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New, stable, highly water-soluble, nontoxic polysaccharide conjugates of amphotericin B (AmB) are de-
scribed. AmB was conjugated by a Schiff-base reaction with oxidized arabinogalactan (AG). AG is a highly
branched natural polysaccharide with unusual water solubility (70% in water). A high yield of active AmB was
obtained with the conjugates which were similarly highly water soluble and which could be appropriately
formulated for injection. They showed comparable MICs for Candida albicans and Cryptococcus neoformans
(MICs, 0.1 to 0.2 mg/ml). The reduced AmB conjugate, which was synthesized at pH 11 for 48 h at 37°C, was
nonhemolytic and was much safer than conventional micellar AmB-deoxycholate. It was the least toxic
AmB-AG conjugate among those tested with mice (maximal tolerated dose, 50 mg/kg of body weight), and
histopathology indicated no damage to the liver or kidneys. This conjugate, similarly to the liposomal formu-
lation (AmBisome), was more effective than AmB-deoxycholate in prolonging survival. It was more effective
than both the liposomal and the deoxycholate formulations in eradicating yeast cells from target organs. The
overall results suggest that after further development of the AmB-AG conjugate, it may be a potent agent in
the treatment of fungal infections.

Amphotericin B (AmB)-deoxycholate (AmB-DOC) is the
drug of choice for the treatment of mycotic infections caused
by a wide range of fungi (11). Clinical use of this drug is
continuously growing as a result of the increasing incidence of
life-threatening fungal infections, particularly in immunocom-
promised hosts such as cancer patients (3), patients who have
undergone organ transplantation (13), and patients with AIDS
(8). However, AmB therapy is frequently associated with neph-
rotoxicity, central nervous system and liver damage, and side
effects, such as nausea, fever, and chills, all of which are dose
related. Therefore, the daily dose is limited to 1.5 mg/kg of
body weight, and at times it may be necessary to reduce the
dose or even discontinue therapy early (6, 20, 25).

AmB is a hydrophobic molecule with negligible solubility in
aqueous solutions and poor solubility in most organic solvents.
The marketed formulation, Fungizone, is based on a micellar
dispersion that is obtained following the addition of water to
the lyophilized sodium deoxycholate-AmB mixture. Fungizone
exhibits three major clinical limitations: (i) its toxicity is not
selective enough, and therefore, its therapeutic index is narrow
(7, 20); (ii) the new opportunistic fungal infections, such as
fusariosis, that are appearing in immunocompromised patients
are resistant to this marketed drug (22); and (iii) the treatment
is less effective against new clinical manifestations such as
chronic disseminated candidosis, mainly due to poor penetra-
tion of this drug into lesions (24).

To improve the therapeutic efficacy and to reduce the tox-
icity of AmB even at high doses, several strategies including
the use of combination therapy, modification of the AmB mol-
ecule, and modification of the physical state of AmB or
changes in the drug delivery system have been used (4). New
drug delivery systems, such as liposomal formulations, lipid
complexes, lipid emulsions, and colloidal dispersions, have

been introduced, and most of these lipid products are used in
clinical practice (14, 15, 18, 26).

However, due to the currently inadequate treatments for
severe systemic fungal infections, the development of new,
effective, parenteral antifungal drug delivery systems has as-
sumed great importance. One of the approaches for improving
drug performance and reducing toxicity is conjugation to a
polymeric carrier (21). Conjugation of an insoluble drug such
as AmB to a biodegradable water-soluble polymer may in-
crease the water solubility of the drug, increase drug circula-
tion time, and increase the level of accumulation in the dis-
eased tissue, resulting in an improved therapeutic effect and
reduced toxicity.

Arabinogalactan (AG) is a highly branched natural polysac-
charide with an unusual water solubility (70% in water). It is
extracted from the Larix tree and is available in a 99.9% pure
form with reproducible molecular weight (MW) and physico-
chemical properties (1). The high water solubility, biocom-
patibility, biodegradability, and ease of drug conjugation in
an aqueous medium make AG attractive as a potential drug
carrier.

In this paper we describe a new class of AmB derivatives
which overcome the limitations (insolubility, instability, and
toxicity) of AmB-DOC for systemic administration. These de-
rivatives were synthesized on the basis of AmB conjugation
with the oxidized form of the natural, inert, water-soluble poly-
saccharide AG. The interaction of drug and polymer yields an
amine or imine conjugates, increased solubility and stability of
AmB in aqueous solutions, and significantly reduced toxicity.
In addition, the imine derivative was effective in the treatment
of murine candidosis and cryptococcosis.

MATERIALS AND METHODS

Synthesis and formulation. AmB was conjugated to AG to produce AmB-AG
conjugate in two steps: preparation of the dialdehyde AG (DAAG) and conju-
gation of DAAG with AmB through an imine bond with the amino group of
AmB (see details below and Fig. 1).

Preparation of DAAG. In a typical synthesis, AG (99% pure; Larex; St. Paul,
Minn.) with an average MW of 20,000 (1 g; 0.0599 mol of saccharide units) was
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dissolved in 20.0 ml of deionized water. Potassium periodate (1.275 g, 0.0554
mol) was added to the mixture, which was stirred at room temperature until it
was completely dissolved (;2 h). The DAAG that was formed was purified from
excess periodate and reaction by-products by applying it through a column (6 by
80 mm; volume 5 2.0 ml) filled with Dowex-1 in the acetate form (Sigma, St.
Louis, Mo.). Dowex-1–acetate was obtained by pretreatment of the commercial
anion exchanger with aqueous 1 M acetic acid solution. The purified DAAG at
a concentration of 50.0 mg/ml exhibited a degree of oxidation in the range of
50%, as determined by the iodometric method (19).

Conjugation of DAAG and AmB. In a typical experiment, to a 0.2 M borate
buffer solution (pH 11 6 0.1) containing purified DAAG (40 ml, 12.5 mg/ml),
250 mg of AmB (950 U/mg; Dumex, Copenhagen, Denmark) was added (final
AmB concentration, 6.25 mg/ml). After 48 h at 37°C the clear solution was
purified by dialysis through a 12,000-MW-cutoff dialysis tube against deionized
water for 48 h at 4°C, followed by centrifugation at 2,000 3 g for 10 min and
lyophilization. The lyophilized yellow product (90% yield) contained 15 to 20%
AmB as evaluated by UV absorption at 385 and 416 nm with a Kontron Instru-
ments Uvikon model 930 instrument.

The amine derivative (reduced AmB-AG) was obtained by reduction of the
imine conjugate before purification by adding 1.2 M excess sodium borohydride
to the conjugation reaction solution at 4°C for 60 min with stirring. The amine
conjugate was purified by dialysis as described above for the imine derivative and
was stored in dry form following lyophilization.

Sterile conjugates were obtained by filtration through a 0.2-mm-pore-size cel-
lulose acetate sterile filter (Schleicher & Schuell, Dassel, Germany), followed by
lyophilization under sterile conditions. The sterility of the solutions was assessed
with the BACTEC 46 apparatus (Johnson Laboratories, Towson, Md.) by mea-
suring radioactive carbon dioxide quantitatively in BACTEC culture vials inoc-
ulated with samples to be tested.

Stability study. The chemical stability of AmB-DAAG conjugates was deter-
mined with gel permeation chromatography (GPC) systems. The system consists
of a Spectra Physics (Darmstadt, Germany) P1000 pump with UV detection
(Applied Bioscience 759A Absorbency UV detector) at 254 nm, a Rheodyne
(Coatati, Calif.) injection valve with a 20-ml loop, a Spectra Physics Data Jet
integrator, and a WINner/286 computer analyzer. Samples were eluted with
double-distilled water in 0.05 M NaNO3 through a Shodex (KB-804) column at
a flow rate of 1 ml/min. The MWs of the eluted DAAG derivatives were esti-
mated with pollulan standards in the MW range of 5,000 to 110,000. When the
AmB-AG conjugate was injected into the GPC system and the absorbance at 405
nm was read by the UV detector, it exhibited a typical peak at 7 to 8 min, which
corresponds to the high-MW fraction (MW 5 30,000) of the conjugated AmB,
and another peak at 16 to 17 min, which corresponds to the low-MW fraction
(MW 5 1,000) of free AmB that is detached from the polymer. The peak ratio
is the ratio between the absorbance at 16 to 17 min/absorbance at 7 to 8 min.
Samples of lyophilized conjugates (100 mg) were packed in tightly closed brown
glass containers, and the containers were stored at room temperature for 1 year.
Samples (0.5 mg/ml in water solution) were taken at time zero, 1 week, 1 month,
3 months, 6 months, and 1 year, and the peak ratio was measured. The average
MW was determined by GPC, the UV absorption at 405 nm was determined in
water solution, and the antifungal activity was determined by comparing the
MICs and hemolytic values as described below.

Susceptibility testing by broth dilution method. Two yeast strains were used
for susceptibility testing: Candida albicans CBS 562 (a reference type strain) and
Cryptococcus neoformans B-3501 (serotype D; ATCC 34873). MICs were deter-
mined by the broth microdilution method according to the recommendations of
the National Committee for Clinical Laboratory Standards (NCCLS) (23). This
method involves the use of small volumes of broth dispensed in sterile plastic
96-well microtitration trays with wells that are round or conical on the bottom.
Each well contains 0.1 ml of broth with the serially diluted drug. Briefly, twofold
serial dilutions of drugs from stock solutions were prepared in RPMI 1640 broth
medium (Sigma) buffered to a final pH of 7.0 with 0.165 M morpholinepropane-
sulfonic acid (MOPS; Sigma) and 1 M NaOH and were sterilized by filtration. A
stock solution of 10 mg/ml was prepared in dimethyl sulfoxide (DMSO) for free
AmB or in water for AmB conjugates. The final drug concentrations in the test
ranged from 128 to 0.015 mg/ml in a final volume of 0.1 ml. Yeast inocula were
prepared from 24-h (Candida sp.) or 48-h (C. neoformans) cultures on Sab-
ouraud dextrose agar (SDA) plates (Difco, Detroit, Mich.) in RPMI 1640 broth
medium to yield a final inoculum concentration of 104 yeast cells per ml, as
measured by counting with a hemacytometer. The microdilution wells, which
contained 0.1 ml of the serially diluted drug, were inoculated with 0.1 ml of the
resulting suspension. The final inoculum concentration after dilution with the
drug suspension was 103 yeast cells per ml. Two wells containing drug-free
medium and inoculum were used as controls. The inoculated plates were incu-
bated at 35°C for 24 h (Candida sp.) or 48 h (C. neoformans). The growth in each
well was then estimated visually. The MIC was defined as the lowest drug
concentration that resulted in complete inhibition of visible growth.

The minimum fungicidal concentration (MFC) was determined by assaying the
number of CFU on SDA plates. Three 50-ml samples from wells that showed no
growth, obtained just after determination of the MIC, were subcultured (0.05 ml)
on SDA plates that were then incubated at 35°C for 24 h (Candida sp.) or 48 h
(C. neoformans). The MFC was established as the lowest concentration of drug
with which subcultures were negative.

In vitro toxicity study (hemolysis). Sheep erythrocytes (SRBCs) were sus-
pended in phosphate-buffered saline (PBS; 5% [vol/vol]) and were washed twice
in the same buffer by centrifugation (3,000 3 g for 10 min). The hemolysis
reaction was conducted in glass tubes containing 0.1 ml of the serially diluted
drug and 0.9 ml of SRBCs. The results were recorded visually after 1 h of
incubation at 37°C in a water bath.

Toxicity in animal model. Male albino BALB/c mice weighing ;20 g were
injected through the tail vein with various doses of each AmB formulation. Each
dosage form was administered intravenously as single bolus injections of 0.1 ml
of the same dose every 10 min to a group of 10 mice until death was observed.
AmB formulations were prepared in 5% dextrose and were filter sterilized prior
to injection through a sterile 0.2-mm-pore-size cellulose acetate filter (Schleicher
& Schuell, Dassel, Germany). The survival of mice that received the maximal
tolerated dose (MTD) was monitored for 8 days.

Multiple dose toxicity. The safety of a 0.2-ml intravenous injection of five
consecutive daily therapeutic doses of the AmB formulations was also examined
with a group of 10 male albino BALB/c mice weighing ;20 g. The study of
multiple-dose treatment for murine candidosis and cryptococcosis was needed as
a control for the efficacy study. Survival was monitored for up to 30 days.

Histopathology. Specific-pathogen-free BALB/c male albino mice were in-
jected intravenously with various doses of the AmB formulations following ad-
ministration of five consecutive daily doses of the drug. The mice (a group of
two) were killed on the sixth day; the livers and kidneys were removed, fixed with
formalin, and prepared for hematoxylin and eosin histopathologic staining. The
preparations were randomly evaluated by a pathologist.

Therapeutic efficacy study. For the efficacy studies, C. albicans CBS 562 and C.
neoformans B-3501 (serotype D; ATCC 34873) were used to induce systemic
murine candidosis and cryptococcosis, respectively. Yeast inocula were injected
into the tail veins of male albino BALB/c mice (weight, 20 6 3 g) by adminis-
tration of a single bolus of a 0.2-ml suspension in PBS. The inocula ranged from
104 to 106 yeast cells per mouse from a 24-h culture for C. albicans and from a
48-h culture for C. neoformans on SDA at 30°C. With these inocula systemic
infections are regularly produced in mice, and they cause total killing within 10
to 20 days. The appropriate inoculum for each experiment was experimentally
determined. The yeast concentration was determined by counting with a hema-
cytometer. The viable count was measured as the number of CFU on SDA plates
after 24 to 48 h of incubation at 30°C.

Mice infected as described above were treated with AmB-DOC (Fungizone),
liposomal AmB (AmBisome), and AmB-AG conjugates at various doses. Ten
mice were used for each treatment and were maintained in separate cages.
Treatment started 24 h after the initiation of the infection by intravenous injec-
tion of a daily single bolus (0.2 ml) of the drug for 5 consecutive days. Each dose
comprised an AmB equivalent in a dosage range of 1 to 8 mg/kg/day, depending
on the specific treatment (for the exact dosage, see Results). A control group of
10 infected mice treated with PBS instead of the conjugate was also included.
The number of surviving animals in each group was recorded daily over a period
of 30 days.

The efficacy of treatment with the various AmB formulations was also deter-
mined with the surviving mice by monitoring the yeast density in target organs:
kidneys for murine candidosis and brains for murine cryptococcosis. The surviv-
ing mice were killed by carbon dioxide asphyxiation; the target organs were
removed aseptically, weighed, and homogenized in saline; and appropriate dilu-
tions were plated in duplicate on SDA plates. The viable count was estimated as
the number of CFU after 24 to 48 h of incubation at 30°C.

Statistical analysis. The survival data results were analyzed by the Kolmog-
orov-Smirnov goodness-of-fit procedure (28), which was originally developed for
use with continuous data to detect a difference of a given magnitude between
observed and hypothesized cumulative frequency distributions. In the present
case, the statistical comparison was carried out first between each conjugate-
treated group and the control group and then between conjugate-treated groups
of animals in an attempt to identify a significant difference between the various
survival curves. The results of the effects of various therapeutic treatments on the
multiplication of the yeasts in the target organs were analyzed by the t-test (28).

RESULTS

Synthesis and characterization of AmB-AG conjugate. The
synthesis of AmB-AG conjugates involved four steps (Fig. 1) as
follows: (i) step 1, formation of active polysaccharide by oxi-
dation of AG with periodate to DAAG; (Fig. 1A and B); (ii)
step 2, purification of the oxidized AG from the interfering
oxidative anions by anion-exchange chromatography; (iii) step
3, conjugation of AmB to the oxidized AG through the imine
bond (Fig. 1B and C); and (iv) step 4, further reduction of the
resulting AmB-AG imine bond to a more stable amine bond
with sodium borohydride (Fig. 1C and D).

The formation of pure oxidized AG (the first step) was
conducted by dissolving AG in a solution of the oxidizing agent
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periodate and allowing the oxidation to occur for a few hours
at room temperature. Under these mild conditions, a minimal
change in the MW of the AG was observed. The oxidized AG,
with about 50% of its saccharide units oxidized to dialdehydes,
was purified by ion-exchange chromatography with a strongly
basic anion exchanger (Dowex-1) in the acetate form. The
ion-exchange chromatography removed excess periodate, io-
date, and formate ions from the reaction solution, which was
then lyophilized to a powder which was stable under refriger-
ation for at least 1 year. This second step was fast and efficient,
and the anion exchanger could easily be regenerated after-
ward.

The conjugation conditions were optimized by investigating
the proper pH, type, and concentration of the buffer solution
and the reaction temperature. Carbonate, phosphate, and bo-
rate buffers with pHs in the range of 10 to 12 and at 0.1 M
concentrations were used for the conjugation reaction. From
these solutions the best results were obtained with borate
buffer at pH 11, at which the drug has some solubility. The
oxidized AG was soluble in these buffers, while AmB was
added as a powder. As the reaction proceeded, the AmB pow-
der was gradually dissolved in the solution, which was used as
an indication of conjugation progress. The optimal reaction
time was 24 h at 37°C.

The conjugation reaction yields two products: an unreduced
AmB-AG conjugate (Fig. 1, structure C) with an imine bond,
and a reduced AmB-AG conjugate (Fig. 1, structure D), which
is formed via reduction of the imine bond to a more stable
amine bond. In addition, unreacted aldehyde groups on the
oxidized AG were also reduced to the corresponding alcohols.

Both amine and imine AmB-AG conjugates were stable at
room temperature for at least 1 year as dry powders, as deter-
mined by GPC with UV detection at 405 nm, which allows the
detection of changes in MW and the formation of low-MW
components (i.e., free drug). Figure 2 illustrates the chemical
stability of reduced conjugate 11R. Similar results were ob-
tained with unreduced conjugate 11UR (data not shown). It
can be seen (Fig. 2) that after storage for 1 year at 25°C there
was no change in the ratio between the large peak at 7 to 8 min
(representing the high-MW fraction of AmB conjugated to
AG) and the small peak at 16 to 17 min (representing the
low-MW peak of free AmB or possibly AmB conjugated to
small fractions of the polymer).

The most stable, reproducible, and least toxic conjugate was
11R, which was synthesized by reaction of AmB with oxidized
AG in a 20:80 weight ratio in borate buffer (pH 11.0) for 48 h

at 37°C. This AmB-AG conjugate contained 20% AmB (wt/
wt), as measured by determining the UV absorption at 405 nm
with a calibration curve of conjugates containing 5 to 30%
AmB (assuming a 95% conjugation yield of the AmB reaction
entry), and was highly water soluble (.1,000 mg/ml), contrary
to free AmB, which is almost insoluble in water (0.1 mg/ml, as
measured at pH # 2 and pH $ 11). Stability data collected
after 1 year of storage of this conjugate at 25°C as a lyophilized
powder showed no change in its chemistry or effectiveness.
These data included the MW determined by GPC (an MW of
22,700 at time zero versus an MW of 23,200 after 1 year of
storage; Fig. 2) and in vitro biological activity, such as the MIC
(0.1 mg/ml) and the hemolytic index (.1 mg/ml), which were
the same at time zero and after storage for 1 year.

Antifungal activity of the AmB-AG conjugate against patho-
genic yeasts. The antifungal activities of the AmB-AG conju-
gates against C. albicans and C. neoformans were determined.
The MICs and MFCs (Table 1) of both reduced and unre-
duced AmB-AG conjugates, as measured according to the
recommendations of NCCLS (23), were similar to those of free
AmB and AmB-DOC. This indicates that covalent binding of
AmB to AG under different reaction conditions did not reduce
the antifungal activity of AmB.

In vitro toxicity of AmB conjugates to SRBCs. In vitro tox-
icity was determined by the hemolysis of SRBCs by the various
AmB formulations. All AmB-AG conjugates were nonhemo-
lytic at concentrations up to 1 mg/ml, the highest concentration
studied, whereas free AmB and AmB-DOC were hemolytic at
a much lower concentration of 8 mg/ml.

Toxicity study in vivo. The results presented in Fig. 3 indi-
cate that the 11R conjugate exhibited the highest MTD of all
conjugates tested (50 mg/kg). The pH of the conjugation re-
action had a dramatic effect on the acute toxicity, as the con-
jugate prepared in a pH 12 solution was very toxic (10 mg/kg)
(it should be noted that the conjugate prepared in a pH 12
solution was nonhemolytic and exhibited in vitro antifungal
activity similar to that of the conjugate which was prepared at
pH 11). A decrease in the pH to 11 significantly reduced the
toxicity. A slight difference in MTDs was detected between the
reduced and the unreduced AmB-AG conjugates (MTDs, 50
and 40 mg/kg, respectively). Since the 11R conjugate was the
least toxic AmB-AG conjugate among those tested in vivo, it
was chosen for use in further therapeutic efficacy studies.

Therapeutic efficacy of AmB-AG conjugate 11R in systemic
murine candidosis. The therapeutic efficacy of AmB-AG con-
jugate 11R was studied with mice infected with C. albicans (the
experiment was conducted three times; Fig. 4 exhibits the re-

FIG. 1. Scheme of binding of free AmB to polysaccharide conjugated via
imine or amine bonds of the AmB amino side group, AmB(2NH2).

FIG. 2. Chemical stability of AmB-AG conjugate 11R. The chemical stability
was detected with the GPC system by using a UV detector at 405 nm. The
absorbance of lyophilized powder kept at 25°C was measured at the beginning of
the experiment (a) and after 1 year (b), with peak ratios of 12.0 and 10.0,
respectively (the peak ratio is the ratio between the absorbance at 16 to 17
min/absorbance at 7 to 8 min).
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sults of a representative study). The results indicate that 100%
of the mice treated with any AmB formulation even at a low
dosage of 1 mg/kg/day survived the whole period of the exper-
iment (30 days), while the control mice, which were treated
only with 5% dextrose, died within 17 days. The difference in
the survival curves was clearly significant (P , 0.01) according
to the Kolmogorov-Smirnov goodness-of-fit procedure (28).
AmB-AG conjugate 11R was also highly effective in eradicat-
ing the yeast cells from the mouse kidney (the target organ in
murine candidosis), as determined with the kidneys of the
surviving mice (Fig. 5). At the low dosage (1 mg/kg/day), the
three formulations (AmB-DOC, AmBisome, and AmB-AG
conjugate) were equally effective in eradicating yeast cells from
the mouse kidneys, while at the higher dosage of 4 mg/kg/day,
the AmB-AG conjugate was significantly more effective than
the liposomal formulation (AmBisome) (P , 0.01). Total yeast
eradication was found in the kidneys of mice treated with the
high dosage of the AmB-AG conjugate (8 mg/kg/day) (data not
shown).

Therapeutic efficacy of AmB-AG conjugate 11R in systemic
murine cryptococcosis. AmB-AG conjugate 11R was also ef-

fective in the treatment of murine cryptococcosis. A clear sig-
nificant difference (P , 0.01) in the survival curve was noted
for all groups treated with the various AmB formulations
compared to that for the control group (the experiment was
conducted three times; Fig. 6 exhibits the results of a repre-
sentative study). At the high dosage (4 mg/kg/day) the 11R
AmB-AG conjugate and AmBisome were equally effective,
and most of the mice treated with these formulations survived
for 30 days (86%), while all the mice in the control group died
within 17 days. At the lower dosage (1 mg/kg/day) the conju-
gate and AmB-DOC were similarly effective (33% survival for
30 days) but were less effective than an equal dosage of Am-
Bisome (86% survival). Furthermore, treatment with the
AmB-AG conjugate was highly effective in eradicating the
yeast cells from the mouse brain (the target organ in murine
cryptococcosis), as determined with the brains of the surviving
mice (Fig. 7). It was nearly as effective as the liposomal for-
mulation at the dosage of 4 mg/kg/day (average of 8 3 106

versus 7 3 106 CFU/brain). However, 57% of the mice treated
with the AmB-AG conjugate at this dosage had less than 1 3

FIG. 3. Acute toxicity of AmB formulations. MTD, maximal tolerated dose
(equivalent of AmB) that did not kill the mice 8 days after drug injection; 12UR
and 12R, unreduced and reduced AmB-AG conjugated at pH 12 for 5 min,
respectively; 11UR and 11R, unreduced and reduced AmB-AG conjugated at
pH 11 for 48 h, respectively.

FIG. 4. Efficacy of treatment of murine candidosis with various AmB formu-
lations. Survival of mice infected with C. albicans (5 3 104 yeast cells per mouse)
was determined for control mice (■), mice treated with AmB-DOC (Fungizone)
at 1 mg/kg/day (h) and liposomal AmB (AmBisome) at 1 mg/kg/day (‚) and 4
mg/kg/day (Œ), and mice treated with reduced AmB-AG conjugate 11R at 1
mg/kg/day (E) and 4 mg/kg/day (F). The mice were infected intravenously by
administration of a single bolus of 0.2 ml of a C. albicans suspension in PBS. The
treatment (1) was started at 24 h postinfection by intravenous injection of a
daily single bolus (0.2 ml) of the drug or 5% dextrose for the controls and
continued for 5 consecutive days.

TABLE 1. MICs and MFCs of AmB-AG conjugatea

AmB formulationb
C. albicans C. neoformans

MIC (mg/ml) MFC (mg/ml) MIC (mg/ml) MFC (mg/ml)

AmB 0.12–0.25 0.25–0.50 0.12–0.25 0.25–0.50
AmB-DOC 0.12–0.25 0.25–0.50 0.12–0.25 0.25–0.50
11UR (pH 11 for 48 h, unreduced) 0.12–0.25 0.25–1.00 0.12–0.25 0.25–0.50
11R (pH 11 for 48 h, reduced) 0.12–0.25 0.50–1.00 0.12–0.25 0.25–1.00
12URc (pH 12 for 5 min, unreduced) 0.12–0.25 0.50–2.00 0.12–0.25 0.25–1.00
12R (pH 12 for 5 min, reduced) 0.12–0.50 0.50–1.00 0.12–0.50 0.25–0.50

a The MICs and MFCs were measured by the NCCLS broth microdilution method (23) in RPMI broth.
b Synthesis conditions are given in parentheses.
c At pH 12 the AmB-DAAG solution became clear within a few minutes.
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104 CFU/brain, while all the mice treated with the same dosage
of AmBisome had more than 5 3 105 CFU/brain.

Histopathology. Hematoxylin and eosin-stained slides of
specimens that have been taken from the kidneys and livers of
mice treated with various AmB formulations were randomly
evaluated by a pathologist. Treatment with the AmB-AG con-
jugate, contrary to treatment with the marketed AmB-DOC,
did not result in any pathological changes in either the kidney
or the liver. In AmB-DOC-treated mice, all the kidneys exhib-

ited areas with tubular necrosis, and one liver had single-cell
necrosis of hepatocytes with neutrophil aggregation.

DISCUSSION

Our aim was to develop a new formulation of AmB which is
highly water soluble and safer than the conventional AmB-
DOC formulation without decreasing its therapeutic effective-
ness. This was achieved by conjugating AmB to the polysac-
charide AG via an amine or imine bond. Formation of pure
oxidized AG was the first step, followed by ion-exchange chro-
matography to remove excess oxidizing agents. This purifica-
tion step was essential to avoid oxidative degradation of AmB,
a highly oxidation-sensitive drug (2), during the conjugation
step. Omission of this step led to measurable decreases in the
antifungal activity and the UV absorption at 405 nm.

The subsequent conjugation step was conducted at 37°C in
borate buffer solution at pH 11, at which the drug has some
solubility. At pH 10 or below, the yield was low, with most of
the AmB powder remaining intact even after 48 h at 37°C. At
pH 12, the AmB powder was solubilized within 5 min at room
temperature, and the conjugation reaction was complete in 10
min. Although the resulting conjugate was as effective in vitro
as AmB in antifungal testing and was not hemolytic, it was
toxic to mice.

The use of reaction solutions in which AmB is soluble, such
as DMSO and mixtures of DMSO with water or borate buffer
solutions, did not improve the reaction yield or decrease the
toxicity. It should be noted that previous reports described
natural solutions or those with a pH of up to 9 for drug
conjugation (17). In an earlier study (9), nystatin, a polyene
antibiotic with a structure similar to that of AmB, was conju-
gated to dextran in borate buffer at pH 9 with a high yield, and
it had a high degree of efficacy. The reason for the success at
this low pH was probably the degradation of dextran at a pH
higher than 9. In our study, no change in the MW of AG was
observed, which is related to the fact that the main chain of AG
does not contain vicinal hydroxyl groups and is thus less sus-
ceptible to oxidation.

The reduction step converts the imine and aldehyde bonds

FIG. 5. Yeast density in the kidneys of C. albicans-infected mice. The kidneys
of the surviving mice (see Fig. 4) were homogenized and plated on SDA plates.
Counts were determined after 48 h of incubation at 30°C.

FIG. 6. Efficacy of treatment of murine cryptococcosis with various AmB
formulations. Survival of mice infected with C. neoformans (5 3 105 yeasts per
mouse) was determined for control mice (■), mice treated with AmB-DOC
(Fungizone) at 1 mg/kg/day (h) and liposomal AmB (AmBisome) at 1 mg/kg/day
(‚) and 4 mg/kg/day (Œ), and mice treated with reduced AmB-AG conjugate
11R at 1 mg/kg/day (E) and 4 mg/kg/day (F). The mice were infected intrave-
nously by administration of a single bolus of 0.2 ml of C. neoformans suspension
in PBS. The treatment (1) started at 24 h postinfection by intravenous injection
of a daily single bolus (0.2 ml) of the drug or 5% dextrose for the controls and
continued for 5 consecutive days.

FIG. 7. Yeast density in the brains of C. neoformans-infected mice. The
brains of surviving mice (see Fig. 6) were homogenized and plated on SDA
plates. The counts were determined after 48 h of incubation at 30°C.
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in the polymer conjugate to amine and alcohol groups, respec-
tively. Reduction of the excess aldehydes eliminates further
binding of the AmB-AG conjugate to proteins and body com-
ponents in vivo. This reduction step did not affect the poly-
mer’s MW or AmB content.

The antifungal activity of AmB is explained by its preferen-
tial binding to ergosterol in fungal cell membranes over cho-
lesterol in mammalian cell membranes. Our studies indicate
that covalent binding of AmB to AG does not reduce the
antifungal activity of AmB in vitro (with no dependence on the
reaction conditions used; Table 1). However, the affinity of
AmB to cholesterol is thought to be a major cause of its toxicity
(4, 6), so that the hemolytic index of SRBCs is one of the
parameters used to detect the in vitro toxicity of AmB (10).
The hemolytic indices of different conjugates synthesized un-
der various reaction conditions were at least 2 orders of mag-
nitude higher than those of free AmB and AmB-DOC (.1 and
0.008 mg/ml, respectively). There were no significant differ-
ences in the hemolytic indices between the various conjugates,
suggesting that the conjugation itself eliminates the affinity
between the SRBC cholesterol and the conjugated AmB.

In contrast to the in vitro toxicity, the pH of the coupling
reaction is a major factor that affects the acute toxicity (Fig. 3).
An increase in the pH of the conjugation reaction from 11 to
12 produced a significant decrease in MTD (from 50 to 10
mg/kg). The chemical reduction of the conjugate also had a
considerable impact on the in vivo toxicity. Reduced AmB-AG
conjugate 11R was safer than unreduced conjugate 11UR (Fig.
3). We hypothesize that the difference in the MTD lies in the
strength of the bond between AmB and AG. Under physio-
logical conditions free AmB is possibly released from the con-
jugate, which was synthesized at a pH of . 11. This in agree-
ment with the high degree of stability of the amine bond, in
contrast to the far lower degree of stability of the imine bond.
The increased toxicity of the conjugate prepared at pH 12 can
be explained either by formation of a physical complex of free
toxic AmB molecules with the already conjugated drug mole-
cules or by degradation of AmB into toxic products at high pH.
Extraction of the conjugate prepared at pH 12 with DMSO
resulted in the isolation of unbound AmB.

AmB-AG conjugate 11R was significantly less toxic than the
marketed AmB-DOC formulation (MTDs, 50 and 4 mg/kg,
respectively; Fig. 3) and, like several lipid-based formulations,
was better tolerated in the murine model even at high dosages
(more than 1.0 mg/kg/day) (4, 18). In the mice treated with
AmB-DOC, hepatocellular and tubular necroses were ob-
served, whereas no damage was detected in these organs of
mice treated with conjugate 11R, even at a much higher dosage
of AmB equivalent (8 versus 1 mg/kg/day). This low level of
toxicity of AmB-AG, as evinced by the low MTD and the
histopathological evaluation, could be partially explained by
the reduced hemolytic activities of the conjugates. In addition,
there is a possibility that the polymeric matrix prevented the
AmB from penetrating the liver and kidney membranes.
AmB-AG conjugate 11R was chosen for further therapeutic
efficacy studies due to its low level of toxicity and high degree
of stability.

Conjugate 11R was as effective as AmB-DOC or AmBisome
in mice treated with 1 mg/kg/day in prolonging survival and
eradicating yeasts from the kidneys in the murine candidosis
model (Fig. 4). Moreover, it was significantly (P , 0.01) more
effective than AmBisome (4 mg/kg) in reducing the counts of
C. albicans in the kidneys (Fig. 5). AmB-DOC was toxic at this
dose (MTD, 4 mg/kg; Fig. 3) and therefore was not tested.
Furthermore, due to the higher doses of AmB that could be
safely given with the 11R conjugate (4 to 8 mg/kg/day), it was

possible to obtain total eradication of C. albicans from the
kidneys.

In the murine model of cryptococcosis, the 11R conjugate
was as effective as AmB-DOC at the low dosage of 1 mg/kg/day
but was less effective than an equal dose of AmBisome in both
prolonging the survival of the infected mice (Fig. 6) and erad-
icating yeasts from the target organ (Fig. 7). A high dosage of
the 11R conjugate (4 mg/kg/day) could be safely given with a
high degree of therapeutic effectiveness, which was similar to
that of AmBisome. This was probably due to a good penetra-
tion through the blood-brain barrier of the conjugate at this
high dosage.

The main difference between the conjugated drug and the
lipid-based formulations is that the lipid-based formulations
are particulate systems, which may present physical and chem-
ical stability problems. In comparison, conjugated AmB is wa-
ter soluble, is easily sterilized by filtration, and is physically and
chemically stable as a lyophilized powder and as a reconsti-
tuted solution. The reagents, conjugation reaction, and method
of preparation for the conjugate are simple and inexpensive
compared to those for the lipid formulations.

The therapeutic activity of AmB-AG is comparable to those
described for lipid formulations used in similar murine models
of candidosis (5, 27) and cryptococcosis (5, 12, 16). However,
in our study the AmB-AG conjugate was significantly more
effective than the liposomal formulation at equal dosages of 4
mg/kg/day in eradicating the yeast cells from the target organ
in murine candidosis (Fig. 5) and is as effective in eradicating
the yeast cells from the target organ in murine cryptococcosis.
Yet, despite the availability of the various AmB lipid formu-
lations, a water-soluble, nontoxic dosage form of AmB remains
a highly desirable alternative to the conventional treatment
with AmB-DOC. We hypothesize that since AmB-AG is water
soluble and differs chemically from the various lipid formula-
tions, it is likely that its pharmaceutical properties (including
tissue distribution, organ toxicity, and pharmacokinetics) will
be favorably different, making it a useful alternative for the
treatment of fungal infections.

The present paper provides evidence that the toxic effects of
AmB can be mitigated by conjugating it to AG. In a series of
in vitro and in vivo studies with mice, reduced AmB-AG con-
jugate 11R was found to be highly water soluble, significantly
less toxic, and more effective in eradicating C. albicans and C.
neoformans than AmB-DOC. This implies that it may have
potential therapeutic applications. Pharmacokinetic and organ
distribution studies are planned as part of the further investi-
gation of the safety and efficacy of this formulation.
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