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Abstract 

We have been developing a new generation of alginate drug delivery systems based on covalent attachment of 
therapeutic agents to this maeromolecular carrier. This approach involves covalent coupling of the therapeutic agent 
either directly through its primary amine group, or via a linker terminating in a primary amine group, to propylene 
glycol alginate. A model immunogenic peptide was synthesised and bound directly to alginate, and the effect of 
conjugation on its immunogenicity was assessed. We found that conjugation to alginate resulted in a 4-fold decrease 
in the humoral antibody response to the peptide following repeated systemic administration to mice. A conjugate of 
alginate and 5-aminosalicylic acid (5ASA) was also prepared. 5ASA was first coupled to a linker (6-aminohexana- 
mide-L-phenylalanine) specifically designed to be cleaved by the enzyme a-chymotrypsin, and subsequently bound to 
alginate. In vitro release studies showed that 5ASA was gradually released from this conjugate in the presence of 
a-chymotrypsin (48% released/24 h), and that the initial rate of drug release was approx. 6-fold slower than that 
from the low molecular weight analogue, 6-aminohexanamide-L-phenylalanyl-5ASA. 

Keywords: Alginate; Polymeric drug carrier; Peptide delivery system; 5-Aminosalicylic acid; ~-Chymotrypsin-sensitive 
linker; Inflammatory bowel disease 

I. Introduction 

Alginates are natural polymers composed of 
(1-4)-linked fl-D-mannuronic acid and Or-L- 

* Corresponding author. Tel. 44 171 753 5932; Fax 44 171 
753 5931. 

guluronic acid residues (Gacesa, 1988). Although 
alginates have been developed as drug delivery 
systems, most studies have used methods involv- 
ing non-covalent entrapment of drugs within the 
alginate matrix or within calcium alginate gels 
(Bodmeier and Paeratakul, 1991; Kim and Lee, 
1992; Lin and Ayres, 1992). Covalent coupling of 
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proteins and drugs to macromolecular carriers on 
the other hand, offers the possibility of tailoring 
more sophisticated drug delivery systems, having 
improved drug pharmacokinetics and bioavailabil- 
ity and this approach has already begun to realise 
clinical potential (reviewed in Duncan, 1992). 

In this study, we have developed a general 
method for the covalent coupling of alginates to 
therapeutic agents containing primary amine 
groups. We used a peptide antigen (peptide VP2) 
composed of a B cell-T helper cell epitope repre- 
senting two sites on the structural protein VP2 of 
the human rhinovirus type 2 (Francis et al., 1989) 
to study the effect of conjugation to alginate on 
its immunogenicity. Conjugation of proteins to 
polymers such as polyethylene glycol (Tsuji and 
Hirose, 1985)and N-(2-hydroxypropyl)methacryl- 
amide (HPMA) copolymer (Flanagan et al., 1990) 
have been shown to result in a reduction in the 
immunogenicity of the coupled proteins. How- 
ever, alginates are known to have immunostimu- 
latory activity (Otterlei et al., 1991; Espevik et al., 
1993) and therefore may exhibit adjuvant proper- 
ties on coupling to antigens. 

Here we also describe a method which can be 
used for the coupling of drugs such as 5-amino- 
salicylic acid (5ASA) indirectly to alginate by the 
incorporation of a linker terminating in a primary 
amine group. We used a linker which is specifi- 
cally cleaved by the enzyme a-chymotrypsin, 
hence tailoring this conjugate to enable drug re- 
lease in the gastrointestinal tract. 

2. Materials and methods 

2.1. Synthesis of peptide VP2 

Peptide VP2 (VKAETRLNPDLQPTETS QD- 
VANAIVC) was chemically synthesised using the 
solid-phase process according to the procedure of 
Merrifield (1963), with the B cell epitope at the 
amino terminus and an non-natural cysteine 
residue at the carboxyl terminus. The peptide was 
purified by reverse-phase HPLC and charac- 
terised by fast atom bombardment mass spec- 
trophotometry. 

2.2. Preparation of alginate-peptide conjugate 

Propylene glycol alginate (a commercial prod- 
uct supplied by Kelco Division of Merck and Co. 
Inc.) was reacted with peptide VP2 in 0.2 M 
bicarbonate buffer (pH 9) using a 3:1 molar ex- 
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Fig. 1. Synthetic pathway of 6-aminohexanamide-L-phenyl- 
alanyl-5ASA. The major intermediate compounds (1-4) are 
referred to in section 2: (1) 6-(N-benzyloxycarbonylamino) 
hexanamide-L-phenylalanyl ethyl ester, (2) 6-(N-benzyl- 
oxycarbonylamino) hexanamide-r-phenylalanine, (3) 6-(N- 
benzyloxycarbonylamino) hexanamide-L-phenylalanylamido- 
5ASA, (4) 6-(N-benzyloxycarbonylamino) hexanamide-r-phen- 
ylalanyl-5ASA formate. 



S.M. Morgan et al. / International Journal of Pharmaceutics 122 (1995) 121-128 123 

cess of esterified carboxyl groups to free amine 
groups, and a 5 mg/ml concentration of peptide. 
The reaction was maintained at pH 9 for 72 h at 
4 ° C. Uncoupled peptide was removed by dialysis 
against sodium bicarbonate buffer (pH 10) and 
then against distilled water. The resulting prod- 
uct was analysed by size-exclusion HPLC using a 
TSK G3000 PW analytical column (7.5 mm × 300 
ram), and eluted with phosphate-buffered saline 
containing 0.4 M NaC1 at a flow rate of 0.75 
ml/min. A variable-wavelength UV detector (280 
nm) was used for detection. The column was 
calibrated using pullulan molecular weight stan- 
dards. The amount of peptide bound was deter- 
mined by the protein assay of Lowry et al. (1951). 

2.3. Preparation of alginate-6-aminohexanamide- 
L-phenylalanyl-5ASA conjugate 

5ASA was derivatised to 6-aminohexanamide- 
L-phenylalnyl-5ASA and subsequently conjugated 
to alginate. The derivatisation procedure is shown 
in Fig. 1. 

2.3.1. Synthesis of  6-(N-benzyloxycarbonylamino ) 
hexanamide-L-phenylalanyl ethyl ester (1) 

To a cooled solution ( - 5  ° C) of 6-(N-benzyl- 
oxycarbonylamino) hexanoic acid (20 g, 0.075 mol) 
and N-methylmorpholine (16.6 ml, 0.151 mol) in 
dry tetrahydrofuran (200 ml), trimethylacetyl 
chloride (9.3 ml, 0.075 mol) was added while 
stirring. The solution was stirred for 3 h at - 5 ° C  
and then phenylalanyl ethyl ester hydrochloride 
(18.2 g, 0.074 mol) and N-methylmorpholine (8.7 
ml, 0.079 mol) dissolved in acetonitrile (200 ml) 
were added. The reaction mixture was left to stir 
overnight at room temperature. The precipitate 
was removed by filtration and the filtrate was 
concentrated under reduced pressure. The oily 
residue was dissolved in 400 ml of ethyl acetate, 
washed three times with 150 ml of a 10% aque- 
ous solution of citric acid, and finally three times 
with a saturated solution of sodium bicarbonate. 
The organic layer was dried over magnesium sul- 
phate. Concentration of the organic solution 
yielded an oil which crystallised on standing. The 
solid was recrystallised by dissolving in 150 ml of 

a 2 /1  (v/v) mixture of chloroform and ether, and 
the addition of excess hexane. 

2.3.2. Synthesis of  6-(N-benzyloxycarbonylamino) 
hexanamido-L-phenylalanine (2) 

Sodium hydroxide solution (3%, 100 ml) was 
carefully added to a solution of derivative (1) in 
400 ml methanol (30 g, 0.068 tool) at 0 ° C. The 
solution was stirred for 6 h at room temperature, 
and the methanol was then evaporated under 
reduced pressure. After adding water (100 ml) to 
the residue, the solution was acidified with con- 
centrated hydrochloric acid to pH 2 at 0 ° C. The 
precipitate was removed by filtration and dis- 
solved in ethyl acetate (600 ml). The organic 
phase was washed first with a saturated solution 
of sodium chloride (150 ml) and then with water 
(150 ml). The ethyl acetate phase was dried over 
magnesium sulphate. Concentration of the or- 
ganic solution yielded the product (derivative 2). 

2.3.3. Synthesis of  6-(N-benzyloxycarbonylamino) 
hexanamido-L-phenylalanylamido-5ASA (3) 

Derivative (2) (25 g, 0.061 mol) and N-hy- 
droxysuccinimide (7 g, 0.061 mol) were dissolved 
in dry tetrahydrofuran (400 ml) and cooled to 
- 20 ° C. Solid N,N'-dicyclohexylcarbodiimide 
(12.5 g, 0.0607 tool) was added and the solution 
was stirred overnight at 0 ° C. The precipitate was 
removed by filtration and the solution of the 
succinimide ester was added to a solution of 
5ASA (10.7 g, 0.069 tool) and N-methylmorpho- 
line (15.3 ml, 0.14 mol) in dry dimethylformide 
(250 ml) at 5 ° C, and the reaction mixture was 
stirred at room temperature. After 24 h the sol- 
vent was evaporated under reduced pressure, the 
oily residue was dissolved in 800 ml of ethyl 
acetate and washed with saturated sodium chlo- 
ride (250 ml) and water (250 ml). The product 
was dried over magnesium sulphate and the or- 
ganic phase was removed under reduced pres- 
sure. The product was recrystallised by dissolving 
in methanol. 

2.3.4. Synthesis of 6-aminohexanamide-L-phenyl- 
alanyl-5ASA formate (4) 

Derivative (3) (3 g, 5.5 mmol) was dissolved in 
a methanol-formic acid mixture (300 ml, 10:1, 



124 S.M. Morgan et al. / International Journal of Pharmaceutics 122 (1995) 121-128 

v/v), Pd /C  (10%, 0.3 g) was added as a catalyst 
and the solution was placed under a hydrogen 
atmosphere (35 bar). After 12 h the catalyst was 
removed by filtration and the filtrate was concen- 
trated under reduced pressure to 50 ml. Diethyl 
ether was added to the residue until a white 
precipitate appeared. After filtration the product 
was dried. 

All of the derivatives synthesized were charac- 
terised by IR and 1H-NMR spectroscopy. 

2.3.5. Binding of 6-aminohexanamide-L-phenyl- 
alanyl-5ASA formate to alginate 

Derivative (4) (80 mg, 0.17 mmol), dissolved in 
a mixture (2:5) of dimethyl sulphoxide and 0.5 M 
NaOH (7 ml), was added to a solution of propy- 
lene glycol alginate (80 mg in 10 ml of distilled 
water). The resulting solution was adjusted to pH 
10 with NaOH (1 M) while stirring thoroughly at 
room temperature. The solution was then left 
reacting at 4 ° C. After 72 h, the alginate-drug 
conjugate was precipitated with excess acetone, 
filtered and redissolved in a small amount of 
distilled water adjusted to pH 10 with NaOH (1 
M). In order to remove unbound drug, the solu- 
tion was first dialysed against bicarbonate buffer 
(pH 10.5) for 24 h and then against distilled water 
for 48 h, prior to lyophilisation. The conjugate 
was characterised by size-exclusion HPLC using a 
TSK G4000 PW column (7.5 mm x 300 mm) con- 
nected in series with a TSK G2000 PW column 
(7.5 mm X 300 mm), and eluted with phosphate- 
buffered saline containing 0.4 M NaCI at a flow 
rate of 1 ml/min. Detection was performed with 
a refractive index detector maintained at 25 ° C. 
The columns were calibrated using pullulan 
molecular weight standards. The amount of bound 
drug was determined spectrophotometrically at 
306 nm using derivative (4) as standards. 

2.4. Evaluation of the immunogenicity of the algi- 
nate-peptide VP2 conjugate 

An equivalent dose of peptide VP2 (200/zg) in 
its free and conjugate form was administered 
intraperitoneally in 0.5 ml PBS/Freund's com- 
plete adjuvant mixture (1:1) to groups of five 

inbred Balb/c mice (8-12 weeks old). Control 
animals included a naive group and a group ad- 
ministered 0.5 ml PBS/Freund's complete adju- 
vant mixture (1:1) only. The mice were boosted 
on day 28, with Freund's complete adjuvant being 
replaced with Freund's incomplete adjuvant. The 
animals were killed 1 week after boosting. The 
blood was obtained by cardiac puncture and then 
left to clot at 4°C. The serum was collected, 
centrifuged to remove erythrocytes and stored at 
-20  ° C. The anti-peptide VP2 IgG response in 
the serum sample of each animal was tested using 
an indirect ELISA, following the method of Fran- 
cis et al. (1990). 

2.5. In vitro release of 5ASA 

To 0.9 ml of alginate-6-aminohexanamide-L- 
phenylalanyl-5ASA conjugate, or 6-aminohe- 
xanamide-L-phenylalanyl-5ASA in Tris buffer, pH 
7.8 (equivalent to ~ 1.2 mM 5ASA), 100 /xl of 
a-chymotrypsin (10 mg/ml, EC. 2. 4. 21.1., Sigma 
Chemical Co. Ltd) were added. Following incuba- 
tion at 37 ° C, samples (100 /zl) were removed at 
various times up to 24 h, and analysed by 
reverse-phase HPLC (as described below). As a 
control, incubations were also carried out in the 
absence of a-chymotrypsin to assess hydrolytic 
stability. The controls consisted of 0.9 ml of the 
appropriate substrate solutions and 100 ~1 of 
buffer. Determination of 5ASA was carried out 
by reverse-phase HPLC using a C18 (Kromasil) 
analytical column (4.6 X 150 mm) and a variable- 
wavelength detector (A = 328 nm). Samples (100 
/xl) containing 5ASA were made up to 700 /~1 
with Tris buffer, pH 7.8 (0.1 M adjusted with 
HCI) and perchloric acid (50 /zl) was added. 
After 10 min on ice, the samples were centrifuged 
(4000 x g, 4°C) and aliquots (600 /zl) were re- 
moved. The solution was adjusted to pH 2 by the 
addition of NaOH (35 /~1, 4 M) before a sample 
(20 /zl) was injected onto the HPLC column. 
Elution was isocratic using water/trifluoroacetic 
acid (0.1% v/v), and the flow rate was set at 1 
ml/min. A calibration curve (peak area) was con- 
structed using a range of 5ASA concentrations 
(4.5-225/x g/ml). 
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3. Results 

3.1. Preparation o f  alginate-peptide VP2 and algi- 
nate-6-aminohexanamide-L-phenylalanyl-5ASA 
conjugates 

The alginate-peptide VP2 and alginate-6- 
aminohexanamide-L-phenylalanyl-5ASA conju- 
gates were prepared  according to the general 
synthetic scheme shown in Fig. 2. Analysis of the 
alginate-peptide VP2 conjugate by size-exclusion 
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Fig. 2. Synthetic pathway of alginate-peptide VP2/5ASA con- 
jugates. R 1 represent the two types of ester groups; primary 
2-hydroxyprop-l-yl and secondary 1-hydroxypropyl-2-yl which 
exist in equilibrium, R 2 represents peptide VP2 and R 3 
denotes 6-aminohexanamide-L-phenylalanyl-5ASA. 

0.6 

0.4 

< 

0.2 

0.0 

(b) 

(a) 

aaOK 
~ 100K 12.2K 

12 18 24 

Retention time (rain) 

Fig. 3. Size-exclusion HPLC profiles of propylene glycol algi- 
nate (a) and the alginate-peptide VP2 conjugate (b). Analysis 
was performed using a TSK G3000 PW column as described 
in section 2. Arrows indicate the retention time of pullulan 
molecular weight standards and free peptide VP2. 

HPLC showed that the dialysed preparat ion was 
composed of two components  with different 
molecular weights, but did not contain free pep- 
tide (Fig. 3). Both components  of the alginate- 
peptide VP2 conjugate preparat ion were of lower 
molecular weight (retention times of 9.4 and 13.2 
min) than the alginate precursor (9.0 min). Using 
pullulan as molecular weight standards, the data 
obtained from size-exclusion HPLC showed that 
the alginate-peptide VP2 conjugate had an ap- 
parent  molecular weight within the range of 
100 000-11 000. The alginate-peptide VP2 conju- 
gate contained 11.5% (w/w)  peptide VP2, as 
determined by the Lowry protein assay (Lowry et 
al., 1951). 5ASA was bound to alginate via the 
peptidyl spacer 6-aminohexanamide-L-phenyl-  
alanine. The alginate-5ASA conjugate contained 
1.7% (w/w)  5ASA. On analysis by size-exclusion 
HPLC (Fig. 4), this conjugate appeared to have a 
lower weight average molecular weight ( M  w = 
66 000) and a broader  molecular weight distribu- 
tion ( M w / M  n = 3.9) than the starting propylene 
glycol alginate (M w = 689 000, M w / M  n = 2.7). 
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3.2. Evaluation of the immunogenicity of the algi- 
nate-peptide VP2 conjugate 

The anti-peptide VP2 serum IgG response fol- 
lowing the intraperitoneal administration of free 
peptide VP2 and alginate-peptide VP2 was anal- 
ysed using an indirect ELISA (Francis et al., 
1990). An anti-peptide VP2 IgG response was not 
detected in either of the control groups. Adminis- 
tration of both free peptide VP2 and alginate- 
peptide VP2 in adjuvant elicited a significant 
anti-peptide VP2 serum IgG response when com- 
pared with the control group, administered 
PBS/adjuvant mixture only (Fig. 5). However, 
the IgG response to peptide VP2 when adminis- 
tered in the conjugate form was significantly lower 
than the IgG response to the free peptide, with 
P < 0.05 and < 0.006 within the 4-8 and 16-512 
reciprocal antibody dilution ranges, respectively 
(Fig. 5). Based on the titre values, the alginate- 
peptide VP2 conjugate was approx. 4-fold less 
immunogenic than the free peptide; the titre val- 
ues for alginate-peptide VP2 conjugate and free 
peptide VP2 were 32 and 120, respectively. By 
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Fig. 5. Immunogenicity of peptide VP2 and alginate-peptide 
VP2 in mice following parenteral administration. Groups of 
mice (n = 5) were immunised with peptide VP2 (o) and 
alginate-peptide VP2 conjugate (e) as described in section 2, 
and the response of these two test groups was compared with 
that of a naive group ( • ). Detection of anti-peptide VP2 IgG 
antibody in serum was performed using an indirect ELISA. 
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Fig. 4. Size-exclusion HPLC profiles of propylene glycol algi- 
nate (a) and alginate-5ASA conjugate (b). Analysis was per- 
formed using TSK G4000 PW and TSK G2000 PW columns 
connected in series as described in section 2. Arrows indicate 
the retention time of pullulan molecular weight standards. 

reference to the respective response curves, the 
titre value was taken as the reciprocal antibody 
dilution at 50% of the average maximum ab- 
sorbance (492 nm). 

3.3. In vitro release of 5ASA from alginate-6- 
aminohexanamide-L-phenylalanyl- 5ASA 

5ASA was released from alginate-6-aminohe- 
xanamide-L-phenylalanyl-5ASA in the presence 
of a-chymotrypsin. The release of 5ASA from the 
alginate conjugate was linear for the first 4 h of 
the incubation period and then began to decline 
gradually (Fig. 6). The total amount of 5ASA 
released during the 24 h incubation period was 
48%. For comparison, the release of 5ASA from 
the low molecular weight analogue, 6-aminohe- 
xanamide-L-phenylalanyl-5ASA, was also exam- 
ined in vitro. It was shown that in the presence of 
a-chymotrypsin the initial rate of drug release 
from the alginate-6-aminohexanamide-L-phenyl- 



S.M. Morgan et al. / International Journal of Pharmaceutics 122 (1995) 121-128 127 

60" 

45" 

0 

30" 

15" 

. . . .  __. , , , [] 
4 8 12 16 20 24 

Time (h) 
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6 -aminohexanamide -L-pheny la l any l -5ASA,  [] ). 

alanyl-5ASA conjugate was approx. 6-fold slower 
than that from 6-aminohexanamide-L-phenyl- 
alanyl-5ASA (Fig. 6). No 5ASA release was ob- 
served from either the alginate-6-aminohexana- 
mide-L-phenylalanyl-5ASA or the low molecular 
weight analogue in the absence of a-chymotryp- 
sin. 

4. Discussion 

Coupling of peptide VP2 and 6-aminohe- 
xanamide-L-phenylalanyl-5ASA to alginate was 
carried out by aminolysis of the ester groups of 
propylene glycol alginate under alkaline condi- 
tions. Under these conditions, the remaining un- 
reacted ester groups are hydrolysed to the free 
carboxylate groups. Some degradation of propy- 
lene glycol alginate is known to occur under 
alkaline conditions (BeMiller and Kumari, 1972; 
Gray et al., 1990), and as predicted the alginate- 
peptide VP2 and the alginate-5ASA conjugates 

were shown by size-exclusion HPLC to have lower 
molecular weights than the alginate precursor. 

It has been shown that polypeptides exhibit 
decreased antigenicity following modification by 
synthetic polymers, such as polyethylene glycol 
(Tsuji and Hirose, 1985) and HPMA copolymer 
(Flanagan et al., 1990). Our data show that cova- 
lent coupling to the natural polymer alginate also 
results in a reduction in the immunogenicity of 
peptide VP2. This reduction in immunogenicity is 
likely to be caused by steric hinderance of the 
antigenic determinants from immune surveil- 
lance. More specifically, we anticipate that the 
covalently attached alginate polymer would de- 
crease the rate of interaction between the pep- 
tide epitopes and their respective immune recep- 
tors. Clearly, while alginates have previously been 
shown to have immunopotentiating properties 
(Otterlei et al., 1991; Espevik et al., 1993), our 
results indicate that alginates do not exhibit adju- 
vant properties, but rather decrease the anti- 
genicity of a covalently coupled peptide. This 
property could be useful for the parenteral deliv- 
ery of therapeutic peptides/proteins which are 
inherently immunogenic. 

It has been suggested that peptidase enzymes 
of the gastrointestinal tract can be utilised for the 
controlled release of drugs from specifically de- 
signed peptidyl side chains of polymeric drug 
carriers (Woodley, 1992). Here we show that in 
the presence of a-chymotrypsin, 5ASA was grad- 
ually released from the alginate conjugate, and 
the initial rate of release was slower than that 
from the low molecular weight analogue. The 
slower rate of drug release from the alginate 
conjugate is probably due to a decrease in the 
rate of enzyme-substrate complex formation as a 
result of steric hindrance by the polymer. The 
decline in the rate of 5ASA release, observed in 
vitro, with the alginate conjugate and the low 
molecular weight analogue is likely to be caused 
by enzyme inactivation due to auto-hydrolysis, 
and is unlikely to be a limiting factor in vivo. As 
chymotrypsin, or chymotrypsin-like activity is pre- 
sent in the colon as well as the small intestine 
(Woodley, 1991), continuous release of 5ASA 
from alginate-6-aminohexanamide-L-phenyl- 
alanyl-5ASA conjugate would be expected to take 
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place throughout the whole length of the bowel. 
This type of release should be suitable for the 
treatment of both small intestine and colon in- 
flammatory lesions. Alginate-5ASA conjugate 
could also be incorporated within calcium-algin- 
ate gel beads (Kim and Lee, 1992) thus further 
modifying the rate of drug release. The swelling 
of the beads would be accompanied by gradual 
release of the drug conjugate and/or  the diffu- 
sion of the enzyme into the beads with the subse- 
quent hydrolysis of the spacer and release of the 
drug. 

Previously, we have shown that alginates are 
poorly immunogenic and are well tolerated fol- 
lowing systemic administration (A1-Shamkhani et 
al., 1991; A1-Shamkhani and Duncan, 1995). 
These properties of alginates together with the 
data obtained in this study suggest that alginates 
should be useful as drug delivery systems for 
therapeutic peptides/proteins and drugs, with the 
possibility of designing alginate-drug conjugates 
with specific controlled release properties. 
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