylation of inulin (ILA). It is
seen that fast acetylation occurs in the first hour,
followed by a slower reaction; about 65% acetyla-
tion is completed within the initial 1.5 h. This

kinetic information was used to determine the
appropriate time for addition of succinic anhy-
dride to the reactant solution during the prepara-
tion of ILAS.

The 1H-NMR spectra of inulin, ILA and ILS in
deuterated DMSO are summarized in Figure 4.
The spectrum of ILS is similar to that reported by
Schacht et al.7 The 1H of OCH2CH2O in the
succinyl group has a chemical shift of 2.43 ppm,
overlapping with that of the trace 1H in deuter-
ated DMSO (2.52). In contrast, the 1H of acetate
COCH3 appears at ; 1.94 ppm.

pKa, Solubility, and Melting Point

The pKa of the inulin esters in 70% ethanol and in
water (for ILS only) was evaluated from the titra-
tion curve at half neutralization. The pKa of
ILAS-1 and ILAS-2 in water was estimated from
the plot of pKa against the ethanol volume frac-
tion due to their low solubility in water. The pKa
values, together with the composition and the

Figure 2 Comparison of IR spectra of inulin, inulin
acetate, inulin succinate, and inulin acetate succinate.

Figure 3 IR absorbance ratio vs. reaction time for
acetylation of inulin.

Figure 4 1H-NMR spectra of inulin, inulin acetate,
and inulin succinate measured in deuterated DMSO
using TMS as reference.
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solubility in pH 7.4 buffer (0.1M ionic strength),
are summarized in Table II. As expected, the sol-
ubility increases with the succinyl content at the
similar degree of substitution of hydroxyl groups.
The dependence of ILAS solubility on the buffer
pH and ionic strength was studied and the results
for ILAS-1 are presented in Figure 5. The solubil-
ity of ILAS increases dramatically as the pH is
increased above its pKa. In pH 7.4 buffer, the
solubility reaches a maximum at an ionic
strength around 0.15M. This peak solubility is
likely a reflection of a balance between two com-
peting processes, namely ion exchange and ion-
ization suppression. ILAS is a weak acid which
may experience the following ion exchange:

ROCOOH 1 M1 ↔ ROCOO2M1 1 H1

where M1 represents cationic species in the
buffer such as Na1 or K1. At lower ionic strength,
for example, m , 0.15M, ion exchange is domi-
nant, and hence, increasing ionic strength favors
the ionization of ILAS. On the other hand, in-
crease in ionic strength also suppresses the elec-
tric double layers around the ionic polymer
chains, thereby changing the polymer conforma-
tion from an expanded form to more compact one.
This conformational change could cause precipi-
tation of the polymer from solution, also known as
the “salting-out effect.” This suppression effect is
more significant as the ionization degree in-
creases (reflected by an elevated solubility) and
becomes predominant at higher ionic strength
(e.g., m . 0.15M).

The DSC spectra of inulin and its derivatives
are shown in Figure 6 where the melting points
are clearly visible. The melting points measured
by the DSC and capillary apparatus are summa-
rized in Table III. It is evident that the melting
point significantly decreases after the esterifica-
tion.

Table II Composition, pKa, and Solubility of Inulin Esters

Sample
Acetyl Content

(wt %)
Succinyl Content

(wt %)
pKa in 70%

Ethanol
pKa in
Water

Solubility in pH 7.4
Buffer (0.1M) (wt %)

ILA 45 0 — — —
ILAS-1 38 33 6.9 6.5 4.0
ILAS-2 26 41 7.0 6.1 5.4
ILS 0 66 6.7 5.0 . 54

Figure 5 Solubility dependence of inulin acetate suc-
cinate (sample ILAS-1) on pH and ionic strength in
phosphate buffer solutions.

Figure 6 DSC spectra of inulin, inulin acetate, inulin
succinate, and inulin acetate succinate, at a scanning
rate of 10°C/min.
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Characterization of Microspheres

The particle size and morphology of inulin acetate
microspheres were examined by SEM (Fig. 7).
Particles of diameter 0.5–4 mm appear mostly
intact after storage in deionized distilled water,
but appear to be “fused” together after immersion
in pH 8 phosphate buffer (ionic strength 0.1M) for
6 days. This may be a result of hydrolysis of the
surface of the particles, which converts the inulin
acetate back to the water-soluble inulin. In con-
trast, chymotripsin-loaded inulin acetate micro-
spheres (ILA/CTS) show little change in pH 8
buffer, as illustrated in Figure 8. In addition, ILA
microspheres loaded with chlorhexidine (ILA/
CHX) are much bigger than those of ILA and
ILA/CTS produced under identical conditions
(90–130 mm vs. 0.5–4 mm; Figs. 7–9), presumably
due to differences in surface properties of the
droplets during the solvent precipitation process.
It is evident from Figure 9 that ILA/CHX parti-
cles have a smooth surface and porous interior,

typical of particles prepared by the solvent pre-
cipitation method.14–16 It should be mentioned
that, although bulk ILA is frangible, ILA and
ILA/CTS microspheres of small sizes exhibited
sufficient strength to remain intact during han-
dling.

CHX Solubility and Loading

To prepare microspheres of ILA with CHX, a
solubility test was conducted on chlohexidine
hydrochloride and ILA in mixtures of acetone/
water and ethanol/water. The dependence of
chlohexidine hydrochloride solubility on the

Table III Melting Points (Tm) of Inulin, Inulin
Acetate, and Inulin Succinate

Sample Tm (°C) by DSC Tm (°C) by Capillary

Inulin 173 172–176
ILAS-1 136 136–139
ILA 75 87–92
ILS 58 —

Figure 7 SEM photograph of inulin acetate micro-
spheres after stored at room temperature (a) in deion-
ized distilled water for 104 days; (b) in pH 8 buffer
solution (ionic strength 0.1M) for 6 days.

Figure 8 SEM photograph of inulin acetate micro-
spheres loaded with chymotripsin after stored at room
temperature (a) in deionized distilled water for 40 days;
(b) in pH 8 buffer solution (ionic strength 0.1M) for 6
days.

Figure 9 SEM photograph of fractured inulin acetate
microspheres loaded with chlorhexidine.
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volume fraction of acetone or ethanol is illus-
trated in Figure 10. The volume fraction at
which ILA precipitates from the mixtures is
also indicated in this figure. It is seen that
chlohexidine hydrochloride displays maximum
solubility at an acetone fraction of 0.5 and at an
ethanol fraction of 0.6, respectively. When ILA
solution of higher acetone or ethanol content
was titrated with water, i.e., the volume frac-
tion of the organic solvents decreases, ILA pre-
cipitates from the solution before the peak sol-
ubility of chlohexidine hydrochloride in acetone/
water is reached, but beyond the peak solubility
in ethanol/water. This suggests that if a CHX
solution in ethanol/water (60 : 40) is used for
the preparation of microspheres, some drug
particles would precipitate before polymer pre-
cipitation upon the addition of water. As a re-
sult, drug particles may be entrapped during
polymer precipitation resulting in microspheres
with higher drug loadings. Therefore, ethanol/
water was chosen as the solvent system for
subsequent preparation of drug-loaded micro-
spheres.

In Vitro Drug Release

Figure 11 shows the release profile of CHX and
CTS from ILA/CHX and ILA/CTS microspheres in

pH 8 buffer. It is seen that sustained release of
both agents is achieved from the microspheres.
Because inulin esters are biodegradable and their
degradation products are nontoxic, they may be of
potential application for delivery of drugs via a
nonparenteral route.

CONCLUSIONS

We have synthesized and characterized inulin ac-
etate succinate of various acetyl and succinyl con-
tent. The solubility of the inulin esters has been
found to depend on the composition, pH, and ionic
strength. We have also prepared microspheres of
inulin acetate loaded with model drugs, chlo-
rhexidine, and chymotripsin. Our preliminary
data suggest that these microspheres are able to
release the incorporated drugs for a prolonged
period of time.
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