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Abstract

Complexation between ascorbic acid, hydroxypropyl-f-cyclodextrin (HP-3-CD) and triethanolamine (TEA), separately and in combination, was
studied in solution and solid state. The freeze-drying method was used to prepare solid complexes, while physical mixtures being obtained by simple
blending. These complexes were characterized in the solid state using differential scanning calorimetry (DSC) and infrared spectroscopy (IR).
Nuclear magnetic resonance spectroscopy ('H and '*C NMR) was used in aqueous solutions to obtain information about the mode of interaction.
The degradation rate of each complex in solution was determined, and the stability constant of the complexes and the degradation rate of the
ascorbic acid within the complexes were obtained. NMR studies provided clear evidence of partial inclusion into the HP-B-CD cavity, but the
stability constant value was very small indicating a weak host—guest interaction. The influence of complexation on the degradation rate of ascorbic
acid was evaluated, and the data obtained showed a pronounced enhancement of aqueous stability with the TEA association complex, while this

effect was lower with the HP--CD inclusion complex. NMR experiments showed evidence of the formation of aggregates.

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

Cyclodextrins (CDs) are cyclic (a-1,4) linked oligosaccha-
rides of a-D-glucopyranose containing a relatively hydrophobic
central cavity and hydrophilic outer surface. They have been
used extensively to form non-covalent inclusion complexes with
many substances. The inclusion complex normally exhibits a
higher aqueous solubility and a greater chemical stability than
the pure drug [1]. However, it has been shown that CDs can
accelerate the degradation of some drugs [2—4]. This abil-
ity to stabilize certain drugs while destabilizing others has
been explained by the different structures of the formed inclu-
sion complex [5]. Hydroxypropyl-B-cyclodextrin (HP-3-CD),
a chemically modified B-cyclodextrin, has a greater aqueous
solubility and safety compared to its parent compound. Itis capa-
ble of forming soluble complexes with many drugs by taking
up a whole drug molecule, or some part of it, into the cav-
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ity. Moreover, the addition of suitable auxiliary substances can
significantly increase the CD complexing abilities by multicom-
ponent complex formation. In our recent work, it has been shown
that triethanolamine (TEA) can enhance the solubilizing power
of HP-B-CD toward sulfisoxazole, as a result of a combined
effect of salt formation and inclusion complexation [6].

Although ascorbic acid (vitamin C) has been extensively
studied for several decades in different fields, interest in this
vitamin has never waned and further aspects are currently being
investigated. Moreover, the instability of ascorbic acid in aque-
ous solutions has caused much attention. It is highly sensitive
to heat, alkali, oxygen and light, and also to contact with traces
of copper and iron [7]. The rapid degradation of ascorbic acid
clearly complicates the assay studies. It is therefore of interest
to investigate the possibility of determining a suitable stabilizer
and an optimum concentration in order to stabilize the ascorbic
acid long enough for analysis to be carried out.

In previous works, the complexation of ascorbic acid with a-
and B-CD was studied by 'H NMR [8], calorimetry and den-
simetry [9], as well as by the interaction with HP-a-CD and
HP-3-CD using solution calorimetry [10] and UV spectropho-
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tometry. These studies have shown that ascorbic acid forms 1:1
molecular complexes with HP--CD and a-CD, but no complex
with 3-CD [11]. These last two results are inconsistent with those
of Manzanares et al., who studied the stability of ascorbic acid in
the presence of a- and 3-CD by their electrochemical behaviour
on platinum and gold electrodes [12,13].

The aim of this work focuses on two aspects. Our first goal
was to obtain evidence of the interactions between ascorbic acid,
HP-B-CD and TEA. To this purpose, selective physicochemi-
cal determinations based on differential scanning calorimetry
(DSC), infrared spectroscopy (IR) and nuclear magnetic res-
onance spectrometry ('"H NMR and '*C NMR) were used to
analyze the binary and multicomponent complexes. Also, the
formation of HP-3-CD aggregates was investigated. While the
second aim was to improve the stability of ascorbic acid in
solution by complexation, the values of the complex stability
constants (K.) and the degradation rates of the drug (k.) for
ascorbic acid were obtained from a series of degradation studies.

2. Experimental
2.1. Materials

Ascorbic acid was obtained from Anedra® (99%, Argentina);
triethanolamine was purchased from Aldrich® (98%,USA); HP-
B-CD (Mw = 1326-1400, degree of molar substitution 7.0) was
kindly supplied by Roquette (France). All other materials and
solvents were of analytical reagent grade. A Millipore Milli Q
Water Purification System generated the water used in these
studies.

2.2. Preparation of solid samples

The preparation of solid complexes ascorbic acid:HP-f3-
CD or ascorbic acid:TEA with 1:1 molar ratios, and ascorbic
acid:TEA:HP-B-CD with 1:1:1:molar ratios, was performed by
the freeze-drying method [14]. Appropriate amounts of each
component were suspended in distilled water, sonicated in an
ultrasonic bath at 25.0 4= 0.1 °C constant water temperature until
the drug was dissolved completely, and finally the solutions were
filtered through 0.45 pwm membranes (Millipore, USA). Filtrates
were frozen at —40 °C for 24 h to ensure complete solidification,
before the freeze-drying was started (Freeze Dye 4.5 Labconco
corp., Kansas City, MI).

Physical mixtures were prepared by the simple mixing of the
corresponding components.

2.3. Fourier-transform infrared spectroscopy (FT-IR)

The FT-IR spectra were recorded on potassium bromide disks
on a Nicolet 5 SXC FT-IR Spectrophotometer (Madison, WI,
USA).

2.4. Differential scanning calorimetry (DSC)

Thermal analyses were performed with a DSC TA 2920
(Newcastle, DE, USA), at a heating rate of 10°C min—!. The

thermal behavior was studied by heating samples in aluminum
hermetic pans under nitrogen gas flow, over a temperature range
of 25-400 °C.

2.5. NMR spectroscopy

'"H NMR and '*C NMR were performed using a Bruker AC
200 spectrometer at 200.13 MHz. NMR spectra of pure compo-
nents and their equimolar combinations were taken in D,O. The
concentrations of the components were 11 mg/ml for ascorbic
acid, 76.4 mg/ml for HP-B-CD and 25 mg/ml for TEA.

For 13C NMR measurements, a small amount of methanol
(~1mM) was added to all samples as a reference, because it has
been shown that methanol is a good internal reference due to its
low association constant with CDs [15].

All spectra were recorded with 5mm tubes immediately
after preparation in order to avoid degradation of ascorbic acid.
The chemical shifts (§) were reported as ppm, and were ref-
erenced to the residual water signal (4.80 ppm) or methanol
signal (49.1 ppm) for 'H and '3C NMR experiments, respec-
tively.

The critical CD concentration (cc) for the aggregate forma-
tion and the aggregation number were estimated using 'H NMR
measurements by the method of Ruso et al. [16].

2.6. Stability studies

The kinetics of degradation of ascorbic acid was studied both
in the presence and absence of ligands in aqueous solutions at
different pH values ranging from 1.34 to 11.04. In addition,
the influence of both pH and HP-B-CD concentrations on the
degradation was studied at pH 2.50, 4.20 and 8.50; and the effect
of TEA concentration was studied at pH 8.50.

The studies were performed using NaHCO3/NaOH and Mcll-
vaine buffers [17]. The pH values were adjusted by addition of
phosphoric acid or sodium hydroxide. Measurements of pH were
performed by using an ORION SA520 pH-meter.

Stock solutions of ascorbic acid (0.5 mg/ml) were prepared
in water. Test solutions were prepared by diluting the stock
solutions to a final concentration of 1.8 1072 mg/ml in water
or buffer solutions. Then, HP-B-CD or TEA or their combi-
nation was added in increasing concentrations (0.01-10% and
0.9749-3.5450 mM, respectively). These solutions were stored
at 25.0 £ 0.1 °C under continuous shaking (Haake DC10 ther-
mostat) and protected from light during the kinetic runs in order
to diminish photolytic effects. At suitable time intervals, samples
were withdrawn and were immediately analyzed for remaining
ascorbic acid by monitoring spectrophotometrically (Shimadzu
UV-160A spectrometer) the decrease in absorbance at a suitable
wavelength (266 nm in aqueous solutions and buffer pH 8.50;
259 nm in buffer pH 4.20 and 246 nm in buffer pH 2.50), since
interference from degradation products was negligible at these
wavelengths. The experiments were performed in triplicate. The
observed pseudo first-order rate constants (kops) for the degra-
dation were obtained from a linear regression analysis of the
natural logarithm of the remaining ascorbic acid plotted against
time.
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Fig. 1. DSC curves of ascorbic acid (a); HP-B-CD (b); TEA (c); ascorbic acid:HP-B-CD freeze-dried complex (solid line) and physical mixture (short dashed line)
(d); ascorbic acid:TEA freeze-dried complex (solid line) and physical mixture (short dashed line) (e); ascorbic acid:HP-B-CD:TEA freeze-dried complex (solid line)

and physical mixture (short dashed line) (f).
3. Results and discussion
3.1. Solid-state studies

Some information on solid-state interactions between ascor-
bic acid, HP-B-CD and TEA was obtained by DSC and FT-IR.

Fig. 1 shows the calorimetric curves of individual com-
ponents and their complexes or physical mixtures. The DSC
thermogram of ascorbic acid showed a melting endothermic
peak at 194.6 °C. HP-3-CD exhibited a typical broad endother-
mic peak between 50 and 175°C assigned to a dehydration
process, with TEA showing an endothermic event between 250
and 350 °C, which was attributed to its decomposition.

Comparison of the DSC curves of the systems prepared by
freeze-drying with those obtained by physical mixture confirms
an interaction between the components. In fact, the disappear-

ance of the melting peak of ascorbic acid in the thermograms of
the freeze-dried ascorbic acid:HP-B-CD and ascorbic acid:HP-
B-CD:TEA systems indicates the formation of complexes. In
the thermogram of ascorbic acid:HP-B3-CD freeze-dried, the
endothermic peak present at around 250 °C is probably due to
the fusion of a new solid phase. In the physical mixtures, how-
ever both characteristic endothermic processes were evident for
the drug and for the CD. Also, the appearance of a new endother-
mic peak may be explained by a solid-state interaction between
the two components in the physical mixture at high temperature.
In the freeze-dried ascorbic acid:TEA system, the endothermic
peak of the acid was observed at 152.8 °C, with this lowering
effect of TEA being due to lower crystalline lattice energy [18].
Nevertheless, an examination of their physical mixture thermo-
grams revealed an evident interaction, probably due to the liquid
state of the samples.
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Fig. 2. (1) FT-IR spectra of ascorbic acid (a); HP-B-CD (b); TEA (c); ascorbic acid:HP-B-CD freeze-dried complex (d) and physical mixture (e). (2) Ascorbic
acid: TEA freeze-dried complex (f) and physical mixture (g); ascorbic acid:HP-B-CD:TEA freeze-dried complex (h) and physical mixture (i).

The freeze-dried complexes, and the physical mixtures in the
same molar ratios, were also examined by FT-IR spectroscopy.
They were then compared to the pure components to try to obtain
supporting evidence of complexation.

As shown in Fig. 2(1) (a), characteristics bands of ascorbic
acid were found at 1755cm™! (C=0), 1500cm™~! (C=C) and
1117 cm™! (C—O—C), which were not superimposed with HP-
B-CD (Fig. 2(1) (b)) or TEA (Fig. 2.1 (c)) bands. Differences
between the spectrum of ascorbic acid and those of its systems
were found in these regions.

As shown in Fig. 2(1) (d), in the spectrum of ascorbic
acid:HP-B-CD freeze-dried system the band of the carbonyl
group of the guest at 1755 cm™! changed to 1770 cm™~!, with a
decrease in its intensity being observed, whereas the bands cor-
responding to C=C and C—O—C (at 1500cm~' and 1117 cm™!,
respectively) were shifted to 1490 and 1159 cm ™!, respectively.
These events could be attributed to the formation of hydrogen
bonds between the encapsulated drug and the CD, suggesting
that the ring moiety of the ascorbic acid molecule interacts with
the CD. On the other hand, the spectrum of the physical mixture
(Fig. 2(1) (e)) corresponded simply to the superposition of the
FT-IR spectra of the two components.

For the ascorbic acid: TEA freeze-dried system (Fig. 2(2) (f))
as well as for its physical mixture (Fig. 2(2) (g)), the appearance
of the carbonyl band differed from that of the pure ascorbic

acid. It shifted to 1729 cm™! in both systems, but it increased in
intensity in the freeze-dried.

In the case of the ascorbic acid:HP-B-CD:TEA systems, the
intensity of the carbonyl band of ascorbic acid was significantly
diminished in the freeze-dried system (Fig. 2(2) (h)) relative to
the physical mixture (Fig. 2(2) (i)), and at the same time, it was
shifted towards lower frequencies in both systems (1719 and
1726 cm™!, respectively).

The observed shifts for the carbonyl band in the systems con-
taining TEA are indicative of strong intermolecular interactions
between ascorbic acid and the TEA.

Taking into account these spectral changes, there was
undoubtedly clear evidence of interactions between ascorbic
acid and the other two compounds, suggesting the formation
of a complex.

3.2. NMR studies

Solid-state characterization gives information about the inter-
action between the drug and the CD that can only involve the
external surface of the CD. Hence, the guest molecule could be
accommodated externally between two or more CD molecules.
To clarify the existence of the complexes, other techniques can
be used such as NMR spectroscopy. NMR spectra were used to
attempt to provide direct proof for the complex conformation
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Table 1
"H NMR chemical shifts (8) of the individual components and changes (A8) in
the presence of the binary and ternary systems (see Fig. 3)

Assignment § free drug A (§ complexed — § free)
(ppm)
AA:HP-B-CD AA:TEA AA:HP-3-
CD:TEA
Ascorbic acid
H5 5.030 —0.032 —0.473 —0.477
H6 4.142 —0.017 —0.074 —0.048
H7 3.823 —0.006 —0.030 —0.044
TEA
H1 2.800 0.393 0.718
H2 3.747 0.142 0.259
HP-B-CD
H1 5.214 —0.006 —0.006
H2 3.681 —0.005 —0.005
H3 4.058 —0.042 —0.004
H4 3.541 —0.008 —0.095
H5 3.735 —0.010 —0.005
H6 3.936 —0.005 —0.006
CH3 1.229 —0.001 —0.005

between ascorbic acid and the ligands. Evidence of the inclu-
sion of ascorbic acid in the cavity of the HP-3-CD, as well as
its interaction with TEA in aqueous solution, was based on the
modification of the NMR spectra of the mixtures with respect
to the spectra for the individual components. For ascorbic acid
and HP-B-CD, assignment of peaks to protons was performed
following Yang et al. [19] and Loukas et al. [20], respectively.

The chemical shifts () for the protons of the individual com-
ponents, and the changes induced on them as a result of the
interactions in the binary and ternary systems, are summarized
in Table 1 and Fig. 3. In the "H NMR spectra of the systems
studied, appreciable shifts were observed in the ascorbic acid
signals, probably due to conformational changes as a result of
complexation.

'"H NMR results for the ascorbic acid:HP-B-CD system
(Table 1) revealed that the signals due to HP-3-CD protons
shifted upfield, induced by interaction with ascorbic acid. This
suggests that a hydrophobic interaction prevails between the
ascorbic acid and the CD. The internal H3 and H5 protons and
the external H4 proton underwent greater displacements than
the external H1, H2, and H6 protons. These changes are crit-
ical functions of the ascorbic acid position in the molecule.
The magnitude of the H3 and HS shifts and their relationship
(ASHS5/AS8H3) can be used as quantitative measurements of the

Ascorbic Acid (AA)

HP-B-CD

CH,
y
R =-CH,-CH-OH

Fig. 4. Graphic illustration of the proposed structure of the ascorbic acid:HP-
B-CD inclusion complex.

complex stability and of the depth of inclusion of the ascorbic
acid inside the cavity [21], respectively. The shields of the HP-[3-
CD internal protons are probably due to diamagnetic anisotropy
effects inside the cavity produced by groups very rich in m elec-
trons of the guest [22], which suggests that the ascorbic acid
ring penetrates in the cavity, since this possesses the only groups
with  electrons in the molecule. The small value obtained for
the ASH5/AS8H3 relationship (0.238) suggests that ascorbic acid
penetrates partially into the HP-3-CD cavity from the wider side
(Fig. 4). Also, the H6 proton, located in the narrow border, was
not significantly affected by the presence of ascorbic acid. Nev-
ertheless, because the external H4 proton was also influenced in
the presence of the guest, we cannot exclude a probable inter-
action between ascorbic acid and the external surface of the CD
[23]. On the other hand, in the presence of HP-3-CD, the H5 and
H6 protons of ascorbic acid showed a pronounced upfield shift,
suggesting their association with the oxygen atoms of the CD,
which are rich in 7 electrons [22]. These findings allow us to
speculate that only the lactone cyclic portion was inserted into
the cavity of the CD.

The inclusion was also confirmed by '3C NMR as it provides
considerable information on the environment of individual car-
bons and intermolecular interactions, and is therefore very useful
for analyzing inclusion phenomena [24]. Remarkable changes
were observed in the 13C signals of ascorbic acid in the presence
of HP-B-CD (Table 2). The C6 of the alkyl side chain shifted

CH,CH,OH

N—CH ,CH,0H
R<{CH,- CH-O| H
| CH,CH,OH
CH, n 12

TEA

Fig. 3. Chemical structures and labeling of the compounds used in this study.
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Table 2
13C NMR chemical shifts (8) of ascorbic acid and ascorbic acid:HP-B-CD
complex

Carbon Ascorbic acid Ascorbic acid: AS (8. — 8o)
o (ppm) HP-B-CD . (ppm)

Cc2 173.6740 173.2157 —0.4583

C3 118.2059 118.3149 —0.1090

C4 155.9662 155.5080 —0.4582

C5 76.4028 76.2950 —0.1078

Cc6 69.1526 69.1795 0.0269

c7 62.3067 62.3067 0

to lower fields whereas the others shifted to higher fields. This
behaviour was well correlated with 'H NMR results, since both
demonstrated the introduction of the ascorbic acid ring into the
CD cavity.

On the other hand, in the 'H NMR spectrum of ascorbic
acid:TEA system marked changes were observed in the signals
of both molecules (Table 1). This demonstrated a strong inter-
action between TEA and ascorbic acid, suggesting the creation
of an association complex by the formation of hydrogen bonds
between the nitrogen atom of the aminoalcohol and the eno-
lic hydrogen of the ascorbic acid (Fig. 5). The greater upfield
shift observed for H5 of ascorbic acid could be due to a pH
effect, since it was reported in Ref. [19] that this proton signal
shifted upfield for an increase in the pH value. Furthermore,
the 'H NMR spectrum of the ascorbic acid:HP-B-CD:TEA sys-
tem presented a considerable complexity (Table 1). The H3 and
HS5 protons located within the CD cavity were unaffected, sug-
gesting no involvement in the complexation. The upfield shifts
of the ascorbic acid protons and the external H4 proton of the
HP-B-CD, and the downfield shifts of the TEA signals, permit
us to postulate that ascorbic acid forms an association complex
with TEA, which then interacts with the hydroxyl groups on the
external surface of the CD to form a ternary complex.

The largest downfield shifts were observed for the TEA pro-
tons in the presence of ascorbic acid, with these shifts being more
pronounced when HP-3-CD was added to the binary system.

3.3. Formation of aggregates

The CDs and their complexes show a tendency to self-
associate by forming aggregates in aqueous solution. Studies
have indicated that the aggregates are formed with two or more
CD molecules or complexes [25]. The possible formation of
aggregates or non-inclusion complexes was investigated using

OH
OH
HOCH,CH2 O==
HOCH:2HC —N ___HO OH

HOCH2CH2

Fig. 5. Proposed structure of the ascorbic acid:TEA association complex.

"H NMR spectroscopy. Critical concentrations (cc) and aggrega-
tion numbers were determined from chemical shift data [16,26].
The chemical shift of the CHz group of the HP-B-CD
molecule was measured from the 'H NMR spectra of solutions
for a range of HP-B-CD concentrations (1.33-211.50 mg/ml),
combined with a constant concentration of other components.
The plots of the chemical shifts for the pure HP-3-CD solu-
tion, the HP-B-CD solution containing ascorbic acid, and the
HP-B-CD solution containing ascorbic acid and TEA, as a func-
tion of the inverse of the total HP-3-CD concentration (Fig. 6),
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(b); HP-B-CD solution containing ascorbic acid (c).
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Fig. 7. NMR chemical shift data for determination of the aggregation number
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show pronounced upfield shift upon aggregation. These results
indicated that below critical concentration (cc) the chemical
shift was concentration independent, suggesting an absence of
any appreciable pre-aggregation, but when the concentration
was higher than cc, the chemical shift was inversely propor-
tional to the total HP-B-CD concentration. The cc values were
determined from the intersection of the linear portions of the
plots at concentrations, both above and below the inflection
region. The cc of HP-B-CD is 77.7 mg/ml, with the effect of
ascorbic acid and TEA on the cc value being insignificant
(75.67 mg/ml). However, the presence of only ascorbic acid
yielded a marked decrease in the cc value (25.28 mg/ml). This
suggests that ascorbic acid induced the formation of aggre-
gates of HP-3-CD. We assume that the chemical shifts observed
(8obs) are the weighted averages between the chemical shift
of free HP-B-CD in the monomeric state (§5) and the chemi-
cal shift of HP-B-CD in the aggregate (8y,). The aggregation
number “n” can be deduced from the variation of Syps as
a function of total HP-B-CD concentration (C;) [26]. Plots
of In (Cidopbs) against In [Ci(6m — Sobs)] (Fig. 7) show that the
aggregation numbers are between 3 and 4 for pure HP-3-CD,
and the ternary system, and between 2 and 3 for the binary
system.

Due to the small diameter of the HP-3-CD molecule, it is
difficult to characterize the aggregates, which consist of a small
number of units. However, changes in the physicochemical prop-
erties due to the formation of such aggregates can easily be
observed. Any kind of self-association between the complexes,
as well as between free HP-3-CD molecules and the complexes,
might explain the shape of the profile obtained for ascorbic acid
degradation.

3.4. Stability studies

3.4.1. Chemical stability in aqueous solution

As discussed previously, ascorbic acid is rapidly decomposed
in aqueous solutions with half-lives ranging from a few hours to
a few minutes. Therefore, one goal of this research was to ascer-
tain whether the stability of ascorbic acid could be enhanced by
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Fig. 8. Effect of (a) HP-B-CD, (b) TEA, separately or in combination, on the
rate constant of the ascorbic acid degradation.

complexation with HP-B-CD and TEA, either separately or in
combination.

The effect of the ligands on the stability of the ascorbic acid
in aqueous solution is depicted in the plots of the observed rate
constants (kqps) as a function of the ligand concentration (Fig. 8a
and b). Among the ligands examined, TEA had a pronounced
positive effect on the degradation of ascorbic acid, whereas
HP-B3-CD had a minor effect. These figures clearly show the
significant improvement in the stability of ascorbic acid upon
the addition of TEA. Moreover, the multicomponent complex
gives a significantly better stabilization than that of HP-3-CD
alone. The linear relationship obtained between the natural log-
arithmic percentage of the remaining concentration of ascorbic
acid and time unambiguously indicates that the degradation of
ascorbic acid, irrespective of the concentration of ligand being
employed, follows a pseudo-first-order kinetic.

The kops and the corresponding half-life values are presented
in Table 3. There was approximately a 17-fold increase in the
stability of ascorbic acid in the presence of 0.9749 mM of TEA.
This corresponds to an increase in the half-life of ascorbic acid
from 3.4 h in aqueous solution to 58.2 h in the presence of TEA.
Also, in the presence of 1% HP-3-CD the half-life was 10.0 h.

The quantitative relationship between kqps and the total con-
centration of ligand was obtained by the Lineweaver—Burke plot
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Table 3
Degradation rate constants and corresponding half-life values for ascorbic acid
complexed with different ligands in aqueous solution at 25 °C

Ligand (concentration) kobs (A1) 150 (h)
Aqueous solution 0.206 + 0.005 34
HP-B-CD (1%, w/v) 0.069 £ 0.003 10.0
TEA (0.9749 mM) 0.0119 £ 0.0009 58.2
HP-B-CD (5%, p/v):TEA (0.9749 mM) 0.0156 < 0.0006 44.4

[27], constructed using the relationship:

1 1
— (ko — ke)[L] +

1
(kO - kobs) B K. (kO - kc)

where ko and k. are the rate constants for the degradation of the
free and the complex drug, respectively, with K. being the sta-
bility constant for the complex, and [L] the concentration of the
ligand. The values of k. and K, calculated from the intercept
and slope of the linear line constructed by plotting 1/(kg — kobs)
versus 1/[L] are shown in Table 4. This method is used for esti-
mating K. values when the guest molecule is so chemically labile
that the K values cannot be determined by any other method
[2,28]. The results obtained clearly show that the degradation
of ascorbic acid in the complex forms at lower concentrations
of ligands is much slower than that of free ascorbic acid. Using
K. for the complexes a different interaction can be deduced for
each ligand, with the interaction for TEA being the largest. The
K. value for ascorbic acid:HP-B-CD is relatively low, indicating
that this host—guest complex has relatively small driving forces
for inclusion. This implies that at the CD concentrations used, a
large fraction of the acid remains uncomplexed.

Concerning ascorbic acid in a TEA complex (Fig. 8), its
profile shows a stabilizing effect, but with kopg increasing
for a corresponding rise in the TEA concentration, whereas,
the degradation profile for ascorbic acid in the complex form
with HP-B-CD (Fig. 8) shows two different behaviours. At
the beginning, for lower CD concentrations, the degradation
rate decreased with increasing CD concentration, but then kops
accelerated upon further increases in CD concentration. The
interpretation of these kinetic results could be made by taking
into account the cc value, since it was shown that the ascorbic
acid:HP-B-CD complex could form higher-order systems with
additional cyclodextrin molecules. From this, we can postulate
that HP-B-CD has a stabilizing effect until its concentration
reaches the cc, but subsequently its effect diminishes propor-
tionally to an increase in the concentration. These differences

Table 4

The stabilization of ascorbic acid by complexation

Ligand pH ko® (h™1) kPmh)  K.Mh
HP-B-CD 4.20 0.206 £ 0.005 0.187 82.87 £ 0.06
TEA 7.51 0.549 £ 0.002  0.080 7342.01 £ 0.03

HP-3-CD:TEA  7.59 0.549 £ 0.002 0.093 6676.81 £ 0.04

* ko the observed first-order rate constant for the degradation of the free
ascorbic acid.

b k. the observed first-order rate constant for the degradation of the ascorbic
acid within the complex.

in the stability behaviour can be explained by the formation of
aggregates. At HP-3-CD concentrations higher than the cc value
for the complex, we postulate that the catalysis of the degra-
dation is favoured by the approach of aggregated cyclodextrin
molecules to the reactive site. These results are also coherent
with the geometry for the complex postulated from the NMR
experiments. Indeed, the partial inclusion of ascorbic acid, with
the lactone ring being located in the cavity rim at the wider end
of the cyclodextrin molecule, allows a favourable approach of
the ester cyclic group to the hydroxyl groups of the cyclodex-
trins forming the aggregates. In such cases, the observed values
of K. and k. are the weighted averages of the different forms of
all the complexes formed.

3.4.2. Influence of pH and stabilization with ligands

The degradation rate profile for ascorbic acid at 25 °C, deter-
mined in the pH range from 1.34 to 11.04 is shown in Fig. 9. In
aqueous solutions, ascorbic acid showed better stability between
pH 1 and 6. In addition, the combined effect of pH and CD con-
centration on the stability of ascorbic acid was studied at pH
values where the drug molecules were either fully ionized (pH
8.50) or fully unionized (pH 2.50), and also at a pH near pKa (pH
4.20). This was due to the fact that charged forms of the drug
molecules are more hydrophilic and carry a larger number of
tightly bounded water molecules than the unionized forms, thus
making it difficult for them to enter the narrow and relatively
lipophilic CD cavity. In Table 5 are shown the results obtained
at different CD concentrations for the three selected pH val-
ues. These indicate that the stabilizing effect of HP-B-CD is
pH-dependent, since it stabilized ascorbic acid in the acidic pH
region but destabilized it in the alkaline pH region.

The stabilizing effect of CD was more significant at pH 2.50,
because the unionized form of ascorbic acid interacted more
strongly with the cavity than its ionized form. However, in alka-
line solution the degradation was accelerated in the presence of
CD, indicating that the catalytic combined effect was synergis-
tic (i.e. a greater acceleration was achieved when alkaline media
and CD were used together), suggesting that this process was

1,0 4
0,5 - .
0,0 .

-0,5 4 .

log k ,(h™)

-1,0 4

1,5

2,0 4

Fig. 9. Effect of pH on the rates of ascorbic acid degradation at 25 °C in the
absence of HP-3-CD.
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Table 5
The stabilization of ascorbic acid at different pHs by complexation
Ligand pH 2.50 pH 4.20 pH 8.50
kobs (h™") ts0 () kobs (h™") ts0 (h) kobs (h™") ts0 ()

0.029 £ 0.004 23.70 0.032 £ 0.002 21.60 0.231 £ 0.002 3.00
HP-B-CD (%w/v)
0.50% 0.0176 £ 0.0002 39.32 0.0325 £ 0.0001 21.35 0.4217 £ 0.0001 1.64
1.00% 0.0167 £ 0.0003 41.55 0.0316 £ 0.0005 21.91 0.3888 £ 0.0009 1.78
3.00% 0.0162 £ 0.0003 42.71 0.0298 £ 0.0005 23.26 0.3202 £ 0.0006 2.16
8.00% 0.0195 £ 0.0006 35.53 0.0315 £ 0.0001 22.00 0.3748 £ 0.0001 1.85
TEA
0.9749 mM 0.1129 £ 0.0001 6.14
1.7365 mM 0.1142 £ 0.0009 6.07
2.3633 mM 0.1173 £ 0.0009 591
2.9542mM 0.1251 £ 0.0009 5.54

favoured by the interaction of the ester part of the ascorbic acid
with the hydroxyl groups of the CD, which existed as alkoxide
ions in this pH region. This observed behaviour could be associ-
ated with the presence of aggregates, which might have catalyzed
the hydrolysis in this media through non-inclusion complex-
ation. Also, our data suggest that the aggregate formation is
unaffected by acid (pH 2.50) and basic (pH 8.50) conditions.

Furthermore, the rate of degradation of ascorbic acid in aque-
ous solution was higher than in the pure buffer solution of
identical pH. This effect on the rate of degradation reflects a
significant ionic interaction, possibly with the buffer ions acting
as stabilizing agents of ascorbic acid. In addition, by using the
buffers, the stabilizing effect of the CD on ascorbic acid degra-
dation at 4.20 pH value is negligible This could be due to the
displacement of the drug molecules away from the CD cavity,
by the buffers ions.

Moreover, the combined effect of complexation with TEA
and the pH control was evaluated. As shown in Table 5, the rate
of degradation is reduced in relationship to the control solution,
with the stabilizing effect being independent of the TEA con-
centration. However, the TEA effect was greater in the aqueous
solution, suggesting a possible interaction between the buffer
ions and TEA, which interfered in the process with ascorbic
acid.

4. Conclusion

In conclusion, the results obtained in this study demonstrate
that the ligands HP-B-CD and TEA are capable of interacting
with ascorbic acid, thereby producing binary and ternary com-
plexes. Furthermore, these complexes can markedly increase the
chemical stability of the ascorbic acid. However, HP-3-CD sta-
bilized ascorbic acid for acid pH but destabilized it at alkaline
pH, with the pH control having a negative influence on the TEA
stabilizing effect.

This study clearly showed that the preparation of complexes
in the solid state is feasible. The inclusion was tested in the solid
state by DSC and FT-IR, and in solution by NMR spectroscopy.
The results obtained from these NMR studies provide significant
information about the species involved in the interactions, and

indicated the partial complexation of ascorbic acid into the HP-
B-CD cavity.
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