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ABSTRACT

The purpose of this study was to investigate stable complexation of drug in blood
by sugar-branched-3-cyclodextrins (B-CDs) such as glucose (glu)—or galactose
(gal)—branched-B-CDs and the pharmacokinetic disposition of drug in sugar-
branched-B-CD complex. Complexation of steroidal drugs in sugar-branched-3-
CDs and their replacement by cholesterol were measured. The complexes of
dexamethasone/glucosyl-3-CDs (dexamethasone/glu-B-CD or dexamethasone/glu-
glu-B-CD) were not replaced by cholesterol, which is a representative endogenous
compound, whereas the complex of dexamethasone/-CD was replaced by choles-
terol. The same results were obtained in steroidal drugs such as hydrocortisone,
triamcinolone, and prednisolone. Thus, the use of glu-3-CD and glu-glu-f3-CD per-
mitted the stable complexation of the drug in water. Sability constants of
dexamethasone/glu-glu-B-CD and dexamethasone/gal-glu-B-CD complexes are the
same, which means that the sugar moiety of the side chain in 3-CD has little effect
on stability constants. After the dexamethasone/gal-glu-3-CD complex or the
dexamethasone/glu-glu-B-CD complex (dexamethasone: 1 mg/body) was adminis-
tered intravenously to mice, dexamethasone concentrationsin liver tissue and blood
were measured. The dexamethasone/gal-glu-p-CD complex (66.1 = 1.7 pg as
dexamethasone/gram of liver tissue) was distributed to liver tissue significantly more
than the dexamethasone/glu-glu-B-CD (B-CD) complex (599 + 1.0 ug as
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dexamethasone/gram of liver) at 30 min after administration (p < .05). Sugar-
branched-p-CD gave a water-soluble and stable complex for dexamethasone and
changed the disposition of dexamethasone. Sugar-branched-3-CDs are potentially
excellent carriers for a steroidal injectable formulation.

INTRODUCTION

Cyclodextrins (CDs) are cyclic oligosaccharides
known for their ability to form inclusion complexes with
many lipophilic drugs, thereby changing the physico-
pharmaceutical properties of these drugs. Complex for-
mation may increase aqueous solubility (1), improve sta-
bility (2), and potentiate delayed-release behavior of the
drug after oral administration (3).

Thisability to increase the agueous solubility of drugs
suggested the use of CDs and their derivatives in paren-
teral dosage forms. A pharmacokinetic analysis of dexa-
methasone with hydroxypropyl-B-CD (HP-B-CD) after
intravenous administration to dogs showed that the area
under the curve (AUC) of dexamethasone was signifi-
cantly greater than for dexamethasone without HP-3-CD
(4). The delivery of estradiol through biological mem-
branes by modified B-CD wasimproved (5), showing that
drug/CD complexes improve the delivery of drugs
through biomembranes and bioavailability. -CD was
also shown to decrease local irritation caused by intra-
muscul ar injection of chlorpromazine (6,7). Decreased vi-
tamin A toxicity wassuggested by the successful treatment
withaninfusion of HP-3-CD of a2-year-old boy suffering
from life-threatening hypervitaminosis A (8). Finaly, the
solution of propanidid in aqueous HP-3-CD complex was
effective asashort acting after intravenous administration
(9). Thus, drug/CD compl exesincrease pharmacol ogi ¢ ef -
fectiveness while decreasing side effects.

Although much in vivo research on CDs and their de-
rivatives has been done, few reports have been published
on the use of sugar-branched-CDs as injectable drug car-
riers. In the present study, sugar-branched-p-CDs were
investigated as potential injectabledrug carriers. To spec-
ulate on the stability of a drug/sugar-branched-p-CD
complex, the stability constants of drug/sugar-branched-
B-CD complexes were measured, and the pharmacoki-
netic disposition of dexamethasone/sugar-branched-3-
CD complexes was further investigated after intravenous
administration to mice.

MATERIALS AND METHODS
Materials

Chemical structures of glucose (glu)— and galactose
(gal)—branched-p-CDs subjected to the study are shown

in Fig. 1. Gal-branched-p-CD was synthesized by an en-
zymatic method using Bacillus circulans [3-gal actosidase
(10,11). Gal-branched-B-CD included gal-glu-p-CD, and
glu-branched-p-CDs included glu-glu-3-CD and glu-f3-
CD.

Other reagents were analytical grade.

Complexation of Cholesterol by
Sugar-Branched-p-Cyclodextrin

Cholesteral (5 mg) was accurately weighed into 10-
ml liquid scintillation vials to which 5 ml of agueous so-
lutions containing various concentrations of 3-CD or
sugar-branched-B-CDs (glu-glu-B-CD and glu-3-CD)
wereadded (0—100 mM). Thesolutionswerestirred at 100
cycles/minfor48hrinawater bathat 37°C + 0.5°C. Solids
intheequilibrated solution werefiltered off usinga0.4-um
polycarbonate nucleopore membrane (Millipore, Japan).
Formationof thecomplexeswasdetermined by phasesolu-
bility diagrams. Complexed cholesterol wasmeasured by a

"o

Gal-glu-B-CD

o

Glu-glu-B-CD Glu-8-CD

Figurel. Chemical structures of sugar-branched-p-CDs syn-
thesized enzymaticaly. Glucose (O); galactose (Gal).



Sugar-Branched-Cyclodextrins as Drug Carriers

commercially availabletest kit (Cholesterol-E-test Wako,
COD-DAQOS method, Wako, Japan).

Complexation of Steroidal Drugs
into Sugar-Branched-p-Cyclodextrins
and Their Replacement by Cholesterol

First, the effect of the concentration of 3-CD or sugar-
branched-B-CDs on the inclusion of steroidal drugs was
investigated. The steroidal drug (dexamethasone, hydro-
cortisone, triamcinolone, and prednisolone) (5 mg) was
weighed accurately into scintillation vialsimmersed in a
water bath at 37°C = 0.5°C to which 2 ml of agueous
solutions containing various concentrations of (3-CD or
sugar-branched-B-CDs (glu-glu-p-CD and glu-B-CD)
were added (O, 2.5, 5.0, 7.5, and 10 mM), and the solu-
tions were stirred at 100 cycles/min for 48 hr. Solids in
the equilibrated solution were filtered off using a 0.4-um
polycarbonate nucleopore membrane.

Second, replacement by cholesterol of steroidal drugs
in sugar-branched-3-CD complexes was investigated. [3-
CD and glu-B-CD (5 mM) were incubated with steroidal
drugs (5 mg) at 37°C for 2 days. Cholesterol (5 mg) was
then added to the solutions (2 ml), simulating normal
cholesterol concentrations in human blood of 1.2-2.5
mg/ml. In another experiment, 3-CD (5 mM, 2 ml of
water) was incubated with cholesterol (5 mg/2 ml) at
37°C for 2 days, followed by the addition of steroidal
drugs (5 mg/2 ml) to the solution.

In these experiments, the presence of steroidal drugs
in samples withdrawn at fixed times was measured by
high-performance liquid chromatography (HPLC)
(equipment was an LC6, Shimadzu, Japan, eluent was
ethanol/H,O = 55/45; flow ratewas 1.5 ml/min; detector
240 nm; column was Nucleosil Cig [ODS, Chemco,

Japan]).

Phar macokinetic Disposition of
Dexamethasone/Sugar -Branched-B-Cyclodextrin
Complexesin Mice

The concentration of dexamethasone in blood and
liver tissue after intravenous administration of dexa-
methasone/sugar-branched-3-CD complexesto mice was
measured. Dexamethasone (1 mg/ml) wasincubated with
gd-glu-B-CD or glu-glu-B-CD (5.0 mM) at 37°C for 2
days with continuous stirring (100 cycles/min). A dexa-
methasone/ sugar-branched-[3-CD complex solution (dex-
amethasone: 1 mg/body) were administered intrave-
nously into thetail veins of mice (18—21 g, aged 4 weeks,
SLC, Japan). At fixed times (10 or 30 min) after adminis-
tration, mice were sacrificed by chloroform overdose, and
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blood and livers were removed. The blood samples, with
a few drops of heparin used as an anticoagulant, were
immediately placed on ice after collection. To assay dex-
amethasone in blood, water (0.2 ml) and internal standard
in methanol (1 ml; butylparaben 0.5 pg/ml) were added
to the blood sample (0.2 ml). The sample was then mixed
with avortex mixer, centrifuged (3000 rpm, 10 min), and
filtered (0.5 pm). For assay of dexamethasone in liver
tissue, the internal standard solution (3 ml; butylparaben
5 pg/ml) was added to aliver tissue sample. The sample
was then homogenized with a homogenizer (Polytron,
Kinematica AG Littau, Switzerland), centrifuged (3000
rpm, 10 min), and filtered. The concentrations of dexa-
methasone in the blood and liver tissue were measured
by HPLC.

RESULTS AND DISCUSSION

Complexation of Steroidal Drugs in
Sugar-Branched-B-Cyclodextrins and Their
Replacement by Cholesterol

It was reported that cholesterol is easily complexed
by B-CD (12) and by dansyl-modified -CD (13). In addi-
tion, cholesterol is complexed by HP-(3-CD in blood after
intravenous administration of HP-3-CD (14). Therefore,
following intravenous administration of steroidal drug/
sugar-branched-CD complexes, the guest drug has to
compete with cholesterol, which naturally existsin blood,
and replacement of the steroidal drug in the complex by
cholesterol may occur, eventually releasing the drug from
the complex.

Figure 2 shows solubility diagrams of cholesterol
complexed in B-CD, glu-3-CD and glu-glu-B-CD as a
function of CD concentration. The solubility of choles-
terol was 0.3-0.4 mM under the existence of 10 mM
sugar-branched-B3-CD, while cholesterol itself is insolu-
blein water. Under the existence of glu-B-CD or glu-glu-
B-CD, the concentration of cholesterol was remarkably
increased, as shown in Fig. 2, suggesting complexation
of cholesterol in the sugar-branched-p-CD. The phase
solubility diagrams (i.e., plots of guest solubility as a
function of the CDs concentration) are generally classi-
fied as either type A (afreely soluble complex isformed)
or type B (a complex with definite solubility is formed).
The B type includes the B, type and the Bs type. In Fig.
2, adding 50 mM glu-B-CD, the solubility of cholesterol
in the solution reached a peak and declined, indicating
that glu-B-CD complexed al solid-state cholesterol. At
glu-B-CD concentrations greater than 50 mM, dissolved
cholesterol reached a peak and then decreased gradually,
suggesting glu-B-CD complexed liquid-state cholesterol,
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Figure 2. Solubility diagrams of cholesterol/3-CD and cholesterol/sugar-branched-3-CD complexes. Cholesterol/3-CD complex
(O); cholesterol/glu-B-CD complex (A); cholesterol/glu-glu-3-CD complex (<). Each point and vertical bar represent the mean =

SD (n = 4).

presumably followed by microcrystalline precipitation of
the complex, as reported by Uekama, Hirayama, and Irie
(15).

Figure 3 shows a solubility diagram of dexameth-
asone/f-CD complex, dexamethasone/glu-B-CD, and
dexamethasone/glu-glu-B-CD complexes, in the pres-
ence and absence of cholesterol, as afunction of CD con-
centration. No reduction of dexamethasone solubility in
either the dexamethasone/glu-B-CD complex or the
dexamethasone/glu-glu-B-CD complex was observed in
the presence of 2.5 mg/ml of cholesterol. In contrast,
solubility was reduced for the dexamethasone/p-CD
complex in the presence of cholesterol, which strongly
suggests replacement of the guest compound, dexametha-
sone, in the presence of cholesterol. The cholesterol itself
is amost insoluble in water; therefore, we could not de-
termine stability constants of complexes containing cho-
lesterol. The results shown in Fig. 3, however, indicate
that cholesterol competes with dexamethasone in the
complex formation, but not with sugar-branched-3-CDs,
probably caused by steric hindrance between cholesterol
and sugar moieties of the sugar-branched-3-CD.

Figures 4A—C show solubility diagrams for other ste-
roidal drugs (e.g., hydrocortisone, triamcinolone, and
prednisolone). The solubility of hydrocortisone leveled
off for hydrocortisone/3-CD complex in the presence of
cholesterol at the concentration of more than 5 mM f3-

10

Dexamethasone dissolved (mM)

CD (mM)

Figure 3. Solubility diagrams of dexamethasone/sugar-
branched-B-CD complexes and of dexamethasone/sugar-
branched-p-CD complexes in the presence of cholesterol as
a function of CD concentration. Dexamethasone/gal-glu-f3-
CD complex (J); dexamethasone/B-CD complex (O);
dexamethasone/glu-B-CD complex (A); dexamethasone/glu-
glu-B-CD complex (<); dexamethasone-3-CD complex in the
presence of cholesterol (@); dexamethasone/glu-3-CD com-
plex in the presence of cholestersol (A); dexamethasone/glu-
glu-B-CD complex in the presence of cholesterol (#). Each
point and vertical bar represent the mean = SD (n = 4).
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Figure 4. Solubility diagrams of steroidal drug (hydrocorti-
sone (A), triamcinolone (B), prednisolone (C))/sugar-branched-
B-CD complexes and of steroidal drug/sugar-branched-p-CD
complexes in the presence of cholesterol as a function of CD
concentration. Steroidal drug/B-CD complex (O); steroidal
drug/glu-B-CD complex (A); steroidal drug/glu-glu-B-CD
complex (<); steroidal drug/3-CD complex in the presence of
cholesterol (@); steroidal drug/glu-3-CD complex in the pres-
ence of cholesterol (A); steroidal drug/glu-glu-B-CD complex
in the presence of cholesterol (). Each point and vertical bar
represent the mean = SD (n = 4).
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CD (Fig. 4A). The solubility of triamcinolone or
prednisolone/-CD complex also leveled off at the be-
ginning of 2.5 mM. Solubility of triamcinolone in
triamcinolone/3-CD complex increased at the beginning
of 5.0 mM (Figs. 4B and 4C). Dissolution amounts of
hydrocortisone, triamcinolone, and prednisolonein either
the glu-B-CD or the glu-glu-B-CD complexes were lin-
early increased with an increase of CD concentration, and
no reversed effect was observed in the presence of 2.5
mg/ml of cholesterol (Figs. 4A—4C). Under the existence
of cholesteral, solubility diagrams have a similar pattern
for hydrocortisone-B-CD and prednisolone-B-CD com-
plexes, while the solubility of triamcinolone increased
with an increase of 3-CD concentration after a solubility
decrease. Thisis probably because cholesterol forms the
Bs type of complex (15).With the increase of 3-CD, tri-
amcinolone continues to form a soluble complex with -
CD, but the solubility of cholesterol-3-CD reachesamaxi-
mum and levels off due to its lower agueous solubility.

Figure 5 shows solubility diagrams of the
dexamethasone/-CD and the dexamethasone/glu-f3-CD
complexes in the presence of a cholesterol and
cholesterol/B-CD as a function of time. The amounts of
dexamethasone dissolved for the dexamethasone/glu-p3-
CD in the absence of cholesterol and the dexamethasone/
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Day after addition of cholesterol or dexamethasone to CD complexes

Figure 5. Solubility diagrams of dexamethasone/sugar-
branched-pB-CD complexes in the presence of cholesterol and
of cholesterol/sugar-branched-f3-CD complexesin the presence
of dexamethasone as a function of time. Dexamethasone/glu-
[B-CD complex (A); dexamethasone/glu-3-CD complex in the
presence of cholesterol (A); dexamethasone/(3-CD complex
(O); dexamethasone/3-CD complex in the presence of choles-
terol (@); cholesterol/B-CD complex in the presence of dexa
methasone (®). Each point and vertical bar represent the mean
+ SD (n = 4).
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glu-B-CD complexes in the presence of cholesterol re-
mained constant. These results suggest that no replace-
ment by cholesterol occurred. In contrast, replacement
did occur when cholesterol was added to the
dexamethasone/-CD complex solution. It took 1 day to
reach plateaus of solubility for dexamethasone/glu-B-CD
complex and cholesterol/B-CD complex in the presence
of cholesterol and dexamethasone, respectively- After 1
day, the drug solubility of these complexesreached apla-
teau (Fig. 5). Thetimeto reach equilibrium was 1-2 days
in this study. This was consistent with results of a previ-
ous study (16).

The above results strongly support an assumption that
introduction of glu-glu- or glu- side chainsto 3-CD gave
avery water soluble and stable complex for dexametha-
sone. Figures 4A—4C support the above assumption for
other steroidal drugs. This suggests sugar-branched-[3-
CDs are potentialy excellent carriers for a steroidal in-
jectable formulation.

Complexation of Steroidal Drugs by
Gal- or Glu-Branched-B-Cyclodextrins

The apparent stability constant of the complex K was
calculated according to Fig. 3 as follows: K = slope/
intercept/(1 — slope), where slope is a slope of the phase
solubility diagram, and intercept is the solubility of a
drug (17).

The results showed no significant differencesin appar-
ent stability constants among the dexamethasone/
branched-33-CD complexeslisted in Table 1. The stability
constant of the dexamethasone/gal-glu-3-CD complex
(5410/M) was amost the same as that of the
dexamethasone/glu-glu-B-CD complex (5130/M). Simi-
lar stability constants were obtained for 3-CD, glu-B-CD,
and glu-glu-B-CD in dexamethasone, hydrocortisone, tri-
amcinolone, and prednisolone. In addition, there was no
significant stability constant difference between sugars,
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ga or glu, which occupied the end position of branched
CDs, as measured by each stability constant.

Phar macokinetic Disposition of
Dexamethasone/Sugar -Branched-p-Cyclodextrin
Complexesin Mice

The concentrations of dexamethasone in blood and
liver after intravenous administration of either a
dexamethasone/gal-glu-3-CD complex or a dexameth-
asone/glu-glu-B-CD complex to mice were measured
(Figs. 6A and 6 B). Despite having nearly equal complex
stability constants (Table 1), dexamethasone given asthe
dexamethasone/gal-glu-3-CD complex decreased more
rapidly in blood than the dexamethasone/glu-glu-3-CD
complex when measured at 10 and 30 min after adminis-
tration (Fig. 6A). Dexamethasone concentration in liver
tissue was 15—29 times higher than that in blood for both
aga-glu-B-CD and a glu-glu-B-CD complexes (Figs. 6A
and 6B). At 10 min after administration, no significant
difference in dexamethasone level was observed in liver
tissue regardless of whether the gal-glu-B-CD complex
or the glu-glu-B-CD complex was the carrier. However,
a 30 min, dexamethasone levels from the dexa
methasone/gal-glu-B-CD  complex was significantly
higher than that in the dexamethasone/glu-glu-3-CD
complex in liver tissue (p < .05, Fig. 6B). Frijlink and
coworkers showed that flurbiprofen concentrations in
liver, brain, kidney, and spleen tissues at 10 min after
intravenous administration increased significantly when
coadministered with a HP-3-CD complex compared with
no HP-B-CD coadministration in rats (18). This result
supports an assumption that the drug was not completely
released from the drug/CD complex by 10-30 min after
intravenous administration. Calculation of the ratio of
free dexamethasone in liver tissue versus in blood
showed that dexamethasone released from a dexa
methasone/gal-glu-B-CD complex was higher, but not

Table 1

Sability Constants of Seroidal Drug/Sugar-Branched-5CD and

Seroidal Drug/-CD Complexes

Stability Constant (M%)

Dexamethasone  Hydrocortisone ~ Triamcinolone  Prednisolone
Gal-glu-B-CD 5410
Glu-glu-B-CD 5130 5620 1640 2890
Glu-B-CD 4920 5610 1580 2160
B-CD 4030 2910 1570 1920
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Figure 6. Dexamethasone levels (in blood (A), in liver (B), Ratio of liver versus blood (C)) at 10 and 30 min after intravenous
administration of dexamethasone/sugar-branched-f3-CD complexes (dexamethasone: 1 mg/body) in mice. Dexamethasone/glu-glu-f3-
CD complex ([J); dexamethasone/gal-glu-f-CD complex (&). Each column and horizontal bar represent the mean = SD. Significant
difference between glu-glu-3-CD complex and gal-glu-B-CD complex at p < 0.05 (*).

significantly higher, than from a dexamethasone/glu-glu-
[3-CD complex at 10 min after administration. However,
the dexamethasone/gal-glu-f3-CD complex showed a sig-
nificantly higher free dexamethasone ratio than that from
the glu-glu-B-CD complex at 30 min after administration
(p < .05, Fig. 6C). These results suggest that dexametha-
sone was not easily replaced by cholesterol in blood and
stayed within the sugar-branched-CD complex, and the
gal-branched-CD complex was likely to have a specific
interaction with hepatocytes.

Efficient liver targeting of drugs requires both ‘* active
targeting’”’ and ‘‘passive targeting.”’ Active targeting
means increasing the specific affinity of a molecule for
itstarget tissuesfor liver (hepatocytes), while passive tar-
geting means reducing specific interactions with nontar-
get tissues. A previous in vitro study demonstrated that
gal-branched-CDs specifically interact with hepatocytes

viathe asialoglycoprotein receptor, demonstrating active
targeting (19). The pharmacokinetics of 3-CD and HP-
[-CD inrats after intravenous administration showed that
alarge percentage of the 3-CD and HP-3-CD doses were
eliminated through the kidney (20), indicating CDs and
their derivatives escaped hepatic elimination. CDs and
their derivatives did not have affinity for kidney tissue,
but did for liver tissue, probably due to the passive tar-
geting mechanism. These observations suggest that the
gal-branched-3-CD can possibly have both active and
passive targeting characteristics for liver, which further
studies should clarify.

CONCLUSIONS

Dexamethasone in glu-glu-3-CD or glu-B-CD com-
plexes as a guest molecule was not replaced by choles-
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terol in agueous solution. Sugar-branched-p3-CDs can be
used for an injectable carrier of low-solubility steroidal
drugs. The amount of a dexamethasone/gal-glu-f3-CD
complex was distributed significantly higher in liver tis-
sue than a dexamethasone/glu-glu-B-CD complex in
mice. Interaction of galactose on the side chain of B-CD
with asial oglycoprotein receptor on hepatocytes was sug-
gested.
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