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Summary 

The degradation of aspartame was studied under a range of con&tlons (pH, 2.0-4.0; ionic strength, 0.05-0 50 M; temperature, 
4-50°C) The loss of aspartame and formation of its degradation products were followed by a stabdity-indtcatmg lsocratic 
high-performance liqmd chromatographic method that was able to separate aspartame from all known primary and some secondary 
reaction products. The abdlty of three unmodified cyclodextrms (a-, fl- and y-cyclodextrlns) and four mo&fied cyclodextrins 
(2,6-dimethyl-, 2,3,6-trimethyl-, 2-hydroxyethyl- and 2-hydroxypropyl-fl-cyclodextrins) to lower the overall degradation rate was 
studied. The most effectwe agent was unmodified fl-cyclodextrm. The stabdlty enhancement of 2-hydroxypropyl-fl-cyclodextrin was 
better for a sample with a lower average extent of substitution (19 2% of available hydroxyl groups substituted) compared to a 
sample with a higher extent of substitution (30-33% substituted), although neither was as good as fl-cyclodextrin Stablhzatlon by 
complexatlon with fl-cyclodextrin was found to be more effective at lower temperatures and at higher lomc strengths. At low 
temperatures (4°C), the distribution of reaction products was different from that at higher temperatures. 

Introduction 

Aspartame (a-L-aspartyl-L-phenylalanine, 
methyl ester; APM) degrades in aqueous solution 
by several pathways. These have been reported to 
be first order in aspartame (Gaines and Bada, 
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1988). The half-life of aspartame at 25°C is 260 
days at pH 4.3 (the pH of maximum stability), 12 
days at pH 1.0 and 1 day at pH 7 (Mazur, 1976; 
Anon, 1987). Scheme 1 summarizes the most 
likely degradation products. 

The most important pathway under neutral 
and acidic conditions (pH > 2) is intramolecular 
selfoaminolysis, leading to formation of the cyclic 
dilactam 3-methylenecarboxyl-6-benzyl-2,5-dike- 
topiperazine (Gaines and Bada, 1988). Ring- 
opening of the 2,5-diketopiperazine (DKP), then 
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hydrolysis to the isomeric dipeptides L-phenyl- 
alanyl-a-L-aspartic acid (PA) and a-L-aspartyl-L- 
phenylalanine (a-AP) occurs in acidic solutions. 
Under more acidic conditions (pH _< 2), the pre- 
dominant reaction product is a-AP, presumably 
from acid-catalyzed hydrolysis of the methyl es- 
ter. Other degradation pathways for aspartame 
include hydrolysis of the peptide bond to L-phen- 
ylalanine methyl ester (PM) and isomerization to 
fl-L-aspartyl-L-phenylalanine methyl ester (fl- 
APM). The isomerization reaction has been re- 
ported (for other peptides) to occur through a 
succinimide intermediate (Kirsch et al., 1989; 
Bhatt et al., 1990; Patel and Borchardt, 1990). All 
primary reaction products are further hydrolyzed, 
eventually forming aspartic acid, phenylalanine 
and methanol. The routes of degradation are 
pH-dependent (Gaines and Bada, 1988), with a 
pH of maximum stability near 4.3, for overall loss 
of APM. 

Phenylalanine has been reported to form a 
complex with a-cyclodextrin (a-CD), presumably 
by inclusion of the aromatic group into the cy- 
clodextrin cavity, but not with /3- or y-cyclo- 
dextrins (/3- or y-CD) (Matsuyama et al., 1987). 

NMR studies have been used to show that APM 
complexes with both a- and /3-cyclodextrin 
(Kasso c = 90 M-l).  These indicated that interac- 
tion of the peptide amide N-H region with the 
CD assists stabilization of the complex (Taka- 
hashi et al., 1986). This was suggested by small 
changes in chemical shifts (~H and 15N) for the 
amide N-H group, which indicated that this group 
was close enough to the C2 or C3 hydroxyl groups 
to form hydrogen bonds. It has been recently 
.suggested that the APM-fl-CD complex (in 
DMSO solution) is also stabilized by interaction 
of the aspartyl /3-carboxyl group with the CD 
(Maheswaran and Divakar, 1991). In preliminary 
studies, complexation with a cyclodextrin was re- 
ported to stabilize hydrolytically susceptible 
molecules such as APM (Ojima, 1983; Brewster 
et al., 1991). 

Degradation of aspartame by intramolecular 
self-aminolysis requires that the molecule adopt a 
restricted cyclic conformation. Also, hydrolysis of 
APM to PM or to a-AP requires that the amide 
or ester carbonyl groups be accessible. The cy- 
clodextrin-induced conformational restraint on 
the motions of the groups in aspartame indicated 
by the above studies suggests that decomposition 
of aspartame in aqueous solution could be inhib- 
ited to some extent by complexation. The present 
study is intended to demonstrate stabilization of 
aspartame in liquid preparations under condi- 
tions of temperature, pH and ionic strength which 
are typical of its uses. This approach suggests an 
equilibrium-controlled reservoir which would lib- 
erate free aspartame to replace material lost by 
degradation. It is implicit in this approach that 
increased total concentrations of aspartame would 
be required in formulated liquid products. HPLC 
was used to quantify aspartame and to separate it 
from some of its degradation products. 

Materials and Methods 

Matenals 
Aspartame (a-L-aspartyl-L-phenylalanine 

methyl ester, APM), 3-methylenecarboxyl-6-ben- 
zyl-2,5-diketopiperazine (DKP), a-L-aspartyl-L- 
phenylalanine (a-AP), L-phenylalanine methyl es- 



ter (PM), /3-L-aspartyl-L-phenylalanine methyl es- 
ter (/3-APM), and L-phenylalanine (L-PHE) were 
used as supplied by the NutraSweet Co. (Deer- 
field, IL). a-Cyclodextrin (lot 130; Mol. Wt 972.9; 
Advanced Separation Technologies, Inc.) (a-CD), 
/3-cyclodextrin (lot 127; Mol. Wt 1135.0; Ad- 
vanced Separation Technologies, Inc.) (/3-CD), 
y-cyclodextrin (lot 132; Mol. Wt 1297.1; Ad- 
vanced Separation Technologies, Inc.) (y-CD), 
2,6-dimethyl-/3-cyclodextrin (lot 17-1; Mol. Wt 
1331.3; gift from Professor H. Ueda) (DM-/3-CD), 
2,3,6-trimethyl-/3-cyclodextrin (lot 3; Mol. Wt 
1429.5; gift from Professor H. Ueda) (TM-/3-CD), 
2-hydroxyethyl-/3-cyclodextrin (lot RR 6; average 
Mol. Wt 1750; average degree of substitution, 
62-67%; American Maize Products Co., Ham- 
mond. IN) (HE-/3-CD) and 2-hydroxypropyl-/3- 
cyclodextrin (lot RR10, average Mol. Wt 1513, 
average degree of substitution, 31%; lot RRl lA ,  
average Mol. Wt 1542, average degree of substi- 
tution, 33%; lot EN90-1, average Mol. Wt 1366, 
average degree of substitution, 19%; lot EN90-4, 
average Mol. Wt 1370, average degree of substi- 
tution, 19%; American Maize Products Co., 
Hammond, IN) (HP-/3-CD) were used as re- 
ceived; average degree of substitution estimates 
were from the FAB mass spectrometric method 
and were provided by American Maize Products. 
Solvents were Fisher HPLC grade and other 
chemicals were ACS reagent grade or better. 

HPLC 
Isocratic HPLC was performed with a Spec- 

troflow 400 solvent pump (Kratos Analytical In- 
struments, Ramsey, NJ), 20 /xl loop injector 
(Model 7125, Rheodyne, Cotati, CA), octylsilyl 
(C8) reversed-phase column (4.6 mm × 15 cm, 5 
/zm, nominally 13 500 plates) (Keystone Scien- 
tific, Inc., State College, PA) and a Spectroflow 
757 variable-wavelength ultraviolet absorption 
detector (Kratos Analytical Instruments, Ramsey, 
NJ) (/~'anal, 210 nm). The mobile phase (flow rate, 
1.2 ml/min) was 12.5% v /v  acetonitrile and 
87.5% v /v  phosphate buffer (0.18 M sodium di- 
hydrogen phosphate, adjusted to pH 2.1 with 
phosphoric acid), containing 0.020 M sodium 
heptanesulfonate and 0.114 M KC1. Data acquisi- 
tion was performed by a Model 3392A integrator 
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(Hewlett-Packard, Corvallis, OR). Instrument re- 
sponse was checked with standards of aspartame 
and each degradation product; it remained un- 
changed throughout the study. The following re- 
tention volumes were recorded: APM, 23 ml; 
DKP, 5.0 ml; PA, 7.9 ml; a-AP, 9.5 ml; PM, 15 
ml;/3-APM, 18 ml; L-PHE, 6.1 ml. In addition, an 
unidentified small peak was observed with reten- 
tion volume 30-35 ml. Retention volumes slowly 
decreased with time, probably from column dete- 
rioration due to the low mobile phase pH. To 
accommodate this deterioration, the acetonitrile 
content was progressively decreased until it 
reached 11.0% v/v, at which point the column 
was replaced. 

Reaction kinetics 
Kinetic experiments were performed in stop- 

pered 50 or 100 ml volumetric flasks maintained 
at constant temperature (25.0, 30.0, 35.0, 40.0 or 
50.0 + 0.1°C) in a large water bath controlled by a 
thermostat (Thermomix II, B. Braun, Melsungen, 
Germany) or in a laboratory refrigerator (4.0 + 
1.0°C). Reaction solutions were prepared at the 
following pH values: 2.0 (unbuffered phosphoric 
acid or phosphate buffer), 2.8-3.3 (phosphate 
buffer or citrate buffer) and 4.0 (acetate buffer or 
citrate buffer). The pH was checked before and 
after kinetic runs with a Model 611 Digital pH 
Meter (Orion Research Inc., Cambridge, MA), 
which was calibrated daily with pH 2.0, 4.0 or 7.0 
standard solutions (Fisher) at the temperature of 
the kinetic measurements. Reaction solution 
buffers (0.05 or 0.15 M in the buffer component) 
were prepared in glass-distilled water and ad- 
justed to the correct pH. Except in the case of 
unbuffered phosphoric acid, or where ionic 
strength was the experimental variable, ionic 
strengths were adjusted with KCI where neces- 
sary. 

Reaction solutions were prepared by dissolving 
APM (50 mg) in the appropriate buffer (100 ml, 
prewarmed to the temperature of measurement), 
the volume adjusted to the mark, and then a 
zero-time aliquot was injected into the HPLC. A 
portion of the reaction solution was then used to 
dissolve a weighed amount of the desired cy- 
clodextrin (usually a 5-fold molar excess in a 50 
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ml flask), the volume was adjusted to the mark, 
then a zero-time aliquot was injected. This en- 
sured that both of the reaction solutions con- 
tained identical initial concentrations of APM 
(1.70 mM). Alternate injections of the uncom- 
plexed and complexed reaction solutions were 
then made periodically. Pseudo-first order rate 
constants (k) and half-lives (ts0) were calculated 
from the slopes of linear semi-log plots of APM 
peak area as a function of time. Stabilization was 
evaluated by the percentage increase in ts0 with a 
CD present, compared to that without the CD. 
Systems containing CDs which demonstrated lit- 
tle or no stabilization were followed for one half- 
life, while those which did exhibit stabilization 
were studied for two to three half-lives where 
possible. 

Results and Discussion 

Chromatography of APM reaction products 
A typical chromatogram of a partly degraded 

solution of aspartame is shown in Fig. 1. PA and 
a-AP could only be separated with a mobile 
phase pH near 2. PA was tentatively identified in 
chromatograms by its (expected) formation from 
DKP. Hydrolysis of authentic DKP (pH 2) ini- 
tially gave two peaks of almost equal area. One of 
these co-eluted with a-AP, while the other was 
taken to be PA, according to the expected hydrol- 
ysis pathways for DKP. In hydrolyses of APM, 
the peak for a-AP was always about 10-fold larger 
than that of PA, suggesting that most of the a-AP 
resulted from primary hydrolysis of the methyl 
ester, rather than secondary ring opening of DKP 
(Scheme 1). A small unidentified peak with reten- 
tion volume 30-35 ml was more apparent in more 
concentrated solutions. 

Stabilization with cyclodextrms 
In agreement with previous reports (Mazur, 

1976; Anon, 1987), pseudo-first order rate con- 
stants for hydrolysis of APM increased as pH was 
lowered from 4.0 to 2.0. Increased concentrations 
of all buffer species (especially phosphate) ap- 
peared to catalyze the loss of APM. No correc- 
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F~g. 1. Chromatogram of APM after incubation m unbuffered 
phosphoric acid (pH 2 0, 40.0°C) for 792 h Peak identifica- 
tion" 1, DKP; 2, L-PHE; 3, PA; 4, a-AP; 5, PM; 6, unidenti- 

fied; 7,/3-APM; 8, APM; 9, umdentified. 

tions have been made for these buffer catalytic 
effects. 

Preliminary experiments with a-, /3- and y- 
cyclodextrins indicated that a CD:APM ratio of 
1 : 1 demonstrated little or no stabilization, but a 
ratio of 5:1 did for those CDs that were effec- 
tive. This result is not surprising, given the low 
reported equilibrium complexation constant of 
128 M -1 for /3-CD at 25°C (Moelands et al., 
1992). Thus, a CD : APM ratio of 5 : 1 was used in 
all subsequent experiments. This ratio required 
the use of/3-CD concentrations that approached 
its limit of saturation at the lowest temperature 
of the study, a-CD did not appear to stabilize 
APM at all (40°C, pH 2.0), while y-CD was less 
effective than /3-CD. The seven-unit /3-cyclo- 
dextrin cavity appeared to be optimal for com- 
plexation of APM. 2,6-Dimethyl-/3-cyclodextrin 



TABLE 1 

Rate constants and half-lives for degradatton of APM wtth or wtthout [3-cyclodextrm 
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Agent T pH Buffer a k( × 104) ts0 % increase 
(°C) (h -  i) (days) in ts0 

None 4.0 2.0 0 05 M P 0.748 b 386 
/3-CD 4.0 2.0 0.05 M P 0.546 b 529 37 

None 25.0 2 0 0.15 M P 10.2 b 28.4 
/3-CD 25 0 2.0 0 15 M P 7.30 b 39.6 40 

None 30.0 2.0 0.15 M P 13.7 b 21.0 
/3-CD 30.0 2.0 0.15 M P 10.0 b 28.9 38 

None 35.0 3 0 0.05 M P ( I  z 0.05) 10.5 27.6 
/3-CD 35.0 3.0 0.05 M P (I  = 0.05) 8.59 33.6 22 

None 35.0 3.0 0.05 M P 6.80 42.5 
/3-CD 35.0 3.0 0.05 M P 5.48 52.7 24 

None 35.0 3.0 0.05 M P ( I  = 0.50) 6.97 41.4 
/3-CD 35.0 3.0 0.05 M P ( I  = 0 50) 5.28 ,54.7 32 

None 35.0 3.0 0.05 M C (I  = 0.063) 6.84 42.2 
/3-CD 35.0 3.0 0.05 M C (I  = 0.063) 5.63 51.3 22 

None 35.0 3 0 0.05 M C (I  = 0.063) 6.71 43.0 
/3-CD 35.0 3.0 0.05 M C (I = 0.063) 5.38 53.7 25 

None 35.0 4.0 0.05 M C (I  = 0.084) 3.49 82.8 
/3-CD 35.0 4.0 0.05 M C (I  = 0 084) 2.61 111 34 

None 35.0 2.0 0 05 M P 15.7 18.5 
HP-/3-CD e 35.0 2.0 0.05 M P 12.4 23.4 27 

None 40.0 2.0 H3PO 4 d 15.0 19.3 
t~-CD (1' 1) 40.0 2.0 H3PO 4 14.9 19.4 0.3 

None 40.0 2 0 H3PO 4 15.0 19.2 
/3-CD (1 : 1) 40.0 2.0 H3PO 4 14.0 20.6 7 3 

None 40.0 2.0 H 3 PO4 14.9 19.5 
~/-CD (1 : 1) 40.0 2.0 H3PO 4 14 4 20.0 3.0 

None 40.0 2.0 H3PO4 15.3 18.9 
/3-CD 40.0 2.0 H3PO 4 12.0 24.2 28 

None 40.0 2.0 H3PO 4 15.5 18.6 
DM-/3 -CD 40.0 2 0 H 3 PO4 11.7 25.6 32 

None 40.0 2 0 H3PO 4 15.0 19.2 
TM-/3-CD 40.0 2.0 H3PO 4 14.8 19.5 1.4 

None 40 0 2.0 H 3 PO4 15.7 ~18.4 
HP-O-CD 40.0 2.0 H3PO4 12.0 24.1 31 

None 40.0 2.0 0.15 M P 52.4 5.51 
HE-/3-CD 40.0 2.0 0.15 M P 43.2 6.69 22 

None 40.0 2.0 0.15 M P 52.4 5.51 
None 40.0 2.0 0.05 M P 14.0 20.6 

None 40.0 2.0 0.05 M P 14.2 20.3 
None 40 0 2.0 0.05 M P 14.2 20.4 

None 40.0 3.0 0.15 M P 16.0 18 1 
/3-CD 40.0 3.0 0.15 M P 12.3 23 5 30 

(continued overleaf) 
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TABLE 1 (continued) 

Agent T pH Buffers a k( × 104) ts0 % increase 
(°C) (h -  i) (days) in ts0 

None 40.0 3.0 0.15 M C (I  = 0.190) 19.0 15.2 
/3-CD 40.0 3.0 0.15 M C (I  = 0.190) 17 7 16.3 7 

None 40.0 3.0 0 15 M C (1 = 0.190) 19 7 14.7 
/3-CD 40.0 3.0 0.15 M C (I = 0 190) 17.5 16 5 13 

None 40.0 4 0 0.15 M A 13.1 22 0 
/3-CD 40.0 4 0 0.15 M A 10.6 27 1 23 

None 40 0 4.0 0.05 M A 5.80 49 8 
None 40 0 4.0 0.15 M A 13.4 21 6 
/3-CD 40 0 4 0 0.15 M A 10.5 27 4 27 

None 40.0 4 0 0.05 M C (I = 0.084) 5 71 50.6 
/3-CD 40 0 4 0 0.05 M C (I = 0.084) 4 50 64.2 27 

None 40 0 4.0 0.15 M C (I = 0 343) 13.8 21 0 
/3-CD 40.0 4 0 0.15 M C (I = 0.343) 11 2 25 8 23 

None 40.0 4.0 0 15 M C (1 = 0.343) 14.8 19 5 
fl-CD 40.0 4.0 0.15 M C (I = 0 343) 12 8 22.6 16 

None 40.0 4.0 0 15 M A 12.7 22.8 
DM-/3-CD 40.0 4 0 0 15 M A 10.4 27 7 21 

None 40.0 4.0 0.15 M A 13 6 21 3 
HP-/3-CD 40 0 4 0 0 15 M A 11.6 25 0 17 

None 50 0 2.0 0.05 M P 71.8 4.02 
~-CD 50.0 2.0 0 05 M P 58 6 4.93 23 

None 50.0 3.0 0.15 M P 62 5 4 62 
/3-CD 50.0 3.0 0.15 M P 47 9 6 03 31 

None 50.0 3.3 0.05 M C (I  = 0.063) 25.3 11.4 
/3-CD 50 0 3.3 0.05 M C (I  = 0.063) 21.1 13.7 20 

None 50.0 4.0 0.05 M C (I  = 0.084) 13.8 20.9 
/3-CD 50.0 4.0 0.05 M C (I  = 0.084) 11 6 24.8 19 

None 50.0 2.0 0.05 M P 60.2 4.79 
HP-/3-CD c 50.0 2.0 0.05 M P 54.0 5.35 12 

None 50.0 2.0 0.05 M P 70.0 4.12 
HP-/3-CD e 50.0 2.0 0.05 M P 60.8 4.75 15 

None 50.0 2.0 0.05 M P 70.4 4 10 
HP-fl-CD f 50.0 2.0 0.05 M P 58 6 4.93 20 

None 50.0 2 0 0 05 M P 70.8 4.08 
HP-/3-CD g 50.0 2.0 0.05 M P 59.9 4.82 18 

a Buffers: P, phosphate; C, citrate; A, acetate; I, 0.15 M unless stated. 
b Based on rate data for less than one half-life. 
c Batch RR10, average degree of substitution, 31%, Amaizo. 
d H3PO4: no buffer used, but the pH was adjusted to 2.0 by the addition of phosphoric acid. 
e Batch RR11A, average degree of substitution, 33%, Amaizo. 

Batch EN90-1, average degreelof substitution, 19%, Amaizo. 
g Batch EN90-4, average degree of substitution, 19%, Amaizo. 



and 2-hydroxypropyl-/3-cyclodextrin appeared to 
be of similar effectiveness, compared to /3-cyclo- 
dextrin (40°C, pH 2.0), while 2,3,6-trimethyl-/3- 
cyclodextrin had no stabilizing effects at all. The 
lack of stabilizing effects for TM-/3-CD is likely to 
be due to steric hindrance to complexation by the 
methyl groups. It has been previously reported 
that TM-/3-CD is distorted in shape, due to steric 
effects of the methyls (Imai et al., 1988), although 
this distortion did not completely prevent com- 
plexation of flurbiprofen. Most of the remaining 
work was performed with /3-cyclodextrin or 2-hy- 
droxypropyl-/3-cyclodextrin. Results of all kinetic 
runs are reported in Table 1. Although the data 
in the Table are the results of unreplicated exper- 
iments, the reproducibility can be gauged from a 
comparison of results where no complexing agent 
was used, e.g., the first seven entries of Table 1 at 
T = 40°C and no complexing agent, for which the 
rate constant was (1.52 + 0.05) × 10 -3 h -1. 

Studies near room temperature (25.0-30.0°C) 
were frustrated by persistent mold growth in re- 
action solutions a few days after the commence- 
ment of each run. The results obtained at these 
temperatures are from runs which were followed 
for less than one half-life. 

The effect of temperature on stabilization by 
complexation with /3-CD is clearly seen in Fig. 2. 
There is a good inverse relationship between the 
percent increase in ts0 and temperature (°C) over 
the temperature range 25-50°C. Data for reac- 
tions at 4°C were not compared with those at 
higher temperatures, as the ionic strengths were 
different. However, the formation of a-AP (the 
principal degradation product at pH 2) at 4°C was 
considerably reduced when /3-CD was present 
(Fig. 3a), but the reduction was less when HP-/3- 
CD was present. The temperature-dependent in- 
crease in stabilization probably results from an 
equilibrium complexation constant that increases 
in magnitude at lower temperatures. Some sup- 
port for this hypothesis is provided by a recent 
flow microcalorimetric study of the binding of 
APM to /3-CD (Moelands et al., 1992) and an 
NMR study (Takahashi et al., 1986). The mi- 
crocalorimetric study found a value of 128 M -1 
(S.D. 22) for the association constant in water at 
25°C, while the NMR work (temperature unspeci- 
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Fig. 2. Plot of stabilization of aspartame (% increase m t50) by 
/3-cyclodextfin (I = 0.15 M; pH 2.0) in phosphate buffer as a 

function of reaction temperature (°C). 

fled, but typically 35-40°C) reported a value of 90 
M-1. The calorimetric enthalpy of complexation 
for /3-CD ( -11  700 +700 J mo1-1) was much 
more exothermic than for HP-/3-CD (-2200 + 
200 J mol-1). Substitution of the enthalpies for 
complex formation into the integrated van't Hoff 
equation indicates that the association constants 
for both complexing agents increase at lower tem- 
peratures. Temperature-dependent complexation 
constants have been previously reported for /3- 
cyclodextrin complexes with dantrolene and with 
two of its analogs (Jansen et al., 1990). A similar 
dependence of APM stabilization on temperature 
is seen for HP-/3-CD in phosphate buffer (pH 
2.0). Under these conditions, the percent increase 
in ts0 declined from 27% (35°C) to 13_2% 
(50°C). 

Another feature of the kinetic runs at 4°C (pH 
2.0) was the marked decrease in formation of 
DKP, both with and without the CD. At higher 
temperatures and the same pH, DKP (formed by 
intramolecular aminolysis) was present in similar 
amounts to a-AP (formed by ester hydrolysis), 
but at 4°C, it was only present to a similar extent 
to the minor products (Fig. 3a and b). Presum- 
ably, the intramolecular self-aminolysis reaction 
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pathway has a greater enthalpy of activation than 
the ester hydrolysis pathway. At 4°C and pH 2.0, 
the major degradation product was ~-AP. This 

product can result from direct hydrolysis of the 
methyl ester, as well as from ring-opening of 
DKP. As DKP formation is much reduced at this 
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Fig. 3. Formation of reaction products (in terms of peak area) as a function of time at (a) 4"C and (b) 50*(3. Plots show the effect of 

presence (/CD) or absence of/3-CD on product formation. 



197 

35 

~ 30 

_c 

o= 

25 

20 ~ I ~ I ~ I ~ I i , I 

O 0  0 1  0 2  0 3  0 4  0 5  0 6  

10nlc s t reng th  (M) 

Fig. 4. Plot of stabilization of aspartame (% increase in ts0) by 
/~-cyclodextrin (35°C; pH 3.0) in phosphate buffer as a func- 

tion of runic strength. 

temperature, the bulk of the a-AP should result 
directly from ester hydrolysis. Fig. 3a and b shows 
that PA formation is much less than for ot-AP 
(about one-tenth), at both 50 and 4°C, hence 
methyl ester hydrolysis appears to be a more 
important degradation pathway at all tempera- 
tures. 

Fig. 4 indicates that there is a linear relation- 
ship between stabilization (as percent increase in 
half-life) and the ionic strength of the medium. 
Increased stabilization by/3-cyclodextrin appears 
to result at higher ionic strengths. This could be 
explained in terms of the mechanism by which 
cyclodextrins form complexes with guest 
molecules. The interior of the cyclodextrin cavity 
contains water molecules in a rather hydrophobic 
environment (Szejtli et al., 1980). The driving 
force for complexation of an organic molecule 
will involve interactions: (i) between the host and 
the guest; and (ii) between water molecules re- 
leased from the cavity of the host, water molecules 
released on dehydration of the guest (from both 
hydrophobic and dipolar hydration) and the bulk 
water. This is described by Eqn 1, which is a 

more exact representation of the equilibrium as- 
sociation constant, gasso c 

a X 
aCD_APM(H20)w • H20 

gasso  c = ( 1 )  
aCD(H20)y • aAPM(H20) z • a~t2o  

The thermodynamic activities aCD_APM(H20)~, , 

aCD(H20)y and aAPM(n20)" a r e  for the complexing 
species, and y + z = x, where x is the number of 
water molecules released to the bulk phase (a~2 o) 
on formation of one molecule of the complex and 
w denotes the number of bulk water molecules 
(a~2 o) needed to hydrate the complex. This type 
of complexation is driven by a favorable change 
in entropy, due to the increase in the number of 
bulk water molecules (x > w), as well as by an 
exothermic enthalpy change (Matsuyama et al., 
1987; Eftink et al., 1989). An increased concen- 
tration of ionic species in the medium will reduce 
the thermodynamic activity of the bulk water 
molecules (by hydration of the ionic species). The 
reduction in activity can then be offset (to some 
extent) by liberation of more water molecules 
through increased formation of the host-guest 
complex. 

As APM is an amphoteric dipeptide with acidic 
and basic macroionization constants, it can be 
expected that the association constant is pH de- 
pendent. No explicit studies were performed on 
this point. Some degree of pH-dependent stabi- 
lization can be seen by comparing results ob- 
tained at 35°C in citrate buffers at pH 3.0 (in- 
crease in ts0, 22-25%) and 4.0 (increase in ts0, 
34%). Conversely, no significant stabilization dif- 
ferences are seen on comparing results for citrate 
buffer at 50°C at pH 3.3 or 4.0. However, these 
results are not strictly comparable, as they were 
obtained at different ionic strengths. 

The lots of 2-hydroxypropyl-/3-cyclodextrin 
used in this study were mixtures of many compo- 
nents, each with a variable number of hydrox- 
ypropyl groups per cyclodextrin molecule. /3-CD 
has 21 hydroxyl groups which may be substituted 
by hydroxypropyl, although it should be recog- 
nized that hydroxypropylation maintains the total 
number of hydroxyl groups at 21. Substitution can 
therefore take place on the hydroxypropyl group 
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itself, leading to oligomerization. The effect of 
differences in the average degree of substitution 
(given as a percentage of the 21 available sites) 
for several lots of 2-hydroxypropyl-/3-cyclodextrin 
could be seen from data at 50°C (Table 1, last 
four entries). The more highly substituted lots 
(31-33% substituted) were less efficient at in- 
creasing half-life (average increase, 13 + 2%) 
compared to less highly substituted lots (19% 
substituted), for which the percent increase in 
half-life was 19 + 1%. Under  similar conditions, 
/3-cyclodextrin gave an increase in half-life of 
22.5%. 

The differences in these results show that HP- 
/3-CD does not stabilize APM as well as /3-CD, 
and suggest that the hydroxypropyl groups may 
interfere to some extent with the host-guest com- 
plexation phenomenon. This interpretation is 
supported by the almost total lack of stabilization 
seen with TM-/3-CD, which is exhaustively meth- 
ylated. These results are also supported by a 
recent solution calorimetric study (Moelands et 
al., 1992), in which complexation of APM by 
/3-CD at 25°C in aqueous solution was found to 
have an equilibrium constant of 128 M -1 (S.D., 
22 M- l ) ,  while the same constant for HP-/3-CD 
(under identical conditions) had a value of 46 
M -1 (S.D., 9 M- l ) .  These data indicate that the 
affinity of aspartame for ~-CD is substantially 
greater than that for HP-/3-CD. The calorimetric 
study used the same batches of 31-33% substi- 
tuted HP-/3-CD as those in the present study. 
Other techniques, such as circular dichroism or 
NMR relaxation could also be used to further 
investigate these observations. 

The kinetic results in this study and the calori- 
metric data (Moelands et al., 1992) together sug- 
gest that hydroxypropylation, while increasing cy- 
clodextrin solubility when an amorphous mixture 
of components is present (Rao et al., 1990), re- 
duces complexation, especially when the extent of 
substitution is higher rather than lower. Other  
literature reports, to the effect that lower degrees 
of substitution have higher complexing ability 
(Miiller and Brauns, 1986; Yoshida et al., 1988), 
are in agreement with the present results. Al- 
though HP-/3-CD mixtures seem to be not as 
good as /3-CD at protecting APM from degrada- 

tion, their far greater total aqueous solubility 
(compared to fl-CD) has made them worthy of 
further study. The greater solubility is due to the 
fact that present syntheses of 2-hydroxypropyl-/3- 
cyclodextrin result in amorphous mixtures with 
numerous isomeric and oligomeric components 
which are presumed to have solubilities which are 
independent of each other (Rao et al., 1990). A 
very recent study (Rao et al., 1992) using 2-hy- 
droxypropyl-/3-cyclodextrins with a wide range for 
the average degree of substitution reported that, 
for phenolphthalein, the complexation constant 
varied substantially (10-fold). At very low degrees 
of substitution, the complexation constant was 
higher than that for /3-cyclodextrin, and then 
began to decrease. The samples with the highest 
complexation constants ( ~  2-fold higher) had 
aqueous solubilities which were less than those of 
/3-cyclodextrin itself. 
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