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Abstract
Aerosol inhalation of amphotericin B (AmB) can be a clinically compliant way to administer the drug directly to the pulmonary
route for treatment as well as prophylaxis of invasive pulmonary aspergillosis (IPA).We report aerosol formulation of AmB using
sodium deoxycholate sulfate (SDCS), a lipid carrier synthesized in-house using natural precursor deoxycholic acid. In vitro
toxicity was determined byMTTassay. Biodistribution and histopathology in rats were evaluated in targeted organs including the
lungs, kidneys, spleen, and liver. No toxicity was observed when lung and kidney cells treated with AmB-SDCS formulations up
to 8 μg/mL and minimal toxicity at higher concentration 16 μg/mL, while the Fungizone®-like formulation induced toxicity to
lung and kidney cells with viability decreasing from 86 to 41% and 100 to 49%, respectively, when compared with an equivalent
concentration of AmB-SDCS. Renal and hepatic markers were raised for Fungizone®-like formulation–treated rats but not for
AmB-SDCS formulations following 7 days of regular dosing by intratracheal instillation. AmB concentrations were highest in
the lungs (5.4–8.3 μg/g) which were well above minimum inhibitory concentration (MIC) of all Aspergillus species. Plasma
concentration was also above MIC (> 2 μg/mL) for all AmB-SDCS formulations in comparison with Fungizone®-like formu-
lation. No evidence of abnormal histopathology was observed in the lungs, liver, spleen, and kidneys for all AmB-SDCS
formulations but was observed for the group treated with Fungizone®-like formulation. It is concluded that AmB-SDCS
formulations can be efficiently administered via intratracheal instillation with no evidence of toxicity and may find great value
in the treatment as well as prophylaxis of IPA through inhalation route.
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Introduction

Invasive pulmonary aspergillosis (IPA) is considered a major
cause of morbidity and mortality in immune-compromised
individuals, such as transplant recipients, HIV-infected indi-
viduals, cancer patients with prolonged neutropenia, or those

with inherited immune-deficiency [1]. The mortality rate in
these patients is more than 90% in severe cases owing to the
difficulty in early diagnosis and unavailability of effective
treatment options [2].

Amphotericin B (AmB), a polyene macrolide antifungal, is
the drug of choice for systemic fungal infections and is usually
administered intravenously. The most serious adverse effect of
AmB is nephrotoxicity and AmB induces hematological side
effects and infusion-related reactions [3]. In order to increase
the therapeutic potential and overcome the toxicity, AmB has
been incorporated in various lipid-based preparations. Three
FDA-approved lipid-based preparations are AmBisome™ (a
liposomal formulation), Abelecet™ (a lipid complex), and
Amphotec™ (a colloidal dispersion) [4] whereas
Fungizone® (a deoxycholic acid complex) is the conventional
formulation. These lipid-based formulations have several ad-
vantages in the context of solubility and reduced adverse ef-
fects while maintaining therapeutic activity. However, some
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drawbacks associated with these lipid-based formulations are
the high cost of therapy and varying pharmacokinetic profiles
which limit their use [5, 6]. Therefore, AmB has been formu-
lated to various other dosage forms, such as nanoparticles and
emulsions to obtain higher efficacy with minimal adverse ef-
fects [7].

Antifungal drug administration via aerosol formulations
has been of great interest during the last two decades.
Pulmonary delivery of therapeutic agents through inhalation
is a non-invasive method to obtain local as well as systemic
effects with optimum bioavailability due to reduced first-pass
metabolism in the liver and has the additional advantages of
decreased adverse effects and better patient compliance [8].
Therefore, enormous efforts are in progress to develop a
targeted system to alveolar macrophages using various car-
riers attached to the drug molecules to get an improved effi-
cacy with the added benefit of minimal adverse effects [9].
Aerosol formulations of liposomal as well as non-liposomal
AmB have promising results and are well documented for the
prophylaxis as well as treatment of fungal infections [10].
Various aerosol formulations of AmB have shown to be effec-
tive in the prophylaxis of AmB in animal models [11, 12].
Following aerosol administration of liposomal AmB, a very
negligible amount of the drug was deposited at organs other
than the lungs which suggested minimal systemic toxicity of
aerosol formulations [13–15].

Pulmonary delivery of AmB is pivotal for lung fungal in-
fections and fungal prophylaxis for transplant recipients. This
demands further research into renally safe and effective pul-
monary delivery and carrier systems for AmB. In this study,
sodium deoxycholate sulfate (SDCS) (Fig. 1) was used as the
lipid carrier to develop aerosol formulations of AmB. SDCS
was found to be less toxic to erythrocytes and formed a stable
micelle system following reconstitution with a high zeta po-
tential, and the particle size was appropriate as a nanomicellar
system [16]. AmB-SDCS formulations were found to be less
toxic to lung tissue as well as to embryonic kidney cells and
were effectively phagocytosed by alveolar macrophages [17].
These formulations show higher membrane permeability and
retard the unwanted release of free AmB; therefore, it is quite
evident that SDCS can be used as a safe lipid carrier for aero-
sol formulations of AmB and can be highly effective in

treating IPA by targeting alveolar macrophages [16, 17].
Aerodynamic parameters of AmB-SDCS including mass me-
dian aerodynamic diameter (MMAD), fine particle fraction
(FPF), and geometric standard deviation (GSD) were studied
to be suitable for pulmonary delivery. Thus, from these three
studies, it was evident that SDCS can be employed as a safe
and effective carrier for pulmonary delivery of AmB and can
be highly effective in treating invasive pulmonary aspergillo-
sis by targeting alveolar macrophages [16–18].

The present study was carried out to determine the
biodistribution and histopathology of AmB-SDCS formulations
in rats, after intra-tracheal instillation. Targeted organs in the
study were the lungs, kidneys, spleen, and liver. The kidney
and liver markers were also investigated to assess the toxic ef-
fects of AmB delivered as SDCS formulations. The
Fungizone®-like formulation was also prepared and used as
the control. In addition, in vitro toxicity was determined using
respiratory cell lines including immortalized human proximal
tubular epithelium HK-2 (ATCC® CRL-2190™), immortalized
human bronchial epithelial cells HBE1 (ATCC® CRL-2741),
and the monocyte cell line RAW 267.4 (ATCC® TIB-71™).

Materials and methods

Materials

AmB was generously donated by BioLab Co. Ltd.
(Samustraprakan, Thailand). Deoxycholic acid, sodium boro-
hydride, and sodium deoxycholate were supplied by Sigma-
Aldrich (St. Louis, MO, USA). Ethyl acetate, hexane, aceto-
nitrile, dichloromethane, hydrochloric acid 37%, tetrahydro-
furan (THF), chloroform, methanol, and acetic acid were ob-
tained from RCI Labscan Ltd. (Bangkok, Thailand).
Anhydrous sodium sulfate was supplied by Fischer
Scientific (Leicestershire, UK). Sodium acetate hydrated was
obtained from Ajax Finechem Pty Ltd. (Auckland, New
Zealand). Dimethyl sulfoxide (DMSO) was purchased from
Riedel-de Haean (Germany). Polyamides membranes of pore
size 0.22 μm were obtained from Sartorius (Gottingen,
Germany). Sodium deoxycholate sulfate (SDCS) was synthe-
sized in-house using a previously reportedmethod by [18]. All
the chemicals were of analytical grade and used without fur-
ther purification. THF was freshly distilled before use.

Preparation of AmB-SDCS formulations

AmB and SDCS formulations were prepared using various
concentrations of SDCS. Briefly, AmB (50 mg) and SDCS
(26 mg) in a 1:1 M ratio were stirred in double distilled water
until completely dissolved. An appropriate quantity of 0.2 M
sodium hydroxide solution was slowly added with continuous
stirring at room temperature to obtain a clear yellowish
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Fig. 1 Structure of sodium deoxycholate sulfate (SDCS)



solution. The pH of the solution was adjusted back to 7.4
using phosphoric acid (0.2 M) for an in situ phosphate buffer.
The final volume of the solution was made to 50 mL by
adding double-distilled water. The solution was lyophilized
afterwards and was reconstituted using distilled water for fur-
ther studies. No cryoprotectant was used during freeze-drying
process to prevent subsequent influence on intratracheal instil-
lation. Using similar methods, various formulations of AmB
with different molar ratios of SDCS were prepared: 1:2 (50
and 52 mg), 1:3 (50 and 78 mg), 1:4 (50 and 104 mg), and 1:5
(50 and 130 mg). A similar method was employed for the
preparation of the control formulation of AmB using sodium
deoxycholate in a 1:2 M ratio mimicking the commercially
available Fungizone®, i.e., referred as “the Fungizone®-like
formulation”. Freeze-dried formulations were stored at 4 °C
and protected from light.

Cytotoxicity assay using respiratory and kidney cell
lines

The 3-(4,5 dimethylthiazole-2yl)-2 diphenyltetrazolium bro-
mide (MTT) colorimetric assay as described by Mosmann
(1983) and modified by Edmondson et al. (1988) was used
to assess the cytotoxicity of various formulations of AmB-
SDCS as well as SDCS on kidney and respiratory cell lines
including HK-2 (ATCC® CRL-2190™) and HBE1
(ATCC® CRL-2741), respectively, and the monocyte cell
line RAW 267.4 (ATCC® CRL-2190™). RAW 267.4 cell
line is effective in studying the response against various
fungal strains and microbial products. Macrophages play a
key role in scavenging fungi and other foreign microbial
contaminants, acting as the first defense and restricting the
infection at a local site. Therefore, biocompatibility against
RAW 267.4 cells was also studied. RAW 267.4 cells are
monocyte-like macrophages. The HK-2, HBE1, and RAW
267.4 cells were distributed in 96-well plates at a density of
1 × 105 cells/well in 100 μL of complete medium and
allowed to attach overnight at 37 °C and 5% CO2 with
95% relative humidity. After 24 h, the medium (100 μL)
was replaced with medium containing various concentra-
tions of different formulations of AmB-SDCS (volume,
100 μL; concentrations, 1 to 16 μg/mL for each AmB to
SDCS formulation) or the equivalent AmB concentrations of
Fungizone®-like formulation. After incubation for 24 h,
50 μL of a solution of MTT at 1.25 mg/mL was added
and incubated further for 4 h at 37 °C in 5% CO2 and
95% humidity, covered with an aluminum foil. The solutions
were removed from the 96-well plate after incubation and
100 μL of DMSO was added to dissolve the formazan crys-
tals. The optical densities (OD) were measured at 570 nm
using a microplate reader. Control cells were incubated in
medium without AmB. The number of viable cells in the
treated wells was compared with those in the untreated wells

and estimated as percent viability. The percentage of surviv-
ing cells was calculated from the following formula.

%age of surviving cells ¼ ODtreated

ODcontrol
� 100

Biodistribution and histopathology studies using
experimental animals

The animal studies were performed strictly following the ethical
guidelines approved by the animal ethics committee, Prince of
Songkla University (MOE 0521.11/522, Ref. 08/2015).

Animal’s husbandry

Male Wistar rats (250–300 g, 6–8 weeks old) used in this study
were obtained from the National Laboratory Animal Center,
Mahidol University, Nakorn Pathom, Thailand, and supplied
with the standard feed protocol by the Southern Laboratory
Animal Facility, Faculty of Sciences, Prince of Songkla
University, Hat Yai, Songkhla, Thailand. The rats were outbred
and specified as pathogen-free. The animals were put on rest for
7 days before the experiment. The rats were kept in stainless steel
cages of dimensions 25 × 96 × 15 cm with 4 rats/cage at 25 °C
and subjected to light for 8 h/day. The animals were kept at 50%
relative humidity with no noise disturbance, good ventilation,
and continuous electrical power supply. All of the animals were
allowed ad libitum access to a standard rodent diet and water.
Strict hygienic conditions were maintained throughout the study
duration for all of the animals with proper disinfection of the
cage floors.

Collection of blood and tissue samples from animals

The animals used for this study were randomly divided into 7
groups (n = 5). The control group was instilled with normal sa-
line (NS) solution through the intratracheal route. Group 1 was
instilled with the reference drug formulation (Fungizone®-like
formulation). Groups 2 through 6 were instilled with different
formulations of AmB-SDCS of various concentrations of SDCS
as described earlier. All instillations were performed into the
trachea and the rats were anesthetized with pentobarbitone
(50 mg/kg, intraperitoneally) and atropine (0.2 mg/kg, subcuta-
neously) as pre-medication. The rats were then positioned verti-
cally and the drug was administered by inserting a polyethylene
tube into the trachea via the mouth and injected using a 100-mm
tube (Corning, USA) for 1–2 min. AmB-SDCS formulations
equivalent to 1.5 mg/kg of AmB was administered in a total
volume of 1 mL and instilled through the trachea. In order to
investigate the effects of AmB-SDCS formulations on the kid-
ney and liver physiology and toxicity, blood samples (1 mL)
were taken from the tail of each rat pre- and post-experiment.
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After 7 days of regular dosing (1.5 mg/kg/day), a blood spec-
imen (1mL)was collected from the tail of each animal. Based on
cytotoxicity data against various cell lines, it was evident that
AmB-SDCS formulations were not toxic even at higher doses.
Therefore, a slightly higher dose was used for in vivo studies as
described in the “Introduction” section that higher doses of lipid-
based formulations of AmB can be used in order to lower their
toxicity. The animals were then euthanized using pentobarbitone
(100–150 mg/kg intraperitoneally). The lung, liver, spleen, and
kidney tissue specimens were collected. The tissue samples were
washed in ice-cold saline, blotted with a paper towel to remove
excess fluid, andweighed. Tissue sampleswere stored at − 20 °C
until assessed for AmB concentration using liquid chromatogra-
phy technique coupledwith tandemmass spectrometry (LC-MS/
MS). To investigate histological characterization, the lung, liver,
spleen, and kidney organswere dissected and trimmed to remove
excess fat. All organ tissues were fixed using 10% buffered
formalin for 3 days. The tissues were then processed in gradually
increasing concentrations of ethanol till 100%, using a tissue
processor (LEICA TP 1020, Leica Microsystems GmbH,
Wetzlar, Germany) for 24 h to remove any water. The processed
tissues were then embedded in Paraplast blocks using a tissue
embedder (LEICA EG 1160, Leica Microsystems GmbH,
Wetzlar, Germany). Sections of 5-μm thickness were cut from
the tissues using a digital microtome. The tissue slides were
stained with Harris hematoxylin and eosin (H&E) and examined
using a microscope (Olympus DP73 equipped with cellSens
software, version 6.1.4.2).

Determination of serum creatinine, blood urea
nitrogen, SGOT, and SGPT

In order to investigate the effects of AmB-SDCS formulations
on kidney and liver physiology, blood (1 mL) was taken from
the tail of each rat prior to the experiment to obtain baseline
values for blood urea nitrogen (BUN), creatinine (Cr), serum
glutamate oxaloacetate transaminase (SGOT), and serum glu-
tamate pyruvate transaminase (SGPT). After 7 days of regular
dosing (1.5 mg/kg/day), blood collection was done again to
measure the BUN, Cr, SGOT, and SGPT levels to investigate
the toxicity of the control Fungizone®-like formulation and
the AmB-SDCS formulations on the organs. The data from
each treated rat were compared with that from the control
using the one-way analysis of variance (ANOVA). The level
of significance was defined as p < 0.05.

LC-MS/MS analysis

AmB was quantified in the plasma and tissue samples with
LC-MS/MS (API 3200™ AB SCIEX, Singapore) analysis.
The analytical method was adopted from Al-Quadeib et al.
(2014) [19] using rat plasma in place of human plasma.
Briefly, chromatographic conditions were carried out using

gradient elution consisting of two solvents with these compo-
sitions: solvent A, methanol-acetonitrile (50:50 v/v) contain-
ing 0.1% formic acid, and solvent B, 10 mM ammonium
formate (pH 3 ± 0.02) containing 0.2% formic acid and 1%
acetonitrile. The flow rate was set to 0.3 mL/min with a total
run time of 3.2 min. The data were processed using Analyst
version 1.6 software. The high-performance liquid chromato-
graph (Agilent 1260, CA, USA) was connected to a triple
quadrupole tandem mass detector (AB Sciex) with an
electrospray ionization (ESI) source for mass spectroscopy
detection. The ESI source was set in a positive mode and
quantification was performed using the multiple reaction
mode for suitable mass transfer. The optimal conditions for
mass spectrometry were set: capillary voltage 3.5 kV, cone
voltage 15 V, extractor 2.0 V, source temperature 115 °C,
desolvation temperature 400 °C, and collision energy 15 eV.
The protonated parent ion of AmB was quantified using mul-
tiple reaction monitoring of the transition of m/z 925. No sig-
nificant difference (P < 0.05) was observed for the standard
curve best-fit equations on intercept, slope, or correlation co-
efficient between the rat and human plasma. The precision and
accuracy of the LC-MS/MS method were measured in the
concentration range of 100 to 4000 ng/mL and no significant
difference was observed between inter-day and intra-day anal-
ysis (P < 0.05) for rat plasma. The correlation coefficient r2

was more than 0.995 showing excellent linearity for the con-
centration ranges used. The method was able to detect AmB
concentrations for all AmB-SDCS formulations used in the
various organs. Limit of quantification (LOQ) and limit of
detection (LOD) were 50 and 5 ng/mL, respectively, for the
instrument used.

Statistical analysis

The data was statistically processed to determine the level of
significance. Data is presented as mean ± standard deviation
(SD) from at least three samples unless indicated. The data
was evaluated using the ANOVA followed by any other suit-
able statistical test if required. All statistical comparisons were
determined using SPSS software version 16.0 (SPSS Inc.,
Chicago, IL, USA). Statistical significance was designated
as P < 0.05.

Results and discussion

Invasive pulmonary aspergillosis (IPA) is one of the major
fungal diseases of great concern due to its major role as a
direct or indirect cause of death at bone marrow and solid
organ transplantation centers as well as leukemia treatment
centers. In our present study, we evaluated the efficacy of
aerosol formulations of AmB in the form of AmB-SDCS
using an in-house synthesized lipid carrier SDCS from a
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natural precursor (deoxycholic acid) in experimental animals.
Intratracheal instillation is an effective route for pulmonary
drug administration with only loss of the drug retained in the
device. It provides efficient pulmonary targeting, even drug
distribution to four lobes, and non-compromised lung function
during anesthesia [20]. According to our previous report,
AmB-SDCS formulation exists in the form of nanomicelles
[16]. The development of drug targeting systems to target
specific tissues is receiving great popularity in pharmacother-
apy and pharmacology. This strategy has benefits of reduced
dose administration to achieve the desired therapeutic effects
with reduced adverse events and toxicity associated with the
drug molecule.

Cell viability by MTT assay

AmB-SDCS lipid formulations as well as Fungizone®-like
formulation were evaluated for toxicity on kidney and lung
cell lines including HK-2 and HBE1 (ATCC® CRL-2741),
respectively, and RAW 267.4 following a 24-h exposure using
MTT reduction assay. Figure 2 shows the percent viability
against the three cell lines at concentrations that ranged from
1 to 16 μg/mL. The effective concentration of AmB is 1 μg/
mL which is also quite similar to the AmB concentration for
the lungs. The typical in vitro AmB concentration for drug
delivery should be 8–16 times the normal in vivo therapeutic
concentration in the bloodstream; therefore, similar concentra-
tions were used in the experiments [21]. Lipid carrier SDCS in

its pure form was also employed for MTT reduction assay at
all concentrations and found to be non-toxic with cell viability
at nearly 100% for all concentrations used.

Viability was nearly 100% in the case of the HK-2 cells for
AmB-SDCS formulations 1:1 and 1:2 at 1–2 μg/mL AmB,
whereas it was more than 90% for all other formulations. All
of the formulations showed more than 80% viability even up to
8 μg/mL AmB, except formulations 1:4 and 1:5 with cell via-
bility of 70–80%. In the case of formulation 1:2, viability was
even higher (nearly 90%) at 8 μg/mL AmB. In the case of
Fungizone®-like formulation, a significant decrease in viability
was observed with increasing concentrations, and viability re-
duced to 62% at 8 μg/mL AmB. Cell death was even more
evident at 16 μg/mL AmB where cell survival was below 50%
which was substantially less than all AmB-SDCS formulations.
The data indicated that AmB-SDCS formulations 1:4 and 1:5
were slightly toxic at higher concentrations but all the formula-
tions were better than the Fungizone®-like formulation.

No toxicity was observed for AmB-SDCS formulations (1:1,
1:2, and 1:3) in the case of HBE1 cells at a concentration range
of 1–4 μg/mL AmB with cell viability of nearly 100%, whereas
in the case of other formulations (1:4 and 1:5), viability was
slightly below 90%. Even at the higher concentrations of 8 and
16 μg/mL AmB, all AmB-SDCS formulations, except formula-
tion 1:5, cell damage was also not too high with viabilities of
80% and 70%, respectively, whereas for formulation 1:5, the
viabilities were 76% and 68%, respectively, at the concentrations
of 8 and 16μg/mLAmB. Fungizone®-like formulation depicted
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higher cell toxicity with percent viability reduced to 57% and
41% at 8 and 16 μg/mL AmB, respectively, which were signif-
icantly higher toxicities than all AmB-SDCS formulations.

AmB-SDCS formulations evaluated against RAW267.4 cells
showed no evidence of cell death with nearly 100% viability at
concentrations 1–4 μg/mLAmB except AmB-SDCS 1:5, where
viability was slightly below 90%. All formulations except 1:5
showed no significant cell damage even at the higher concentra-
tions of 8 and 16μg/mLAmBwith cell viabilities in the range of
80–90% and 70–85%, respectively. For AmB-SDCS (1:5),
slight toxicity was observed with decreased viability to nearly
70% at both concentrations used. Significant toxicity was evi-
dent for Fungizone®-like formulation where the viabilities of
cells decreased to below 80% and 70% at 4 and 8 μg/mL
AmB, respectively. Cell death was even more at the highest
concentration with reduced cell viability to nearly 50% at
16 μg/mL AmB. Toxicity to cells by Fungizone®-like formula-
tion was higher than that by all AmB-SDCS formulations.

A relatively weaker barrier is usually provided to the lipid
bilayers by the micellar system in comparison with lipid nano-
particles (LPNs) as well as liposomes. The release of AmB in
this case may be faster from the micelles in comparison with
LPNs or even AmBisome™. However, the release of AmB can
be slow from AmBisome™ or LPNs owing to the presence of
strong interaction between AmB and lipids like cholesterol and
phospholipids with a subsequent decrease in the cytotoxicity of
the entrapped drugs in the LPNs and AmBisome™ [22]. In the
AmB-SDCS formulations, it is quite possible that they formed a
more stable micellar system compared with Fungizone®-like
formulation resulting in a slower release of the AmB, as evident
from spectrofluorometric data from previously published liter-
ature [16], and ultimately lower toxicity to the kidney cells.
Similarly, lower toxicity was observed for lung cells as well
as monocyte cell lines for AmB-SDCS formulations compared
with that for Fungizone®-like formulation. The higher toxicity
by the Fungizone®-like formulation can be attributed to the
micelles as these present a relatively weaker barrier in compar-
ison with lipid bilayers [16]. Due to the aforesaid reasons, lower
toxicity was evident with AmB-SDCS formulations even at the
higher concentration of 8 μg/mL.

Kidney and liver toxicity

Renal and hepatic toxicity of Fungizone®-like formulation as
well as various AmB-SDCS formulations was investigated
after intratracheal instillation. After 7 days of regular dosing
(1.5 mg/kg/day), blood serum of the animals under study was
analyzed for BUN, Cr, SGOT, and SGPT (Fig. 3).
Fungizone®-like formulation–treated rats had an increased
Cr as well as BUN compared with the control group. The Cr
value increased from 0.81 to 1.16 mg% whereas BUN in-
creased from 19.6 to 21.8 mg% for Fungizone®-like
formulation–treated rats. However, in the case of AmB-

SDCS formulations, except AmB-SDCS 1:5, stable Cr and
BUN levels were observed. For AmB-SDCS formulation
1:5, a very slight increase in Cr was observed from 0.85 to
0.94 mg% and the BUN level increased to 21.3 from
18.8 mg%. A quite similar increase in SGOT and SGPT was
also observed for the Fungizone®-like formulation–treated
groups compared with the groups treated with the AmB-
SDCS formulations. In the Fungizone®-like formulation–
treated group, SGPT and SGOT increased to 54 and 119 U/
L from the baseline values of 37 and 69.5 U/L, respectively.
The very slight increases in Cr and BUN observed for AmB-
SDCS formulation 1:5 were not significant (P < 0.05).

The results indicated that AmB in the form of anAmB-SDCS
formulation presented with normal BUN and Cr values, whereas
in the case of Fungizone®-like formulation, nephrotoxicity was
observed even at a lower administered dose with an increase in
the value of Cr. The lower toxicity observed with AmB-SDCS
formulation in comparison with Fungizone®-like formulation is
probably due to the slower release of AmB from the AmB-
SDCS micelle system compared with the deoxycholate micelle
release from Fungizone®-like formulation with the resultant
controlled levels of the drug in the blood plasma with AmB-
SDCS nanomicelles. Chitosan has also been shown to demon-
strate some degree of renal toxicity with increased BUN levels
but this effect was more prominent at higher doses. An AmB
nanoparticulate system using chitosan and dextran sulfate also
exhibited lower nephrotoxicity in comparisonwith Fungizone®-
like formulation probably due to the modification of the aggre-
gation state of AmB [23]. It has been demonstrated that low-
molecular-weight chitosan was safe for intravenous administra-
tion but the important aspect is the release of AmB from the
micelle system, which results in reduced toxicity in the kidneys
due to the interaction of AmB with the lipids in the cell mem-
branes. Renal failure is also related to the aggregation state of
AmB with the monomeric form showing reduced toxicity com-
paredwith the dimeric or oligomeric form.AmB-SDCSmicelles
are expected to control the release of AmBmostly in monomeric
form, thus showing little or no toxicity to the kidney cells on the
basis of molecular aggregation changes as observed previously
[18, 24] by spectrophotometry and dynamic light scattering.
Various lipid formulations have also demonstrated decreased or
a non-significant increase in the Cr values using various doses in
comparisonwith the Fungizone®-like formulation. The increase
in Cr was greater than 80% of the baseline value following a
dose of 1 mg/kg [25].

Histopathology of tissue samples for nephrotoxicity
and hepatotoxicity

The most serious adverse effect of AmB following chronic
usage is nephrotoxicity with a rise in the Cr level > 80% in
treated patients. Histopathological analysis of kidney tissues
following intra-tracheal instillation of AmB-SDCS
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formulations did not present any unusual signs of tissue ne-
crosis for all formulations as well as the NS-treated group,
except for the Fungizone®-like formulation treated–groups.
The kidneys of the control group treated with NS (Fig. 4,
1A) showed normal histological structures of glomeruli, tu-
bules, and vessels. Similar normal kidney architecture was
also observed in animals treated with AmB-SDCS formula-
tion (1:2) (Fig. 4, 3A). However, dramatic injury was evident
in Fungizone®-like formulation–treated animals. The kidneys
showed wider capillaries with the space filled by red blood
cells showing evidence of increased hemolysis compared with

those in the control group. Glomeruli showed hyperemia and
widened Bowman’s capsule as evidenced by the deformation
of the glomerulus outline (Fig. 4, 2A).

Considering the histology of the liver, the hepatic paren-
chyma was seen to consist of numerous hepatic lobules sepa-
rated from each other by soft connective tissue septa housing
the portal triad. Each hepatic lobule incorporated a thin-walled
central vein surrounded by hepatic cords radiating towards the
periphery in the NS-treated group (Fig. 4, 1B). The animal
groups treated by AmB-SDCS formulation (1:2) (Fig. 4, 3B)
depicted quite normal morphology including the thickness of

Fig. 3 Serum creatinine (a),
blood urea nitrogen (b), and
SGOT and SGPT (c) of the
animals followed by 7 days of
regular dosing of AmB-SDCS
formulations by intratracheal in-
stillation (mean ± SD, n = 5)
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cells and normal blood vessels as well as normal nuclei be-
tween the sinusoids and hepatic cells. These results were com-
parable with the animals in the control (NS) group. However,
the Fungizone®-like formulation–treated animals exhibited
cell apoptosis and death of some cells. Shrinkage of hepato-
cytes was observed and the normal chord-like arrangement of
hepatocytes was disturbed. The hepatocytes did not show any
typical oval shape and some necrosis of the liver macrophages
(Kupffer cells) in the liver was observed. Derangement of the
hepatocytes was also observed with some level of deformity
of cells (Fig. 4, 2B).

In addition, normal morphology of the lungs was observed in
the NS-treated animals showing normal bronchioles and epithe-
lial cells (Fig. 4, 1C). Type I and II cells were quite normal and
differentiable. The animals treatedwithAmB-SDCS formulation
(1:2) showed aggregations of inflammatory cells that were most
probably monocytes. The inflammatory cells engulfed the drug
particles which indicated an excellent immune response (Fig. 4,
3C). The Fungizone®-like formulation–treated group lacked

clear orientation around the terminal bronchioles and hypertro-
phy was observed due to thickening of the bronchial epithelium
at both the right and left sides. Thickening of alveolar walls was
also observed (Fig. 4, 2C). No such abnormality was observed
for the AmB-SDCS formulations.

The sections of spleen tissue revealed discrete lymphoid
masses (white pulp) embedded in a highly vascular matrix
(red pulp). The spleen has vascular as well as lymphoid ele-
ments and is a place for hematopoiesis besides being involved
in the clearance of aged and degenerated red blood cells and
circulating bacteria and particulate matter from the blood sup-
ply. The spleen can be a site for direct as well as indirect
toxicity and can be a target for various carcinogens. The his-
tology of the spleen from the NS-treated rats as well as AmB-
SDCS formulation (1:2)–treated groups depicted normal pa-
renchyma with no evidence of any fibrosis, inflammation, or
fatty infiltration. Morphology of the cells in both the white
pulp and red pulp was normal and showed no toxicity to the
formulations of the treated rats (Fig. 41D, 3D). The
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Fig. 4 Histopathology of kidneys: 1A) NS-treated rats showing normal
histological structure of glomeruli, tubules, vessels; 2A) Fungizone®-like
formulation–treated rats with wider capillaries with space filled by eryth-
rocytes and glomeruli showing hyperemia with widened Bowman’s cap-
sule; 3A) AmB-SDCS (1:2)-treated rats with normal histology of glomer-
ulus and tubules. Liver of 1B) NS-treated rats with normal hepatic paren-
chyma and hepatic lobules with normal portal triad and normal chord-like
arrangement of hepatocytes; 2B) Fungizone®-like formulation–treated
rats with shrinkage of hepatocytes and some cell death and deranged
hepatocytes with disturbed normal chord-like arrangement of hepato-
cytes; 3B) AmB-SDCS (1:2)-treated rats with normal morphology and
chord-like arrangement of hepatocytes with normal nuclei between

sinusoids and hepatocytes. Lungs of 1C) NS-treated rats with normal
bronchioles and differentiable type I and type II cells; 2C) Fungizone®-
like formulation–treated rats with hypertrophy of bronchioles due to
thickening of bronchial epithelium and also thickened alveolar walls;
3C) AmB-SDCS (1:2)-treated rats with normal alveoli and aggregation
of inflammatory cells. Spleen of 1D) NS-treated rats with normal tissue
parenchyma and no evidence of fibrosis, inflammation, and fatty infiltra-
tion; 2D) Fungizone®-like formulation–treated rats with loss of normal
architecture and evidence of foreign bodies and giant cells; 3D) AmB-
SDCS (1:2)-treated rats with normal parenchyma and no evidence of
inflammation with normal cell morphology in both white and red pulp



Fungizone®-like formulation–treated rats showed loss of the
normal architecture structure besides marked depletion of
lymphoid tissue. Evidence of foreign bodies and giant cells
was also observed in the Fungizone®-like formulation–
treated group showing some evidence of toxicity (Fig. 4, 2D).

Biodistribution of drug to tissues

The kidneys, lungs, spleen, and liver were investigated for the
amount of AmB following 7 days of regular dosing of AmB-
SDCS formulations and Fungizone®-like formulation by
intratracheal instillation. The total treated dose for AmB-SDCS
formulations and control Fungizone®-like formulation was
10.5 mg/kg (1.5 mg/kg/day) equivalent to AmB. The drug was
calculated as microgram per gram for each tissue under this
study. The concentrations of AmB obtained in various tissues
as well as plasma following 7 days of intratracheal instillation are
shown in Table 1. AmB-SDCS formulations show a low drug
concentration in the kidney tissues, whereas an increased con-
centration was observed in the case of Fungizone®-like formu-
lation. The lungs showed highAmBconcentrations for all AmB-
SDCS formulations and similarly, high concentrations were also
observed in the spleen. The concentration of AmB in the liver
was less compared with that in the spleen but was still high
enough. The liver is also as important as the spleen because it
is a reservoir organ for AmB due to high accumulation in the
reticuloendothelial system (RES).

In the kidneys, fungal burden can be reduced by either poly-
aggregated AmB lipid formulations or dimeric Fungizone®-like
formulation with more or lower levels of nephrotoxicity [26].
The developed AmB-SDCS formulations depicted lower con-
centrations in the kidneys compared with the reference
Fungizone®-like formulation (Table 1). In the study of various
lipid complexes of AmB, similar renal concentrations were re-
ported by liposomal AmB formulations [27, 28]. The deposition
of AmB in the kidney at the 1.5 mg/kg-administered AmB-
SDCS formulations was a very low amount (50–100 ng/g).

This is expected to reduce the renal toxicity of AmB more ef-
fectively in comparison with the Fungizone®-like formulation.
In real life, there was an incidence of nephrotoxicity inmore than
50% of patients at the normally administered doses [29].

The spleen and liver are considered to be AmB reservoirs
due to the relatively higher drug accumulation in the RES [30,
31]. AmB-SDCS formulations show higher concentrations of
the drug in the spleen following intratracheal instillation into
the lungs. The concentration of AmB in the spleen for liposo-
mal formulations was above the normal MIC values of 0.5–
2 μg/mL. The high drug accumulation for AmB-SDCS for-
mulations in the organs with RES was probably related to the
appropriate size of micellar formulations of AmB which is
enough to be less opsonized by the contents of the plasma
[32]. The decrease in concentration that was observed with
an increase of the lipid carrier SDCS was probably due to
the lower release of the drug owing to the strong interaction
between the lipid and drug molecule and the formation of a
stable micellar system. Liposomal AmB formulations also
obtained higher levels in the spleen and liver in comparison
with Fungizone®-like formulation, and the activity of liposo-
mal formulations was related to both the increased tissue pen-
etration and the sustained bioactivity of AmB levels in the
target organs. Biodistribution data presented an increase in
drug accumulation with formulations 1:1 to 1:3 and a decrease
with formulations 1:4 and 1:5. This can be explained on the
basis of size distribution of the AmB-SDCS formulations. The
hydrodynamic radius of AmB-SDCS formulations 1:1 to 1:5
is 203, 269, 171, 65, and 63 nm, respectively. The smaller
sized micelles might have faced rapid clearance compared
with larger micelles. The rapid decrease of size with formula-
tions 1:4 and 1:5 can be explained as the availability of more
SDCS promotes the formation of smaller sized micelles in-
stead of depositing on the surface of the large micelle [16, 33].

The concentrations of AmB following intratracheal instilla-
tion of theAmB-SDCS formulations are shown in Table 1. It was
evident that high concentrations of AmB were observed follow-
ing inhalation and the pulmonary concentrations were more than
5 μg/g for all AmB-SDCS formulations. These higher concen-
trations were significantly higher than Fungizone®-like formula-
tion andwere adequate to treat pulmonary aspergillosis for which
the MIC is about 1–2 μg/mL for all three strains of Aspergillus
and is also helpful in treating mucormycosis with a MIC of 0.5–
1 μg/mL [34, 35]. The highest AmB concentration in the lungs
was observed with AmB-SDCS (1:2 and 1:3) which was almost
twice the concentration achieved with Fungizone®-like formu-
lation. The different concentrations distributed in the various or-
gans are given in Table 1. The micelle size can be a significant
factor as well as a comparison of the bound and unbound frac-
tions of the drug. AmB-SDCS formulations have shown to form
a stable micellar system with lower drug release resulting in
lower toxicity compared with Fungizone®-like formulation
[16]. The benefit associated with AmB-SDCS formulations is

Table 1 AmB-SDCS formulations and Fungizone® concentrations in
plasma and tissues followed by 7 days of regular dosing (1.5 mg/kg/day)
to rats by intra-tracheal nebulization (mean ± SD, n = 5)

Concentration of AmB (μg/g) except in plasma (μg/mL)

Lung Liver Spleen Kidney Plasma

AmB formulation

1:1 6.2 ± 0.2 2.2 ± 0.2 4.6 ± 0.5 0.10 ± 0.02 2.2 ± 0.2

1:2 7.5 ± 0.4 2.4 ± 0.3 4.7 ± 0.2 0.06 ± 0.01 2.4 ± 0.2

1:3 8.3 ± 0.2 2.5 ± 0.2 5.6 ± 0.4 0.05 ± 0.01 2.5 ± 0.2

1:4 5.8 ± 0.2 2.1 ± 0.2 4.4 ± 0.5 0.08 ± 0.01 2.1 ± 0.1

1:5 5.4 ± 0.3 2.0 ± 0.1 3.9 ± 0.2 0.09 ± 0.02 2.0 ± 0.1

Fungizone® 4.8 ± 0.2 1.8 ± 0.1 3.5 ± 0.1 0.30 ± 0.01 2.2 ± 0.1
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higher accumulation in the lungs in comparison with liposomal
formulations with lower drug levels in the lungs. The concentra-
tion in the plasma was above 2 μg/mL for all AmB-SDCS for-
mulations which was also higher than that for Fungizone®-like
formulation. This was also higher than the reported AmB lipid
formulations as well as Fungizone®-like formulation [4, 36].
The concentration was in the range to kill the fungus as it was
relevant to the MIC needed for fungicidal activity.

It is evident that aerosol formulations for oral inhalation have
lower systemic concentrations and the tissue distribution is also
negligible, except for the lungs, in comparison with the exten-
sive distribution following intravenous administration [13]. The
mortality rates associated with IPA are still alarmingly high
despite the availability of various AmB formulations and other
new antifungal drugs like caspofungin and voriconazole [37].
The failure associated with intravenous AmB administration is
the result of various factors like fungus proliferation to other
body tissues despite its predominant residence in the lung air-
ways. The penetration of AmB following intravenous adminis-
tration is inadequate and it is also evident that only a small
amount of the drug administered by the IV route is actually
delivered to the lungs. Therefore, inhalation of the drug is the
best way to obtain a higher concentration at the lungs which are
the direct target of interest [11]. The available data for inhaled
administration of AmB are limited but it is pertinent to mention
that inhaled liposomal AmB formulations were well tolerated in
humans [38]. However, adverse effects like mild broncho-
spasm, nausea, and cough were observed with inhaled
Fungizone® which in some cases resulted in the discontinua-
tion of the study mainly due to the dose of drug administered
[39, 40]. The major problem was cough which was probably
due to the deoxycholate rather than the AmB [41]. In our study,
no toxicity was observed in the rats taking the AmB-SDCS
formulations as evidenced by the histopathological results of
the tissues. Furthermore, all AmB-SDCS formulations were
well tolerated by the animals showing no detrimental effects
of the carrier lipid SDCS on the natural surfactants of the lungs.

Conclusions

AmB-SDCS formulations in various molar ratios were found
suitable as aerosol formulations for delivery into the lungs
through inhalation. In vitro cytotoxicity study results demon-
strated that SDCS was a safe lipid carrier for pulmonary de-
livery of AmBwith no evidence of toxicity for the lung as well
as kidney cells. The BUN and Cr levels were observed to be
normal before and after 7 days of regular dosing which indi-
cated no nephrotoxicity. Furthermore, normal SGPT and
SGOT values showed no hepatotoxicity. Histopathology of
the lung, liver, spleen, and kidney tissues showed no evidence
of toxicity. Higher concentrations of the drug were observed
in the lungs, spleen, and liver with minimal AmB

concentration in the kidneys. Plasma and lung concentrations
were well above the MIC required for treatment of aspergil-
losis. It is concluded that an AmB-SDCS-based nanomicellar
system is better than the conventional Fungizone®-like for-
mulation in the context of safety and biodistribution in ani-
mals. This study demonstrates the potential of the SDCS mi-
cellar system which can find future implications in designing
therapeutically safe and cost-effective formulations for pul-
monary delivery of AmB by aerosol administration for treat-
ment of fungal infections of the lung, especially for the treat-
ment of IPA.
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