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ABSTRACT: Azidothymidine (AZT) was introduced into curdlan by biodegradable ester bond to give AZT-bound curdlan 
(AZT-curdlan) in order to aim at releasing AZT from the polymer backbone by an enzymatic hydrolysis in living organs. 
Structure of the AZT-curdlan was analyzed by 13C NMR and 1H-13C COSY-FG 2D-NMR spectroscopy, indicating that 
AZT was bound to C6 hydroxyl group of curdlan as designed. Subsequently, the AZT-curdlan was sulfated with sulfur 
trioxide-pyridine complex to give sulfated AZT-curdlans (AZT-curdlan sulfates). AZT-curdlan sulfates, in vitro, exhibited 
anti-HIV activities in the EC50 range of 0.20 to 0.60/lgml- 1 , corresponding to that (EC50 =0.50!lgml- 1) of highly active 
curdlan sulfate. They possessed low cytotoxicities of CC50 more than I 000 !lg ml- 1 in vitro, indicating that AZT was not released 
in vitro. However, an increase in the anti-HIV activity and the cytotoxicity was observed when the AZT-curdlan sulfate solution 
in 90% buffer at pH 7.4 and 10% dimethyl sulfoxide mixture was kept in a refrigerator for a few weeks. The phenomenon 
indicates that an anti-HIV active AZT was released slowly from the curdlan sulfate carrier. Furthermore, the AZT-curdlan 
sulfates exhibited low to moderate anticoagulant activities in vitro. 
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Although human immunodeficiency virus (HIV) 
causing AIDS has been believed to be latent virus, it was 
reported recently that HIV infection is active and pro
gressive in the lymphatic system even in an early period 
of infection. 1•2 In fact, the lymphatic system serves as a 
major reservoir for HIV replication. This discovery sug
gested that targeting of AIDS drug to lymphatic tissue 
and sustaining a high therapeutic drug concentration 
in lymphatic tissue may improve therapeutic benefits, 
especially in the latent period. However, it has been 
reported that azidothymidine (AZT) administration 
during an early clinical latent stage did not provide 
benefits to HIV -infected patients, 3 since AZT fails to be 
targeted and sustained in lymphatic tissue,4 •5 and has 
serious side effects and drug resistance. 6 Therefore, 
preparation of an AZT prodrug which may deliver AZT 
to lymphatic tissue and maintain effective AZT con
centration in lymphatic tissue is of importance. 

Investigations on sulfated oligo- and polysaccharides 
with potent anti-HIV activities have extensive attracted 
attention. 7 - 19 Of these, curdlan sulfate exhibits a strong 
anti-HIV activity of EC50 = 0.50 ,ug ml- 1 to completely 
inhibit HIV infection at a concentration as low as 
3.3 ,ug ml- 1 in vitro, and possesses low anticoagulant 
activity as well as low cytotoxicity. The phase 1/11 test 
of curdlan sulfate has been performed in the United 
States since 1992.20 The results of the clinical trial have 
demonstrated that administration of the curdlan sulfate 
increased the number of CD4 lymphocytes in AIDS 
patients' blood. In addition, it was also found that the 
curdlan sulfate is concentrated in organs such as liver, 
kidney, lymph node, and bone marrow. 21 Therefore, 
curdlan sulfate may also be expected to act as a delivery 
carrier of AIDS drug into lymphoid tissue, if an effective 
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AIDS drug is bound to the curdlan sulfate. 
In the present paper, we reported firstly the prepara

tion of a drug delivery system (DDS) of AZT-bound 
curdlan sulfate which may be expected to be delivered 
to lymphatic tissue. Structure of the AZT-curdlan sulfate 
was confirmed by 1 H and 13C NMR spectroscopy. The 
anti-HIV activity of the AZT-curdlan sulfate complex 
were estimated in vitro. Investigations on the release of 
AZT in the presence of various enzymes (i.e., plasma 
and lipase) and anti-HIV activity of the released AZT 
are in progress. The distribution of AZT in lymphatic 
tissue after administration of the AZT -curdlan sulfate to 
animals remains to be also studied. The major objective 
of this study was to synthesize a new AIDS drug delivery 
system. 

EXPERIMENTAL 

Materials and General Methods 
Commercial AZT was used as purchased. 4-Dimethyl

aminopyridine (DMAP), N,N-dicyclohexylcarbodiimide 
(DCC), sulfur trioxide-pyridine complex, and succinic 
anhydride (Tokyo Kaisei Kogyo Co., Ltd.) were used 
without further purification. Dimethyl sulfoxide (DMSO) 
and pyridine was distilled before use. Low molecular 
weight curdlan (Mn= 1.37 x 104 ) was prepared by the 
hydrolysis of commercial curdlan (Mn = 8.9 x 104) in the 
presence of H 2S04 as catalyst.22 13C and 1H NMR 
spectra were recorded with a JEOL LA400 spectrometer 
working at 100 MHz and 400 MHz, respectively. Samples 
were measured on D 20 or DMSO-d6 solutions at 37°C 
and 25°C using sodium 4,4-dimethyl-4-sila-1-pentane
sulfonate (DSS) as an internal standard. Molecular 
weights of AZT-curdlan sulfates were measured by 
aqueous-phase gel permeation chromatography (col
umns: TS-gel G2000SW, G3000SW, and G4000SW; 
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7.6mm x 600mm x 3; eluent: phosphate buffer solution 
(pH= 7.02)) using standard pullulans as references. AZT 
content in the AZT-curdlan sulfate was determined by 
a UV spectrometer by using mixtures of 5'-Suc-AZT and 
curdlan sulfate as references. Samples were measured in 
0.1 mg ml- 1 aqueous solutions at 25°C. 

Synthesis of 5'-Suc-AZT 
Succinic anhydride (0.1 0 g) was added to a stirred 

solution of AZT (0.15g) and DMAP (0.10g) in pyridine 
(2 ml) at ooc. The mixture was kept at ooc. The progress 
of the reaction was monitored by thin layer chromato
graphy (TLC). After the reaction was completed, pyridine 
was evaporated under a reduced pressure. The residue 
was purified by column chromatography over silica gel 
using mixtures of methylene chloride and methanol 
(7: 3-3: 1) as an eluent. A product of 3'-azido-3'-deoxy-
5'-0-succiny1-thymidine (5'-Suc-AZT) was obtained in 
73% yield. 

Synthesis of AZT-Curdlan 
To a curdlan (0.1 g) solution in DMSO (3 ml) were 

added 5'-Suc-AZT (0.14g) and DMAP (0.10g). DCC 
(0.20 g) was added gradually to the above solution for 
30 min. Then, the mixture was stirred overnight at room 
temperature. Acetone was poured until precipitates 
appeared after the reaction was completed. The pre
cipitates were collected by centrifugation, and washed 2 
times with acetone (30 ml) and H 20 (30 ml), respectively. 
A white powdery AZT-bound curdlan (AZT-curdlan) 
(0.12 g) was obtained by freeze-drying from water. 

Synthesis of AZT-Curdlan Sulfate 
S03-pyridine complex (0.40 g) was added to a AZT

curdlan (0.10g) solution in DMSO (5ml). The mixture 
was stirred at room temperature for 75 min. Then, it was 
neutralized by a saturated NaHC03 solution and 
dialyzed against deionized water overnight. The dialyzate 
was concentrated under a reduced pressure, and freeze
dried from water to give sulfated curdlan-AZT (AZT-

0 0 

curdlan sulfate) (0.16 g). 

Assay of Anti-HIV Activity 
Anti-HIV activities of the AZT-curdlan sulfates were 

determined by their ability to protect cytopathic effects 
(CPE) induced by HIV-1 by use of the MTT method. 23 

In the microplate test (96 wells), MT-4 cells were placed 
in each well at the rate of 2.5 x 104 cells/well. The above 
cell culture was then infected by the addition of HIV
IHTLV-IIIB at the multiplicity of 0.01 in the presence 
of various concentrations of the test compound. Mock
infected MT -4 cell was carried out in parallel to determine 
the cytotoxicity of the test compound. HIV -1- and 
mock-infected MT-4 cells were incubated for 5 days at 
37oc in a C02 incubator. Then, the cell suspension was 
collected and mixed with 3-( 4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium (MTT). The viability of both 
HIV -1- and mock-infected cells was measured spectro
photometrically via the reduction of MTT. A 50% ef
fective concentration EC50 was defined as a concentra
tion of test compound which protects 50% cells from the 
virus infection. A 50% cytotoxic concentration (CC50) 

was determined by a 50% cytotoxic concentration of the 
test compound in the MT -4 cell culture. 

Assay of Anticoagulant Activity 
Anticoagulant activity was evaluated by a modified 

United States Pharmacopoeia method using bovine 
plasma. 24 Dextran sulfate with an anticoagulant activity 
of 21.0 unit mg- 1 was used as a reference. 

RESULTS AND DISCUSSION 

Synthesis and Structure Analysis 
In order to synthesize a prodrug releasing AZT in 

living organs, desirably in lymphoid tissue, AZT was 
combined through a biodegradable linkage to curdlan 
sulfate having a property to be concentrated in lymph 
node. An AZT-bound curdlan sulfate was prepared by 
a synthetic route as illustrated in Scheme 1. AZT was 
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Scheme 1. Synthetic route of AZT-bound curdlan sulfate. 
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Figure 1. 100-MHz 13C NMR spectra of (A) 5'-Suc-AZT and (B) AZT-curdlan (d6 -DMSO as a solvent at 25°C). 

Table I. Reaction of curdlan with 5'-Suc-AZT" 

Curdlan 5' -Suc-AZTb DMAP/DCCc Time Yield 
DSAZT d Elemental Analysis/% 

No. -----

(AZT-bound) 
---------

g mmol g equiv< g/g h g c H N 

1 0.10 0.62 0.05 0.22 0.10/0.20 48 0.11 0.15 42.0 5.6 5.4 
2 0.15 0.93 0.10 0.29 0.10/0.30 24 0.15 0.16 - f 

3 0.13 0.83 0.18 0.59 0.10/0.20 48 0.15 0.18 42.0 6.0 5.6 
4 0.10 0.62 0.14 0.61 0.10/0.30 48 0.12 0.20 41.6 5.7 6.3 
5" 0.10 0.62 0.10 0.43 0.10/0.15 24 0.10 0.29 43.7 5.2 9.7 
6" 0.10 0.62 0.13 0.59 0.10/0.20 24 0.13 0.50 46.1 5.1 12.2 

----------------

a Reacted in DMSO at room temperature. h 5' -Succinyl-AZT. c 4-Dimethylaminopyridine and N,N-dicyclohexylcarbodiimide. d Degree of 
AZT substitution to a glucose unit of curd1an. c Equiv to a glucose unit of curdlan. 'Not measured. • Reaction was repeacted twice. 

reacted with succinic anhydride in the presence ofDMAP 
as a catalyst to give a 5'-Suc-AZT. The yield of 5'-Suc
AZT increased with increasing equiv of succinic an
hydride. However, the addition of a large excess of 
succinic anhydride did not provide high yield. When 
the separation of 5'-Suc-AZT was carried out by col
umn chromatography by use of methylenechloride and 
methanol mixture as an eluent, remaining succinic an
hydride reacted with methanol to afford a difficultly 
separable byproduct. Thus, the maximum yield was ob
tained in 73%, when AZT was reacted with 1.8 equivs 
of succinic anhydride. 

Structure of the 5'-Suc-AZT was identified by 13C 
NMR spectroscopy, as shown in Figure 1. Assignment 
of peaks was carried out by reference to the spectra of 
AZT and succinic acid. Two novel pairs of peaks around 
17 5 ppm and 30 ppm were assigned to absorptions of the 
succinyl acid moiety. 
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AZT was introduced into curdlan by esterification of 
5'-Suc-AZT with curdlan in the presence of DMAP and 
DCC as catalysts. The results are summarized in Table 
I. The degree of AZT substitution increased with in
creasing equiv of 5'-Suc-AZT. Although an increase in 
reaction time did not provide high degree of AZT 
substitution, the repeated esterification was much effec
tive for increasing AZT substitution to reach 50%. This 
phenomenon was consistent with the condensation of 
curdlan with orthoacetate. 25 

Structure analysis of the AZT -curdlan was performed 
by 13C NMR spectroscopy, as also shown in Figure l. 
Absorptions d and c due to carbonyl carbon and an 
adjacent methylene of the succinyl ester moiety, re
spectively, appeared at 172 ppm and 28 ppm, which up
field shifted after the reaction with curdlan. Further
more, absorptions due to Cl-C6 carbons of curdlan are 
clearly seen in the spectrum. A part of the C6 absorption 
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Figure 2. 2D 13C-1H COSY-FG NMR spectra of AZT-curdlan (d6-DMSO as a solvent at 50°C). 

Table II. Sulfation of AZT-curdlan with sulfur trioxide pyridine complex• 

AZT -Curdlan S03-Pyb Time Yield .M· Elemental analysis/(%) AZT-Bound 
No. n DSuld 

equiv min X 104 c H N s wt%< DSAZT f g g g 

I 0.10 0.40 4.85 75 0.16 1.38 24.6 3.5 3.7 12.0 1.31 11.5 0.15 
2 0.10 0.35 4.17 65 0.13 1.44 23.9 3.5 3.5 12.5 1.45 11.7 0.16 
3 0.10 0.35 4.35 75 0.16 1.37 22.8 4.2 3.0 13.1 1.50 12.9 0.18 
4 0.10 0.35 4.40 75 0.14 1.27 23.8 4.0 3.4 11.9 1.42 14.2 0.20 
5 0.10 0.35 4.82 70 0.13 -· 26.4 3.6 5.6 11.1 1.43 18.6 0.29 
6 0.10 0.40 6.68 90 0.08 _g 31.8 3.8 8.5 8.8 1.31 28.2 0.50 

a Sulfated in DMSO at room temperature. b Sulfur trioxide pyridine complex. • Determined by GPC. d Degree of substitution of sulfate 
group based on a glucose unit of curdlan. e Measured by UV spectroscopy. r Degree of AZT substitution based on a glucose unit of curdlan. 
•Not measured. 

of curdlan shifted from 61 ppm to 64 ppm and overlapped 
with the 5' carbon of AZT moiety, indicating that the 
6-hydroxyl group of curdlan was esterified. The absorp
tion at 64 ppm consisted of the overlapping of the two 
peaks due to C6' of curdlan and 5' carbon of AZT 
moiety. This assignment was carried out by 1H-13C 
COSY-FG 2D-NMR, as exhibited in Figure 2. Since 
there was no change in the C2 and C4 carbon absorptions 
of curdlan after the reaction, it is clear that AZT was 
introduced exclusively into the C6 position of curdlan. 

The AZT-curdlan was sulfated with S03-pyridine 
complex to give AZT-curdlan sulfate. The results are 
summarized in Table II. The degree of sulfation es
timated by elemental analysis in combination with UV 
spectroscopy was in the range of 1.3 to 1.5. In order to 
obtain AZT-curdlan sulfates with high degrees of AZT 
substitution (DSAzr) and sulfation (DSul), it was nec
essary to increase both reaction time and equiv of S03-

pyridine (No. 6). 
1 H NMR spectrum of an AZT -curdlan sulfate is shown 

in Figure 3. Assignment of the peaks was carried out by 
reference to the previous work. 26 The comparison of 
intensity of methylene group (2.8 ppm, 4H) of the succinyl 
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moiety with that of methyl group (1.8 ppm, 3H) of AZT 
moiety revealed that the linkage between AZT and 
curdlan was not broken during the sulfation. Therefore, 
the degree of AZT substitution to a glucose unit of 
curdlan did not change by the sulfation. 

Anti-HIV Activity and Anticoagulant Activity 
An anti-HIV activity of the AZT-curdlan sulfate was 

assayed by MTT method in vitro. 23 HIV-1- and mock
infected MT -4 cells were incubated in the presence of 
various concentrations of AZT -curdlan sulfate for 5 days 
at 37°C in a C02 incubator. The cell viability was 
determined by reduction of MTT dye by living cells. 
Table III summarizes the results of anti-HIV activities 
of AZT-curdlan sulfates. AZT-curdlan sulfates exhibited 
anti-HIV activities in the EC50 range of 0.17 to 0.58 
,ug ml- 1 corresponding to that of a highly active curdlan 
sulfate (EC50 =0.51,ugml- 1), and possessed low cyto
toxicities of CC50 more than 1000 ,ugml- 1 • The anti
HIV activity and low cytotoxicity indicate that the 
ester bond of AZT -curdlan sulfate was stable under a 
moderate pH condition in vitro, and AZT did not release 
from curdlan sulfate carrier, because a free AZT must 
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Figure 3. 400-MHz 1 H NMR spectrum of an AZT-curdlan sulfate (D 20 as a solvent at 37°C). 

Table III. The anti-HIV and anticoagulant activities of AZT-curdlan sulfates 

s· 1 Day 21 Days 35 Days 
AZT-Bound 

Mn (content) 
----- ··-----

AA• 
No. DSulb ECso' CCso d ECso' CCso' ECso f CCso f 

X 104 unitmg- 1 
wt% DSAZT h ---·---- ---

% .ugml-1 .ugml-1 .ugml-1 .ug ml-1 .ugml-1 .ugml-1 

1 0 0 1.25 14.0 1.52 0.61 > 1000 0.61 > 1000 0.61 > 1000 19 
2 11.5 0.15 1.38 12.0 1.31 0.37 > 1000 0.09 570 0.03 410 22 
3 11.7 0.16 1.44 12.5 1.45 0.17 > 1000 0.16 780 - i 18 
4 12.9 0.18 1.37 13.0 1.50 0.58 > 1000 0.14 650 0.07 540 - i 

5 14.2 0.20 1.27 11.9 1.42 0.17 > 1000 O.o? 780 0.04 640 
6 18.6 0.29 - i 11.1 1.43 0.50 > 1000 0.04 610 0.04 630 16 
7 28.2 0.50 - i 8.8 1.31 0.03 670 0.03 680 16 

CSi 14.1 0.51 > 1000 0.54 > 1000 
AZT (mM) 0.002 7.8 0.002 8.6 0.002 10.2 

• Determined by elemental analysis. b Degree of substitution of sulfate group to a glucose unit. 'Anti-HIV activity: Drug concentration 
effective for 50% inhibition of virus infection in 5-day HIV-infected MT-4 cell culture. d Cytotoxic effect: Drug concentration 50% cytotoxicity 
in 5-day MT-4 cell culture. ' Anti-HIV activity and cytotoxicity assayed when the compound solution was kept in a refrigerator for 21 days. 
'Anti-HIV activity and cytotoxicity assayed when 35 days. • Anticoagulant activity: Commercial dextran sulfate having 21 unit mg- 1 as reference. 
h Degree of AZT substitution to a glucose unit of curdlan. 'Not measured. i Curdlan sulfate having weight average molecular weight of 7.9 x 104 

as reference. 

show higher cytotoxicity as mentioned below. It was 
reported that an AZT derivative having an ester linkage 
was stable under neutral pH range, whereas the ester 
linkage was severed enzymatically to release AZT. 27 

Therefore, the activity due to free AZT must not be 
added to the activity detected by the MTT in vitro, 
the anti-HIV activity of the AZT-curdlan sulfate may 
originate from that of curdlan sulfate moiety. 

It was also found that AZT was released gradually 
from the AZT-curdlan sulfate when the AZT-curdlan 
sulfate solution in a 90% buffer at pH 7.4 and 10% 
dimethyl sulfoxide mixture was kept in a refrigerator for 
a few weeks. The released AZT exhibited its anti-HIV 
activity. Therefore, as shown in Figure 4, the anti-HIV 
activity of the AZT-curdlan sulfate increased with 
increasing storage time, because the activity due to the 
released AZT was added to that due to the curdlan 
sulfate. In addition, an increase in cytotoxicity attrib
utable to AZT was observed, as also shown in Figure 
4. The phenomena were not observed when AZT-curd-

Polym. J., Vol. 30, No. I, 1998 

Ian sulfate was kept in dry powder for a few months, 
indicating that the AZT-curdlan sulfate is stable in dry 
conditions, but not in the solution. Furthermore, anti
HIV activities (EC50 = 0.03-0.16 Jlg ml- 1) and cyto
toxicities (CC50 =400-780 Jlg ml- 1) of AZT-curdlan 
sulfates, which were kept in the solution, were much 
lower than those (EC50 = 0.0003 Jlg ml- 1 , CC50 = 4.2 
Jlg ml- 1) of a mixture of AZT (28.2%) and curdlan 
sulfate (71.8%), suggesting that the release of AZT was 
very slow even in the solution. 

Since an enzymatic release of AZT from azidothymidyl 
aliphatic ester has been reported, 27 the present 
AZT -curdlan sulfate bound by an ester linkage must 
release AZT if it is used in living organs having ester 
bond-severing enzymes existing abundantly. Such an 
experiment will be done in future. 

Anticoagulant activities of AZT-curdlan sulfates are 
also shown in Table III. The AZT-curdlan sulfates ex
hibited low to moderate anticoagulant activities ranging 
from 16 to 22 unit mg- 1 , being almost comparable to 
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Figure 4. Dependence of both the anti-HIV activity and the cyto
toxicity of AZT-curdlan sulfates on storage time of the AZT-curdlan 
sulfate solutions('", DSAzT=0.15; e, DSAzT=0.18; A, DSAzT=0.20; 
•• DSAzT=0.29; *· DSAzT=0.50). 

that of an AZT-free curdlan sulfate (No. 1). It was 
revealed that the substitution of curdlan sulfate by AZT 
did not increase the anticoagulant activity which is 
regarded as a serious side effect for an anti-HIV agent. 
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