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Abstract 

Cyclodextrins have been investigated for their potential use as excipients for the oral delivery of peptides. A 
modified calcitonin and the somatostatin analog octapeptide octreotide (Sandostatin *) were chosen as model drugs. 
Both the potential of cyclodextrins for metabolic and physicochemical stabilization, as well as their use as absorption 
enhancers were evaluated in vitro using the Caco-2 cell monolayer model and in in situ absorption experiments with 
rats. Physical mixtures of the peptides with ct-cyclodextrin, fl-cyclodextrin, y-cyclodextrin, hydroxypropyl-fl-cyclodex- 
trin and dimethyl-fl-cyclodextrin were used throughout the experiments. The use of fl-cyclodextrin and hydrox- 
ypropyl-fl-cyclodextrin resulted in an increased chemical and enzymatic stability of the peptides, fl-Cyclodextrin, 
;J-cyclodextrin and hydroxypropyl-fl-cyclodextrin also showed absorption enhancing properties in the in vitro system 
as well as in the in situ study. No beneficial effects were observed for a-cyclodextrin. An enhanced permeation of the 
paracetlular marker PEG-4000 across the cell monolayers in the presence of distinct cyclodextrins indicated an 
impairment of the tight junctional integrity as one reason for improved peptide absorption. The results suggest that 
distinct cyclodextrins have protective and absorption enhancing effects on peptides by preparing simple physical 
mixtures of the two components. However, the extent of protection and absorption enhancement seems to depend 
strongly on the nature of the peptide used as well as the chosen cyclodextrin. 
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I.  Introduction 
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Abbreviations: CyD, cyclodextrin; HP-fl-CyD, hydrox- 
ypropyl-fl -cyclodextrin. 

Cyclodextrins (CyD) are cyclic oligosaccharides 
consisting o f  6 - 8  g lucopyranose  units. The ~-l ,4-  
glycosidic linkage o f  the glucose units results in 
the format ion  of  torus-like molecules with a polar  
outer  surface and an apolar  interior cavity (Szejtli, 
1987). As a consequence o f  this apolar  cavity, the 
CyDs  are able to form inclusion complexes with a 
variety o f  guest molecules (Saenger, 1980; Szejtli 
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et al., 1982; Uekama et al., 1983). CyDs offer 
several advantages in drug delivery including im- 
proved drug solubilization and protection against 
physico-chemical and enzymatic degradation, as 
well as the potential for enhanced absorption 
afforded by direct interaction of the CyDs with 
membrane components such as cholesterol, which 
might induce changes in fluidity and permeability 
(Irie et al., 1982). 

Though, extensive data concerning encapsula- 
tion of drug molecules, as well as requirements 
with respect to lipophilicity and the relative size, 
geometry and characterization of the resulting 
complexes have been published, only limited 
knowledge on the interaction of peptides and 
proteins with CyD-molecules is available (Brew- 
ster et al., 1991: Irie et al., 1992). Therefore, the 
goal of the present study was to investigate mix- 
tures of various CyDs with selected peptides with 
respect to stabilization (enzymatic and physico- 
chemical) and absorption enhancement in the gas- 
trointestinal tract. The absorption enhancing 
effects were evaluated in an intestinal cell culture 
model (Caco-2) and in in situ absorption studies 
in rats. To account for the variable physico-chem- 
ical properties of the different CyDs, the natural 
occurring ~-, [:- and ?,-CyD and two CyD deriva- 
tives (hydroxy-propyl-/]-CyD and dimethyl-/]- 
CyD) were chosen for the investigations. As 
model peptides, a glycosylated calcitonin 
(modified calcitonin), which is sensitive against 
moisture (deglycosylation) and labile against en- 
zymatic degradation, and the cyclic somatostatin 
analog octapeptide octreotide were chosen. Oc- 
treotide is preferably absorbed in the jejunal part 
of the small intestine. However, its overall 
bioavailability is rather low when given without 
absorption enhancer (ca. 0.3 0.5%) (Fricker et 
al., 1991, 1992; Drewe et al., 1993: Fricker and 
Drewe, 1995). 

2. Materials and methods 

2.1. Materials 

Modified calcitonin, octreotide and HC-labelled 
octreotide with a specific activity of 40 /~Ci/mg 

were provided by Sandoz Pharma, Basle. /¢-CyD, 
?-CyD, hydroxypropyl-/C-CyD (HP-/]-CyD) and 
dimethyl-//-CyD were purchased from Wacker 
(Munich, Germany); z-CyD was from Fluka 
(Buchs, Switzerland). Caco-2 cells, originally 
derived from a human colorectal carcinoma, were 
obtained from the American Type Culture Collec- 
tion (Rockville, MD). All other chemicals were of 
reagent grade and purchased from commercial 
sources. 

2.2. Methods 

2.2. I. Preparation of CyD/peptide mixtures 
Mixtures of modified calcitonin/CyD [ratio 1 : 15 

(w/w)] and octreotide/CyD [ratio 1:50 (w/w)] were 
prepared by sieving ( < 0.375 ram) and 10 rain of 
mixing with a turbula-mixer (Bachhofen Maschi- 
nenfabrik, Basle, Switzerland). Different ratios in 
terms of weight were used, since equimolar ratios 
of peptide/cyclodextrin were applied in the cell 
culture experiments. The drug content of the re- 
sulting mixtures was assessed by HPLC. 

2.2.2. Assessment oj" the physico-chemical 
stabilio' 

The modified calcitonin samples were stored in 
tightly closed glass vials for 0, 1 and 3 months at 
5°C, 25°C, and 30°C, respectively. Drug content 
and degradation products (mainly deglycosylated 
peptide) were determined by HPLC. In addition, 
water content (Karl Fischer titration) and particle 
size of the samples were taken as quality parame- 
ters for the physical mixtures. 

The content of active ingredient and degrada- 
tion products of physical mixtures of octreotide 
and fi-CyD and HP-/]-CyD at - 25°C, 25°C/60% 
relative humidity, and 40°C/75% relative humidity 
after storage for I and 3 months in open glass 
vials were used as quality characteristics to assess 
the effect of cyclodextrins'on the stability of oc- 
treotide (determination by HPLC). 

2.2.3. Assessment of the enzymatic stability 

2.2.3.1. Pepsin. 1:15 (w/w) mixtures of modified 
calcitonin with the respective CyD or modified 
calcitonin alone (0.5 mg/ml) were incubated with 
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pepsin (0.4 mU/ml) at 37°C in 0.1 N HCl. At 
given time intervals the enzymatic reaction was 
stopped by mixing 0.2 ml of the incubation mix- 
ture with 0.8 ml of methanol. 

2.2.3.2. :~-Chymotrypsin. 1:15 (w/w) mixtures of 
modified calcitonin with the respective CyD or 
modified calcitonin alone (0.5 mg/ml) were incu- 
bated with :~-chymotrypsin (7.3 U/ml) at 37°C in 
0.15 M potassium phosphate pH 7.5. At predeter- 
mined time intervals, the reaction was stopped by 
mixing 0.5 ml of the incubation mixture with 0.5 
ml of 10% H3PO 4. 

For both reactions, the remaining intact peptide 
was determined by HPLC. These enzymatic as- 
says were only performed for the modified calci- 
tonin since octreotide exhibits an outstanding 
high resistance against enzymatic degradation in 
the GI-tract (Fricker et al., 1991). 

2.2.4. In vitro study with Caco-2 cell monolayers 
The in vitro absorption studies with octreotide 

and CyDs were performed as previously described 
(Drewe et al., 1993). Briefly, Caco-2 cell monolay- 
ers were grown on polycarbonate membrane 
filters (SnapweH', Costar) for 2 weeks. After that 
time confluency of the monolayers was reached, 
which was verified by the determination of the 
extent of permeation of the extracellular marker 
PEG 4000 and the transepithelial resistance (220- 
290 (2 x cm 2 at confluency). The filters were 
placed in side-by-side diffusion chambers filled 
with supplemented Dulbecco's modified Eagle 
medium containing 10% fetal calf serum. Then, 
the cells were incubated with 0.1 /~M 14C-labelled 
octreotide from the apical side. At time intervals 
of 15 min, aliquots of the medium were taken 
from the basolateral side of the monolayers and 
the peptide concentration was determined by liq- 
uid scintillation counting. After 1 h, CyD (1% 
w/v) was added to the apical side. The sequential 
addition of peptide and cyclodextrin was justified, 
because in separate experiments an immediate 
release of peptide out of all powder formulations 
was determined. The permeation of the peptide 
during the first hour was used as an internal 
control value, which was compared to the perme- 
ation rate of the peptides after the addition of the 

respective CyD. Reference experiments confirmed 
that in the absence of CyDs no change in the 
permeation rate occurred over 2 h. The absorp- 
tion enhancing effect was determined by calculat- 
ing the increase (in percent) of the relative 
permeation rate before and after adding the CyD. 

2.2.5. In situ absorption study in rats 
In situ absorption studies were performed as 

described previously (Fricker et al., 1991, 1992; 
Drewe et al., 1993). All animal studies were ap- 
proved by the Committee of the Cantonal author- 
ities according to the Swiss Animal Welfare Act. 
Male Wistar rats (BRL, Fiillinsdorf, CH), with a 
body weight of approximately 300 g were kept 
without food, but with free access to water, for 1 
day prior to the experiment. The animals were 
anaesthetised by intraperitoneal injection of ure- 
thane (1 g x kg i). The peritoneum was opened 
by a midline incision and 5-cm segments of the 
desired intestinal area were ligated in order to 
prevent transit of the administered peptide down 
the gut while maintaining normal blood supply. 
The beginning of the jejunum was localized 5 cm 
distal to the ligamentum of Treitz. The mixtures 
of CyD and peptide (100/~g octreotide/5 mg CyD 
and 200/tg modified calcitonin/3 mg CyD, respec- 
tively) were dissolved in 0.5 ml physiological sa- 
line and injected into the ligated jejunal loop. 
Blood samples were taken up to 5 h after adminis- 
tration from a vena jugularis. The samples were 
analyzed by use of specific RIAs for octreotide 
and modified calcitonin (Sandoz Pharma AG, 
Basle, CH), respectively. C .... and T ..... were de- 
termined and AUCs were calculated using the 
trapezoidal rule. The relative absorption efficien- 
cies were calculated by setting the AUC of oc- 
treotide and modified calcitonin after 
administration of the peptide alone as 100%. 

3. Results 

3. I. Stabilizing effect o f  cyclodextrins in mixtures 
with mod(fied calcitonin 

All investigated mixtures of peptide and CyDs 
showed a stabilizing effect on the extent of degra- 
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dation (deglycosylation) of modified calcitonin 
(Fig. 1; Table 1). The highest stabilizing effect 
was found for mixtures of modified calcitonin 
with fl-CyD and HP-fl-CyD, where only 2.5% 
degradation was observed as compared to 6.4% 
for modified calcitonin alone after storage at 
30°C for 3 months. The water content and par- 
ticle size of the different mixtures was not 
affected by storage time and conditions. How- 
ever, the water content of the different mixtures 
was strongly dependent on the CyD used and 
varied between 1.8% (dimethyl-fl-CyD) and 
13.3% (fl-CyD). But it has to be noted that 
mixtures with the highest stability were either 
low (i.e. HP-fl-CyD, 2.8%) or high in water 
content (i.e. fl-CyD, 13.3%). No direct correla- 
tion could be drawn between the stabilizing 
effect of the chosen CyD and the water content 
of the investigated mixture. The particle size of 
the mixtures varied dependent on the CyD used 
between 19 /lm and 305 /~m. However, for each 
mixture it was rather constant over the whole 
time interval, suggesting that no significant ag- 
glomeration occurred during the time of incuba- 
tion. 

Studies concerning the enzymatic degradation 
of the modified calcitonin also showed differ- 
ences in the stabilizing effect of the various 
CyDs against the hydrolytic activity of pepsin 
and c~-chymotrypsin (Fig. 2). 7-CyD exhibited 
no stabilizing effect, whereas modified calcitonin 
in the mixture with dimethyl-fl-CyD showed the 
highest resistance against proteolytic degrada- 
tion. In the presence of 7-CyD only 33% and 
40% of intact peptide were found after 60 min 
incubation with pepsin and ~-chymotrypsin, re- 
spectively. In the presence of dimethyl-fl-CyD, 
66% of the intact peptide after incubation with 
pepsin and 54% after incubation with c~-chy- 
motrypsin were found for the same time period. 
The reference values for the peptide alone were 
33.8% after incubation with pepsin and 40.2% 
after incubation with ~-chymotrypsin. 

3.2. Stabilizing effect o f  CyD on octreotide 

For octreotide, no stabilizing effect of the 
CyDs was observed after storage for 3 months 
at 25°C/60%. The degradation of octreotide 
alone was 0.3%, while degradation of octreotide 
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Table 1 
Water content and particle size of modified calcitonin/CyD 
mixtures 

Incubation % Degradation Water content Particle size 
time (%) Q3 max 

Calcitonin alone 
Initial < 0.1 - -  - -  
3 months, 0.2 
5°C 
3 months, 1.9 - -  - -  
25°C 
3 months, 6.4 - -  - -  
30°C 

-CyD/calcitonin 
Initial <0.1 9.0 215 
3 months, 0.2 9.0 215 
5oC 

3 months, 1.7 9.9 180 
25°C 
3 months, 2.7 9.7 180 
30°C 
II-CyD]ealeitonin 
Initial < 0.1 9.2 215 
3 months, 0.1 12.7 305 
5oC 

3 months, 1.7 13.3 215 
25°C 
3 months, 2.5 12.0 215 
30°C 
Dimethyl-II-CyD/ealeltonln 
Initial 0.1 1.8 38 
3 months, 0.2 2.7 38 
5°C 
3 months, 1.7 3.1 38 
25°C 
3 months, 3.1 5.1 38 
30°C 
~,-CyD/caleitonin 
Initial 0.1 5.0 38 
3 months, 0.4 4.7 38 
5°C 
3 months, 2.2 4.9 38 
25°C 
3 months, 4.4 4.7 38 
30°C 
HP-fl-CyD ealeitonin 
Initial 0.2 2.8 38 
3 months, 0.1 4.0 19 
5°C 
3 months, 1.6 3.7 38 
25°C 
3 months, 2.5 3.7 19 
30°C 

All values are given as means of duplicate determination; the 
particle size determination was done by laser light diffraction. 
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in the presence of CyD varied between 2.3 3.6%. 
It can be concluded that, if CyDs exerted any 
effect upon octreotide stability, it was rather 
destabilizing than stabilizing. 

3.3. In situ absorption studies 
CyD/peptide mixtures were dissolved in saline 

and administered in situ by intrajejunal injection. 
The pharmacokinetic data after intrajejunal ad- 
ministration of octreotide and modified calcitonin 
with the various CyDs are summarized in Tables 
2 and 3. The most pronounced absorption enhanc- 
ing effects for the modified calcitonin were ob- 
served in the presence of 7-CyD (5.96-fold), 
HP-fl-CyD (3.75-fold) and dimethyl-fl-CyD (4.70- 
fold), whereas for octreotide an absorption en- 
hancement was obtained with fl-CyD (4.39-fold) 
and HP-fl-CyD (3.52-fold). T .... for all adminis- 
trations varied between 0.5 and 1.5 h, suggesting a 
very rapid absorption of both peptides. 

3.4. In vitro permeation studies with mixtures pep- 
tide / C y D 

Caco-2 cell experiments were performed to get 
an insight into the mechanism of absorption en- 
hancement. For these studies, only octreotide was 
used since radioactive labelled peptide was avail- 
able allowing immediate and sensitive detection of 
small amounts of peptide permeated through the 
cell monolayer. From previous experiments, it is 
known that the permeation of octreotide through 
Caco-2 cell monolayers is in the range between 1 
and 3% of a given dose per hour (Drewe et al., 
1993; Fricker and Drewe, 1995). Addition of 
CyDs to the apical side of the cell monolayers 
after 1 h permeation measurement in the absence 
of CyD resulted in the following rank order of a 
permeation enhancing effect: dimethyl-fl-CyD 
(2.43-fold control) < HP-fl-CyD (2.69-fold) < 
7-CyD (2.86-fold) < fl-CyD (2.94-fold) < c~- 
CyD (3.51 fold) (Fig. 3). The numbers in parenthe- 
ses indicate the increase in relative absorption 
rates. 

In order to see whether the CyDs have an effect 
upon the tight junctional integrity of the cell 
monolayers, the same permeation experiments 
were performed with the 3H-labelled extracellular 
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Fig. 2. Enzymatic stability of modified calcitonin in mixtures during incubation with pepsin and 2-chymotrypsin (n = 4). The ratio 
of modified calcitonin to cyclodextrin was 1:15 (w.'w). The bars represent the means of four determinations. A, Incubation with 
pepsin; B~ Incubation with ~-chymotrypsin, 

marker PEG-4000. Its permeation across the mono- 
layers was increased in the same rank order in the 
presence of the respective CyD than the permeation 
of octreotide, suggesting that addition of the CyDs 
affects paracellular pathways. The permeation of 
PEG-4000 varied between 0.1 and 0.4%/2 h of the 
given dose in the absence of CyD and increased up 
to 3% in the presence of ~-CyD. Determination of 
lactate dehydrogenase activity in the apical incuba- 
tion medium gave no indication of increased en- 
zyme levels, suggesting that no significant cell 

impairment occurred. 
The results indicate that the rank order for the 

absorption enhancing potential for peptides by 
different CyDs cannot generally be predicted, but 
depends strongly on the compounds tested. Com- 
parison of the in vitro and the in situ studies with 
octreotide showed a similar rank order for the 
effects of  fl- and HP-fl-CyD. However, ~-CyD 
resulted in the best absorption enhancing properties 
in the Caco-2 studies, while its absorption enhanc- 
ing potential in the in situ study was rather poor. 
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Table 2 
Absorption enhancing effect of CyD/octreotide mixtures in situ in rats 

AUC (0 5 h) Cma x (ng/ml) Rel. absorption efficiency 

Octreotide 
+ ~-CyD 
+ 13-CyD 
+ 7-CyD 
+ hydroxypropyl-13-CyD 
+ dimethyl-13-CyD 

6.15 (130) 7.31 (99) 1.00 
7.91 (179) 4.52 (147) 1.28 

27.00 (115) 17.86 (58)* 4.39 
10.14 (58) 6.58 (34) 1.69 
21.67 (37)* 50.31 (40)* 3.52 
3.79 (34) 3.34 (29) 0.62 

Means and coefficient of variation (%); n = 6. 
*Significantly different with ~ = 0.05. 

Table 3 
Absorption enhancing effect of CyD/modified calcitonin mixtures in situ in rats 

AUC (0-5 h) Cm,~ (ng/ml) Rel. absorption efficiency 

Mod. calcitonin alone 2.21 (31) 1.41 
+ c~-CyD 4.32 (46)* 3.54 
+ 13-CyD 4.52 (25)* 2.54 
+ ;'-CyD 13.17 (92)* 6.10 
+ hydroxypropyl-13-CyD 8.30 (47)* 7.38 
+ dimethyl-13-CyD 10.40 (62)* 11.02 

(53) 1.00 
(26)* 1.95 
(35)* 2.05 
(78)* 5.96 
(41 )* 3.75 
(67)* 4.70 

Means and coefficient of variation (%); n = 6. 
*Significantly different with ~ = 0.05. 

4. Discussion 

Our  studies showed that  s imple mixtures  o f  
CyDs  with a modif ied  calc i tonin  and  oc t reo t ide  
resulted in s tabi l iz ing and  abso rp t ion  enhanc ing  
effects on the pept ides  tested. Whi le  app ly ing  
CyDs  to the invest igated pept ides ,  f o rma t ion  o f  
inclusion complexes  is not  necessar i ly  requi red  for  
a beneficial  effect. However ,  the observed  results  
canno t  di rect ly  be t ransfer red  f rom one pept ide  to 
the other.  The s tabi l iz ing effects with modif ied  
calc i tonin  might  be due ei ther  to a direct  interac-  
t ion o f  CyDs  with the pept ide  or  to phys ico-chem-  
ical p h e n o m e n a  like adso rp t ion  o f  mois ture  or  
complexa t ion  o f  o the r  componen t s ,  tha t  m a y  
cause pept ide  deg rada t ion ,  by  the CyDs.  Since the 
calc i tonin  is mois tu re  sensitive, it is l ikely tha t  the 
s tabi l iz ing effects are  caused by a pro tec t ive  ac t ion  
f rom humid i ty  by the CyDs  due to their  different 
capaci t ies  to b ind  water ,  a l though  in our  experi-  
ments,  no clear  cor re la t ion  was found  between 
water  content  o f  the mixture  and modif ied  calci- 
tonin  stabil i ty.  

Because CyDs  have been descr ibed to form 
inclusion complexes ,  add i t iona l  a t t empts  to form 
such complexes  with the pept ides  inves t iga ted  

1 4 -  

1 2 -  

1 0 -  

4 -  

2 

0 
20 40 60 80 100 120 

time (min) 

Fig. 3. Absorption enhancing effect of CyDs upon peptide 
permeation through Caco-2 cell monolayers (n = 6). Peptide 
concentration in the apical compartment was 0.1 /~ M. After 1 
h (arrow) the CyDs were added to the apical side to give a 
final concentration of 1% (w/v). n ,  dimethyl-fl-CyD; O, HP- 
fl-CyD; A, /]-CyD; ~', ),-CyD; , ,  ~-CyD. 
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have been performed by cosuspension and pre- 
cipitation under reduced pressure. However, all 
attempts to obtain direct proof of 'inclusion 
complexes' by analytical methods like X-ray 
powder diffraction, IR-spectroscopy, ther- 
mogravimetrical analysis or H-NMR-analysis 
failed. Preliminary data from two-dimensional 
NMR-analysis (ROESY technique) suggest that 
at least a partial inclusion compound of oc- 
treotide and f -CyD in aqueous solution was 
formed. By this technique it could be shown 
that the aromatic phenylalanine and tryp- 
tophane residues of octreotide were partially in- 
corporated in the CyD cavity. However, 
preliminary permeation studies showed that 
preparations manufactured by 'coprecipitation' 
did not result in higher permeabilities of the 
peptide across cell monolayers and in situ. Nev- 
ertheless, the results demonstrate that distinct 
CyDs possess the potential as effective excipients 
for the oral application of peptides. Complexa- 
tion of such compounds seems to be unneces- 
sary for a stabilizing effect or an increased 
transepithelial passage. 

The absorption enhancing potential can be 
caused by a direct membrane fluidizing action 
of the CyDs as was recently shown for nasally 
administered CyDs (Shao et al., 1992). The 
present finding of an increased permeation of 
PEG-4000, which paralleled the absorption of 
octreotide, indicated that an opening of cellular 
tight junctions is also involved in the absorption 
enhancement without a significant impairment 
of cell membrane integrity as suggested by the 
lack of an increased LDH release in the pres- 
ence of the CyDs. 

Considering all data, we conclude that the 
beneficial effects of the CyDs are highly depen- 
dent on the chosen combination of peptides and 
CyDs. Therefore, the potential of CyDs as sta- 
bilizing and absorption enhancing excipients has 
to be investigated in each case on a compound- 
based approach. 
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