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To improve the aqueous solubility and stability of the chemical delivery system (CDS) of the thyrotropin-releasing hor-
mone (TRH) analogs, 2-hydroxypropyl-b-cyclodextrin (HPBCD) has been attempted. TRH analogs were [Leu2]-TRH,
[Nva2]-TRH and [Nva2, Pip3]-TRH. Excess amount of CDS was added in various HPBCD in water solutions (0% � 50%,
pH 6.5). The mixture was saturated by ultra-sonication for 1 h at 15 �C and filtered. The concentration of CDS in the
filtrate (solubility) was determined with UV detector, and subsequently the stability was investigated. By HPBCD com-
plexation, the aqueous solubility and stability (half-life) of CDS were significantly improved from undetectable levels to
about 15 mg/ml and 30 h, respectively. In pH 6.5 and 7.4 HPBCD solution, the degradation of CDS was mainly via acid
catalyzed water addition reaction, thus, e.g. [Leu2]-TRH-CDS was more stable in pH 7.4 than in pH 6.5 aqueous solu-
tions. After lyophilizing the saturated CDSs in 50% HPBCD complex solutions, the amount of CDS in the complex was
determined as 26.22, 26.79, and 30.34 mg/g for [Leu2]-TRH, [Nva2]-TRH and [Nva2, Pip3]-TRH, respectively. The half-
life of [Leu2]-TRH-CDS/HPBCD solid complex at 25 �C, 4 �C and �15 �C was about 100 days, 440 days and no detect-
able change in three months, respectively. Argon protected condition did not improve the stability of lyophilized [Leu2]-
TRH-CDS/HPBCD complex. Dimethyl sulfoxide although increased the solubility of [Leu2]-TRH-CDS in the 50%
HPBCD solution by 1.3 times, significantly decreased its stability by 6.6 times. After intravenous administration of CDS
(in 30% HPBCD) at a dose of 10 mmole/kg in mice, compared to the vehicle control or the same dose of [Leu2]-TRH (in
30% HPBCD), a significant increase in pharmacological effect (decrease in barbiturate-induced sleeping time) was ob-
served. These results demonstrate the usefulness of cyclodextrin in the formulation of the CDSs of TRH analogs.

1. Introduction

Chemical delivery systems (CDSs) have been found to im-
prove the CNS delivery of various peptides, such as enke-
phalin, kyotorphin, and TRH analogs including [Leu2]-
TRH, [Nva2]-TRH and [Leu2, Pip3]-TRH and [Nva2,
Pip3]-TRH [1–6]. However, the aqueous solubility and
stability of these CDSs remain problems for parenteral
pharmaceutical formulations. In this study, the “molecular
encapsulation” method using 2-hydroxypropyl-b-cyclo-
dextrin (HPBCD) was attempted to solve these problems.
Cyclodextrin can form inclusion complexes with drugs
which provide their structure, or part of it, to fit in the
cavity of cyclodextrin. The formation of inclusion com-
plex generally involves a simple, spatial entrapment of a
single guest molecule without formation of any covalent
bonds. However, it can affect the physical and chemical
properties of the guest molecules [7–10]. For the preli-
minary pre-formulation of the CDSs of TRH analogs, in
this study HPBCD was chosen as dissolution enhancing
and stabilizing agent. The solubility and stability of the

CDSs in various concentrations of HPBCD aqueous solu-
tions and the effect of pH and DMSO were investigated.
To improve the shelf life and the convenience of the use
of CDS, lyophilization of CDS/HPBCD complex was at-
tempted, and the effect of temperature and air on the sta-
bility of the CDS in this complex was also evaluated. To
assure the pharmacological activity of CDS after HPBCD
complexation, the CDS/HPBCD complex solution was in-
travenously administered to mice to evaluate the antagon-
ism of barbiturate-induced sleeping time, which is an in-
dex of the cholinergic neurons activation effect of the
CNS delivered TRH analogs [11, 12].

2. Investigations, results and discussion

2.1. Solubility of CDS in aqueous HPBCD solutions

In order to determine the concentration of CDS in the
samples, the standards were developed for each CDS. As
an example, the standard for [Leu2]-TRH-CDS is dis-
played in Fig. 1. At UV 355 nm, a linear relationship with
a correlation coefficient of 0.997 was observed between
the concentration of CDS (0 � 1.8 mg/ml, in 30%
HPBCD) and the UV absorbency. Since the HPBCD con-
centration (10% � 50%), pH (6.5 or 7.4) and DMSO (4%)
did not affect the absorbency of CDSs at UV 355 nm,
these standards were used for all of the quantitative analy-
sis of the compounds in this report.
In Table 1, after ultra-sonication, the solubility of CDS
alone in water was not detectable (detection limit 0.05 mg/
ml). By forming a CDS/HPBCD complex, a remarkable
increase in the aqueous solubility was observed. In 50%
HPBCD water solution, the solubility of [Leu2]-TRH-
CDS, [Nva2]-TRH-CDS and [Nva2, Pip3]-TRH-CDS in
50% HPBCD/water solutions were 13.80, 14.10 and
15.97 mg/ml, respectively. The effect of HPBCD dis-
played a concentration dependency. Thus, a larger effect
was obtained when a higher concentration of HPBCD was
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used, as shown in Fig. 2. In these solubility experiments,
the de-ionized water, instead of buffer solution, was used
in order to avoid the effect of ion strength on the solubi-
lity of CDS in HPBCD solution therefore the pH of the
HPBCD solution was 6.4.

2.2. Stability of [Leu2]-TRH-CDS in aqueous HPBCD
solution

Stability studies were performed with [Leu2]-TRH-CDS
only, due to the limited amounts of the other CDSs. In
Table 2, the stability was evaluated by comparing the
pseudo-first order rate constant of the disappearance of the

compound in the solution, k (h�1), and half-life (t1/2, h).
The results indicate a significant increase in half-life of
[Leu2]-TRH-CDS by HPBCD (10 � 50%) from undetect-
able levels to 21 h at pH 6.5 and 30 h at pH 7.4.
Although there are various possible pathways related to
the degradation of CDS in the body, in the aqueous
HPBCD solution, without enzymatic hydrolysis, mainly
two pathways, the oxidation reaction and the water addi-
tion reaction as shown in the Scheme, are expected [1–6].
In the present study, the degradation of the CDS mainly
resulted in the product of water addition reaction. Since
water addition reaction is acid-catalyzed, the CDS (in the
HPBCD complex) in pH 7.4 solution was more stable
than in pH 6.5 solution. As displayed in Fig. 3, by adjust-
ing the pH from 6.5 to 7.4, the water addition reaction
was significantly reduced, and a decreased pseudo-first or-
der rate constant, k (h�1) was observed.

2.3. Lyophilization of CDS/HPBCD complex

To improve the stability and the convenience of the use
of CDS/HPBCD complex, lyophilization was performed.
In Table 3, CDSs in 50% HPBCD solution were freeze-
dried, and the amount of [Leu2]-TRH-CDS, [Nva2]-
TRH-CDS and [Leu2, Pip3]-TRH-CDS, in the lyophilized
complex was determined as 26.22, 26.79 and 30.34 mg/g,
respectively. Subsequently, the stability of the [Leu2]-
TRH-CDS/HPBCD complex was determined and dis-
played in Table 4. The complex was kept at �15 �C, 4 �C
or 25 �C, either exposed to air, or protected by argon to
prevent oxidation reaction. The results indicate that stabi-
lity of [Leu2]-TRH-CDS/HPBCD complex was not af-
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Fig. 1: Correlation between [Leu2]-TRH-CDS concentration and absor-
bency at UV 355 nm
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Fig. 2: Solubility of [Leu2]-TRH-CDS in aqueous HPBCD solution at
pH 6.5, 20 �C

Table 1: Solubility of CDS in aqueous HPBCD solution at
pH 6.5

Compd. HPBCD
concentration
(%)

Solubility
(mg/ml)

[Leu2]-TRH-CDS 0 < Detection limit*
10 2.56
20 4.66
30 6.38
40 9.70
50 13.80

[Nva2]-TRH-CDS 50 14.10

[Nva2, Pip3]-TRH-CDS 50 15.97

* Detection limit was 0.05 mg/ml; values are mean of two experiments

Table 2: Stability of [Leu2]-TRH-CDS in pH 6.5 and 7.4
aqueous HPBCD solution at 25 �C

HPBCD
% (w/w)

k
(hr�1)

t1/2
(h)

t90
(h)

r2

pH 6.5 0 Undetectable –– –– ––
30 0.0764 9.07 1.37 0.999
40 0.0646 10.73 1.63 0.998
50 0.0334 20.72 3.14 0.994

pH 7.4 0 Undetectable –– –– ––
10 0.0374 18.51 2.81 0.998
20 0.0283 24.46 3.71 0.998
30 0.0258 26.82 4.06 0.998
40 0.0237 29.30 4.44 0.997
50 0.0231 30.06 4.55 0.999

Detection limit was 0.05 mg/ml; Values are mean of two experiments
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Fig. 3: Stability of [Leu2]-TRH-CDS in pH 6.5 and 7.4 aqueous HPBCD
solution at 25 �C



fected by air exposure, but significantly affected by chan-
ging temperature, and it was quite stable (no detectable
change found in three months) when stored in the freezer
(�15 �C).

2.4. Effect of dimethyl sulfoxide on the solubility and sta-
bility of CDS in HPBCD solution

DMSO is frequently used for assisting the dissolution of
the compounds in the laboratory. In this investigation, by
adding 4% of DMSO in [Leu2]-TRH-CDS/HPBCD (50%)
solution, the solubility of [Leu2]-TRH-CDS was increased
by �1.3 times, from 5.89 mg/ml to 7.74 mg/ml. However,
the stability (t1/2) was largely reduced (by 6.2 times), from
20.72 h to 3.34 h, as shown in Table 5. The degradation of
[Leu2]-TRH-CDS was the same as in other aqueous solu-
tions described before, mainly via water addition reaction.

2.5. Pharmacological studies

To confirm the pharmacological activities of CDSs in the
body after cyclodextrin complexation, the antagonism of
barbiturate-induced sleeping time in mice was investigated
to assess the activation effect of CNS delivered TRH
analogs on mice cholinergic neurons. Firstly, [Nva2]-TRH-
CDS was used to evaluate the dose-effect relationship.
After intravenous administration of various doses, the
CNS activity of [Nva2]-TRH was evaluated. As shown in
Fig. 4 and 5, the sleeping time and the percentage increase
in the sleeping time were plotted against the concentra-
tion. Compared to the vehicle, [Nva2]-TRH-CDS signifi-
cantly reduced the pentobarbital-induced sleeping time in
mice. The maximum sleeping time reducing activity
(47%) was achieved at a dose of 2 mmol/kg. The doses
higher than 2 mmol/kg did not further improve the CNS
activity.
Subsequently, the pharmacological activity of other CDSs
was compared with vehicle and [Leu2]-TRH. In Table 6,
after intravenous administration of 10 mmol/kg, all CDSs
showed a significantly higher pharmacological activity.
Compared to the vehicle (94.19 min) and [Leu2]-TRH
(79.24 min), the sleeping times after [Leu2]-TRH-CDS,
[Nva2]-TRH-CDS and [Nva2, Pip3]-TRH-CDS were
50.85 min, 49.84 min and 41.39 min, respectively. This re-
presents a 46 � 56% decrease in the barbiturate-induced
sleeping time, and demonstrates a successful delivery and
effective release of the active TRH analogs in the brain by
means of CDSs/HPBCD complex.
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Table 3: Amount of CDS in lyophilized CDS/HPBCD complex

Compd. Content
(mg/g)

[Leu2]-TRH-CDS 26.22
[Nva2]-TRH-CDS 26.79
[Nva2, Pip3]-TRH-CDS 30.34

Values are mean of two experiments

Table 4: Stability of lyophilized [Leu2]-TRH-CDS/HPBCD
complex

HPBCD
% (w/w)

k
(h�1)

t1/2
(h)

t90
(h)

r

Argon protected

�15 �C No detectable change in 3 month
4 �C 0.00166 417 63 0.998

25 �C 0.00666 104 16 0.917

Air exposed

�15 �C No detectable change in 3 month
4 �C 0.00152 457 69 0.962

25 �C 0.00759 91 14 0.930

Detection limit was 0.05 mg/ml; values are mean of two experiments

Table 5: Effect of dimethyl sulfoxide on the solubility and sta-
bility of [Leu2]-TRH-CDS in aqueous 50% HPBCD
solution

Solubility
(mg/ml)

Stability

k (h�1) t1/2 (h)

Without DMSO 5.89 0.0334 20.72
With DMSO 7.74 0.207 3.34

Values are mean of two experiments



In conclusion, by forming a cyclodextrin inclusion com-
plex, the aqueous solubility and stability of the CDSs of
TRH analogs were significantly improved. The stability
can be further improved by changing temperature or pH.
Lyophilization of the CDS/HPBCD complex markedly in-
creased the shelf life of the CDS and the convenience of
the use of CDS. In aqueous solution, at neutral pH, CDS
degraded mainly via water addition reaction, thus, more
stable at pH 7.4 than at pH 6.5. Significant pharmacologi-

cal activity was achieved by intravenous administration of
CDS/HPBCD complex solution, demonstrating the useful-
ness of cyclodextrin in the pharmaceutical formulation of
the CDSs of TRH analogs.

3. Experimental

3.1. Materials and animals

[Leu2]-TRH-CDS, [Nva2]-TRH-CDS and [Leu2, Pip3]-TRH-CDS were
freshly prepared in our laboratory. All of the compounds were character-
ized by NMR and elemental analysis. 2-Hydroxypropyl-b-cyclodextrin
(HPBCD) was purchased from CERESTAR USA Inc. Swiss Webster mice
(body weight, 30 � 3 g) were obtained from HARLAN (Indiana, USA).

3.2. Solubility and stability

Saturated CDS in HPBCD solutions were made by adding excess amounts
of CDS in 10 � 50% (w/w) cyclodextrin in water solution. The pH of
solutions were either 6.5 (not adjusted) or 7.4 (adjusted by NaOH). The
mixtures were placed in an ultra-sonicator for 20 min at 10 �C. De-aerated
water was used and the operation was under air protection (with argon) at
all time to minimize the side-reactions, such as oxidation, of the com-
pound during the operation process. After equilibration at room tempera-
ture for 10 min, the complex solutions were filtered through Millipore HV
membrane filters (pore size 0.45 mm). Aliquots of the filtrates were diluted
10 times with HPBCD/water solution and analyzed by UV spectrophot-
ometer, immediately or after appropriate time intervals, to determine the
solubility and stability of the compounds in the solutions. The stability of
CDS in HPBCD solution was evaluated by half-life (t1/2, h or day) and
pseudo-first order rate constant (k, h�1) of the disappearance of the com-
pound in the aqueous solution.

3.3. Lyophilization

Previously mentioned CDS in 50% HPBCD solutions were freeze-dried at
�45 �C, 100 millitorr. The resulting solid mixture was reconstituted with
water and analyzed, to determine the CDS content in the solid CDS/
HPBCD complex. The solid complex was then kept at �15 �C, 4 �C, and
25 �C, under either argon protected or air exposed condition. At appropri-
ate time intervals, samples were taken, reconstituted with water and ana-
lyzed.

3.4. Effect of dimethyl sulfoxide

A 4% of DMSO was included in 50% HPBCD. To this solution, excess
amount of [Leu2]-TRH-CDS was added and the mixture was sonicated,
then the solubility and stability of the compound was determined as de-
scribed in section 3.2.

3.5. UV spectrophotometry

PEKIN ELMER, UVNIS spectrometer lambda II was used for the quanti-
tative determination of CDS in HPBCD complex. The UV absorbency
peak height at 355 nm was used to compare the concentrations. A standard
curve was developed for quantifying each CDS.

3.6. Pharmacological studies

Swiss Webster mice (body weight, 30 � 3 g) were used. Freeze dried
CDS/HPBCD complex was reconstituted by adding an appropriate amount
of water to obtain the desired concentration of CDS in 30% HPBCD aqu-
eous solution. Vehicle only (30% HPBCD, 3.0 ml/kg) or compounds at a
dose of 10 mmol/kg (or 0.1 � 20 mmol/kg for dose response investigations)
were injected in the animals through tail vein to compare the CNS activ-
ities. Ten minutes after intravenous administration, each animal received an
intraperitoneal injection of sodium pentobarbital solution (30 mg/ml) at a
dose of 60 mg/kg. The sleeping time was recorded as the time elapsed
from the onset of loss of the righting reflex until the reflex was regained.
A group of 8 � 9 animals were used for each test. Student’s t-test was
used for statistical evaluation.

This research paper was presented during the 3rd Conference on Retro-
metabolism Based Drug Design and Targeting, May 13–16, 2001, Amelia
Island. Florida, USA.
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