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Abstract. The gastrointestinal (GI) transit behavior of and absorption from an amphotericin B (AmB)
solid lipid nanoformulation (SLN) in rats was investigated. We aimed to estimate the gastric emptying
time (GET) and cecal arrival time (CAT) of AmB SLN in rats as animal models. From these two
parameters, an insight on the absorption window of AmB was ascertained. Three types of SLNs, AmB,
paracetamol (PAR), and sulfasalazine (SSZ), were similarly formulated using beeswax/theobroma oil
composite as the lipid matrix and characterized with regard to size, viscosity, density, migration propensity
within agarose gel, in vitro drug release, morphology, gastrointestinal transit, and in vivo absorption. The
GET and CAT were estimated indirectly using marker drugs: PAR and sulfapyridine (SP). All three types
of SLNs exhibited identical properties with regard to z-average, viscosity, relative density, and propensity
to migrate. PAR was absorbed rapidly from the small intestine following emptying of the SLNs giving the
Tsog (time for 50% absorption of PAR) to be 1.6 h. SP was absorbed after release and microbial
degradation of SSZ from SLN in the colon with a lag time of 2 h post-administration, serving as the
estimated cecal arrival time of the SLNs. AmB within SLN was favorably absorbed from the small

intestine, albeit slowly.
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INTRODUCTION

Designing and developing pharmaceuticals aimed at
achieving maximum bioavailability from the GI tract could
best be ascertained through monitoring the GI transit proper-
ties of the carrier dosage form and absorption profiles of the
drug payload from the GI tract. This is particularly crucial for
drugs that have poor aqueous solubility.

AmB is a polyene antifungal (fungicidal) agent which was
initially isolated from Streptomyces nodosus. It has a broad
spectrum of activity and is efficacious in treating candidiasis,
cryptococcosis, aspergillosis, histoplasmosis, blastomycosis,
coccidioidomycosis, zygomycosis, sporotrichosis, fusariosis,
and phaeohyphomycosis (1,2). Paradoxically, the clinical use
of AmB is somewhat limited due to its systemic toxicity, which
manifests in two main forms: acute or infusion-related toxicity
and chronic (end organ) toxicity, which essentially affects the
kidneys (nephrotoxicity) and could lead to permanent renal
impairment, especially when co-administered with other neph-
rotoxic drugs. Strategies used to reduce the nephrotoxicity
induced by AmB include saline loading, alternate day dosing,
and dose reduction (3); however, there is evidence that when
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administered orally, the aforementioned side effects are po-
tentially minimized to allow the correct therapeutic dose to be
given (4-6).

AmB has poor aqueous solubility and, therefore, poorly
absorbed from the GI tract when administered orally. In view
of this, there is growing interest in developing alternative
delivery systems that address the above constraints of absorp-
tion of AmB from the GI tract whilst minimizing the afore-
mentioned side effects. One of such a delivery system that has
received much attention lately is nanoparticle formulation,
particularly solid lipid nanoparticles (SLN) (7,8). SLNs can
be taken up by the Peyer’s patches along the GI tract when
the former is administered orally, which drains into the lymph
and then eventually empties into the systemic circulation (9).
In the quest for a successful development of a delivery system
with such potential, it is imperative to challenge the prototype
to exhaustive physical characterization prior to studying GI
transit properties of the dosage form. We have successfully
developed an AmB-containing SLN and characterized the
same with regard to surface composition, chemistry, charge,
and stability (10,11).

In this paper, we describe further characterization and a
pilot GI transit study tailored towards a subsequent full GI
transit study. In the pilot GI transit study using Sprague-
Dawley rats, paracetamol (PAR) was used as a marker drug
for estimating the gastric emptying rate of the SLNs. This
estimation was based on the rate of appearance of PAR in
the blood following oral administration (12). On the other
hand, sulfasalazine (SSZ) after arrival at the large bowel
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becomes reduced at the azo linkage by colonic bacteria to
produce sulfapyridine (SP) and S5-aminosalicylic acid. SP is
very rapidly and almost completely absorbed from the colon
into the blood and, therefore, may serve as an estimate of the
arrival time of an SSZ-containing SLN at the cecum (13,14).

These two compounds have been used as marker drugs to
estimate the gastric emptying and orocecal transit times of
several orally administered dosage forms (15-17) and provide
a cheaper alternative to the use of gamma scintigraphy. Our
review of the literature has not revealed any GI transit work
carried out on AmB-containing SLNs. Prior to administration,
AmB, PAR, and SSZ were formulated into SLNs using iden-
tical methods. These were then characterized to ensure simi-
larity in their physical properties with the assumption that
when administered simultaneously, the three types of SLNs
would respond similarly to the hydrodynamics within the GI
tract. Once this assumption was verified in vitro, a preliminary
study was conducted on rats to ascertain the GI transit prop-
erties of the AmB SLN.

MATERIALS AND METHODS

Beeswax (Acros Organics, New Jersey, USA),
theobroma oil (JB Cocoa Sdn Bhd, Johor, Malaysia),
amphotericin B (Nacalai Tesque, Inc., Kyoto, Japan),
sulfasalazine (Tokyo Chemical Industry Co. Ltd, Japan), aga-
rose (1st Base Laboratories Sdn Bhd, Malaysia). Paracetamol,
phosphate buffered saline (pH 7.4), and sulfapyridine were
purchased from Sigma-Aldrich (Sigma-Aldrich Co. LLC.,
Missouri, USA), and lecithin soy and sodium cholate were
obtained from MP Biomedicals (Illkirch, France). Chloro-
form, ethyl acetate, methanol, and hydrochloric acid were
purchased from Fisher Scientific (Loughborough, UK). SYBR
green and loading buffer were purchased from Thermo Scien-
tific (Waltham, USA). All reagents used were of analytical
grade.

Formulation of AmB, PAR, and SSZ SLNs

The three different types of SLNs were prepared in our
lab (10). Briefly, the drug (AmB, PAR, or SSZ) and lecithin
were first dissolved in a mixture of chloroform-methanol at a
1:1 ratio, along with theobroma oil (TO) and beeswax (BW)
as indicated in Table I. The solvent was evaporated off using
Rotavapor® (Biichi R-200/205) at 50°C, leaving the drug em-
bedded within the lipid matrix. The lipid matrix was melted in
20 ml of ethyl acetate (previously equilibrated with water for
10 min) at 70°C. At the same time, 40 ml of 2.5% sodium
cholate (SC) solution was heated at the same temperature.
Both phases were homogenized using a high-speed
(10,000 rpm) homogenizer (Ika-Turrax, T25) for 6 min. Sixty
milliliter of water at 70°C was then added slowly into the

Table I. Composition of the SLNs
Amount TO BW Lecithin  SC Water
Drug (mg) (mg) (mg) (mg) (mg)  (mL)
AmB, PAR, 50 200 200 120 1000 60
or SSZ

TO theobroma oil, BW beeswax, SC sodium cholate, PAR paracetamol
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mixture with continuous stirring for a further 20 min. The
organic solvent was then evaporated off using the rotary evap-
orator at 70°C.

Relative Density and Viscosity Determinations

The densities and viscosities of freshly prepared SLN
dispersions were investigated using a density bottle and a
Brookfield viscometer (DV-I prime), respectively. For the
relative density determination, the mass of each formulation
was divided by the mass of an equal volume of deionized
water. The viscosity values, on the other hand, were obtained
directly from the viscometer readings. All determinations
were made in triplicate and results expressed as meanz=
standard deviation (SD).

Gel Electrophoresis

In order to have an insight on the relative movement
propensities of the three SLNs within a milieu as may be
encountered in the GI tract, a gel electrophoresis was set up
where the distances traveled by the three SLNs constrained
within agarose gel were measured. Agarose was dissolved
completely in 1x TBE (89 mM Tris base, 89 mM boric acid,
and 2 mM EDTA) buffer solution at a concentration of 1% w/
v using microwave heating to dissolve the agarose. The solu-
tion was allowed to cool slightly (before gelation), followed by
the addition of 30 pL of SYBR® green dye, and the mixture
was poured into a casting plate and a gel comb was inserted.
The gel was left to set at room temperature for 30 min. The
running buffer 1x TBE was then poured into the gel tank to
submerge the gel. A 10-pL aliquot of SLN sample was mixed
with 2 pL of the loading buffer (containing glycerol,
bromophenol blue as dye, and water) and then loaded into
the wells within the gel in triplicate. The gel electrophoresis
unit was run at +45 V for 45 min and then +39 V for 15 min.
The migration of the SLNs within the gel was viewed under
UV light (Bio-Rad®) and distances measured using a calibrat-
ed ruler.

PCS

Photon correlation spectroscopy studies (PCS) on the
SLNs were carried out using a Zetasizer Nano ZS® (Malvern,
UK). The parameters measured were z-average diameter, zeta
potential, and the polydispersity index (PDI). All the samples
were diluted with Milli-Q water (18.2 MQ-cm at 25°C) before
analyses. Each analysis was carried out at 25°C and performed
in triplicate, and the data obtained were expressed as mean=+
standard deviation.

SEM

The topography and morphology of the SLNs were de-
termined using a Quanta 400 FE-Scanning Electron Micros-
copy (SEM) (FEI). Prior to analysis, the samples were diluted
with Milli-Q water and a drop placed on a carbon tape and air-
dried at room temperature. Samples were then mounted on
the stage and viewed under low vacuum mode at 20 kV.
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DSC

Differential scanning calorimetry (DSC) thermograms on
the SLNs were obtained using a DSC Q2000 (TA instruments,
New Castle, USA) equipped with a TA Universal Analysis
2000 software. Approximately 5 mg samples were placed in
standard aluminum pans, hermetically sealed, and subjected
to the analyses using a scan rate of 5°C/min from —20 to
250°C. Analyses were run under a gentle stream of nitrogen
(50 mL/ min) using an empty pan as the reference.

Encapsulation Efficiency (% EE)

The %EE for the three SLNs (AmB, PAR, and SSZ) was
determined as follows using a slightly modified method (9). A
few drops of a 0.1-M HCl were added to 1 ml of SLN disper-
sion to precipitate the nanoparticles, followed by centrifuga-
tion at 14,000 rpm for 45 min. The supernatant was decanted,
and the precipitate washed with PBS to remove any free drug.
The precipitate was then dissolved in 1000 pL of a mixture of
methanol and DMSO at ratios of 1:3, 3:1, and 1:1 for AmB,
PAR, and SSZ SLNs, respectively. The above mixtures were
heated at 70°C and then cooled to room temperature, follow-
ed by centrifugation at 14,000 rpm for 10 min to separate the
lipid. The amount of drug in the aqueous phase was deter-
mined using HPLC.

The %EE was calculated using the following:

Amount of drug in precipitate

%EE =
? Amount of drug used in formulation

x100% (1)

Drug Release Study

In vitro drug release from the SLNs was conducted using
25 mL PBS (pH 7.4) as the release medium. SLNs containing
0.5 mg of drug were dispersed in the dissolution medium and
incubated at 37°C in an orbital water bath operated at
100 rpm. At predetermined time intervals (0, 1, 2, 4, and
8 h), samples were withdrawn and the nanoparticles precipi-
tated with 0.1 M HCI, followed by centrifugation at
14,000 rpm for 10 min at 37°C and the supernatant decanted.
A 20-pL aliquot of the supernatant, containing the released
drug, was then injected onto the HPLC to determine amount
of drug released.

Pilot GI Transit and Pharmacokinetic Study

Pharmacokinetic studies on the AmB, PAR, and SP were
performed using three male Sprague-Dawley rats (300-350 g)
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fasted overnight. The protocol used for the study was ap-
proved by an Animal Ethics Committee of the University of
Science, Malaysia. The animals were obtained from the Ani-
mal Holding Unit of University of Science, Malaysia.

The three SLNs (AmB, PAR, and SSZ) were dispersed in
1 mL of distilled water to produce an equivalent dose of
10 mg/kg and administered by oral gavage to the rats.

Blood samples (300 pL) were collected from the tail of the
rats before and at 1, 2, 4, 8, 12, and 24 h post-administration into
heparinized microcentrifuge tubes. Plasma was immediately
harvested from the blood samples by centrifugation and ana-
lyzed for drug content using a validated HPLC method (18).

RESULTS AND DISCUSSION
Relative Density and Viscosity

The mean values of relative densities ranged from 1.004
to 1.008 and were not significantly different with each other
and with water. Furthermore, the mean viscosity values
ranged from 1.04+0.12 to 1.21+0.06 cPs, being not statistically
different from each other (p>0.05). This indicates that the
nanoformulations were just as viscous as purified water (used
as the reference liquid). Since viscosity and density play a
significant role in the GI transit of dosage forms (19-21), it is
probable that the three SLNs would respond similarly to the
hydrodynamics imposed by the GI tract.

Gel Electrophoresis

In order to further ascertain the relative propensities of
the three SLNs to movement within a milieu, the SLNs were
subjected to gel electrophoresis where the distances migrated
by each type of SLN towards the positive electrode were
measured. The agarose gel matrix contains pores which are
formed from random packing of polymer (D-galactose and 3,
6-anhydro-L- galactopyranose). Although the pores in the gel
are small and the gel is stationary in contrast to what would be
expected in the GI tract, the analysis nonetheless gave an
indication of the mobility propensities of the SLNs within a
matrix such as chyme. The distances migrated by the three
types of SLNs ranged from 22.2 to 22.4 mm, being statistically
insignificant with each other (p>0.05). This study along with
the density and viscosity data suggests the possibility of similar
dispositions amongst the three SLNs in response to GI
hydrodynamics.

PCS

There was no statistically significant difference between
the values of the z-average of the three SLNs (p>0.05), albeit

Fig. 1. SEM images for AmB, PAR, and SSZ SLNs
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a slightly higher value of z-average diameter for SSZ (224.8+
3.31 nm) and PAR (210.1+1.40 nm) compared to that for
AmB (206.5+1.71 nm). The PDI values obtained were well
below 0.5, ranging from 0.161+0.03 to 0.218+0.008, indicating
a mostly narrow particle size distribution. There were a neg-
ligible proportion of the SLNs with z-average diameters be-
yond 1000 nm.

The zeta potential values for all three SLNs showed that
their surfaces were negatively charged, and this is attributable
to the presence of sodium cholate employed in the formula-
tion. The magnitude of zeta potential can be used to predict
colloidal stability, with values greater than +60 mV indicating
very good stability of colloidal dispersions (22). The zeta
potential for the three SLNs ranged from —61.90+1.04 to

Amekyeh et al.

Table II. Melting Peaks and Enthalpies of Bulk Lipids and SLNs

TO BW
Melting Melting Melting Melting
point enthalpy point enthalpy
Sample (°C) (J/g) (°C) J/g)
Bulk lipid 351 156.1 63.3 176.7
Drug-free SLN 33.1 13.32 61.8 3.47
AmB SLN 33.1 5.95 61.5 3.76
PAR SLN 329 8.55 61.9 4.07
SSZ SLN 334 6.32 61.3 3.68

TO theobroma oil, BW beeswax, SLN solid lipid nanoformulation,
SSZ salfasalazine
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Fig. 2. a DSC thermograms of pure drug (AmB, PAR, and SSZ) along with drug-loaded
SLNs. b DSC thermograms of TO, BW, SC, dummy SLN, and drug-loaded SLNs
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Fig. 3. Cumulative drug release from SLNs as a function of time
(mean+SD; n=3)

—71.90+0.93 mV indicating that particle aggregation during
storage owing to van der Waal inter-particle attractions can
be expected to be low.

SEM Analyses

The images obtained from the SEM are shown in Fig. 1,
where the spherical morphologies of the three SLNs generally
appear identical in outlook. The surfaces of the SLNs appear
rough on closer observation. The SEM images corroborate the
size data obtained in the PCS analysis. It appears that the
drugs are dispersed within the matrix of the solid lipid com-
prised of the TO and BW.

DSC

The melting peaks for pure AmB were 153.7, 170, and
204°C, with 170°C regarded as the melting temperature of
AmB. The melting peaks for PAR were 169.6°C and 245.9°C
for SSZ. These three melting peaks (170, 169.6, and 245.9°C)
were absent in the thermograms of their respective SLNs
(Fig. 2a). This shows that the drugs are molecularly dispersed
in the SLNs as their amorphous forms, which are further
suggested by the similarity of the thermograms for all the
SLNs shown in Fig. 2b. This is likely to be initiated when the
drugs are dissolved in solvents and, subsequently, dispersed
and retained within the lipid melt during SLN formulation
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Fig. 4. Plasma drug concentration-time profiles for AmB, PAR, and
SP following simultaneous administration of AmB, PAR, and SSZ
SLNs at a dose of 10 mg/kg each (mean+SD; n=3)
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Table III. Pharmacokinetic Parameters of AmB, PAR, and SP Fol-
lowing Simultaneous Oral Administration of AmB SLNs, PAR SLNs,
and SSZ SLNs (mean+SD; n=3)

Dose Tmax Cmax AUC0—24
Drug (mg/kg) (h) (ng/ml) (ng h/ml)
AmB 10 8 446.74+23.6 7638+440
PAR 10 1 609.85+229.5 5146+356
SpP 10 8 341.78+169.1 5095+3186

SLN solid lipid nanoformulation, PAR paracetamol, SP sulfapyridine

(23-25). There was a decrease in melting point and enthalpy
in all the SLNs as compared with those for the bulk lipids
(Table II), and this is attributable to the increase in surface
area as a result of formation of the SLNs (26,27) and also the
presence of the sodium cholate (28). Characteristic endo-
therms appear at about 33 and 61°C in all three SLNs which
are related to the lipids (TO and BW) used. This strongly
suggests that the presence of the drugs did not alter the
chemical makeup of the lipids. The last three peaks in the
thermograms for all the SLNs (at about 110, 115, and 195°C)
are due to the SC.

Encapsulation Efficiency (%EE)

The encapsulation efficiencies of the freshly prepared
AmB, PAR, and SSZ SLNs were found to be 91.2+3.04, 60.7
+0.26, and 78.4+0.16 %, respectively. The higher encapsulation
efficiency of AmB is attributable to its lipophilicity, being
compatible with the lipid matrices. On the other hand, the
%EE for PAR was the lowest and this can be linked to its
hydrophilic nature. Nonetheless, the %EE for all three drugs
was appreciably high and suggests that the solvent diffusion
method employed in preparing the SLNS is suitable for encap-
sulating AmB and the marker drugs.

Drug Release Study

Drug release study was conducted on the three SLNs, and
Fig. 3 shows that only 11.8+0.4% of AmB was released in 8 h
whilst the maximum amount released from SSZ was 31.4+
1.95%. In contrast, 65.9+0.04% of PAR was released within
the study period. These are consistent with the fact that AmB

1204
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40

204

Mean Paracetamol Absorption

0 T T T T 1
0 2 4 6 8 10 12

Time (hr)

Fig. 5. Mean PAR absorption-time curve (mean+SD; n=3)
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and SSZ are biopharmaceutics classification system (BCS)
class IV drugs while PAR belongs to class II. Furthermore,
most of the PAR from the SLN are likely to be released prior
to absorption of the SLNs because it partitions in favor of the
aqueous environment (GI tract fluids) due to its lower log P
value (0.46) as compared with that of AmB (0.8) and SSZ
(2.5). This serves as a good predictor of gastric emptying of the
three SLNs. Nonetheless, additional work is required to as-
certain the consequence of a slow AmB release from the SLN
when administered orally, but a slow release seems to be a
favorable attribute in view of the possible uptake of the SLN
by Peyer’s patches

GI Transit and Pharmacokinetics Study

A pilot GI study was conducted on three male Sprague-
Dawley rats to investigate the GI transit properties of the
AmB-containing SLNs. Figure 4 and Table III show the plas-
ma drug concentration-time profiles and pharmacokinetic da-
ta obtained respectively for AmB, PAR, and SP following the
simultaneous oral administration of the three SLNs to the rats.

PAR was rapidly absorbed and attained a T,.x of about
1 h. AmB was slowly absorbed reaching a Ty, in 8 h. This is
suggestive of a slow SLN uptake process. The lipid moieties of
SLNs have been reported to aid in prolonging the residence
time of SLN when in contact with the GI epithelia, which
possibly results in enhanced bioavailability (29).

There was a lag time of about 2 h prior to appearance of
SP in blood, which then peaked at 8 h. The delay in the
absorption of SP was mainly due to the transit time of the
SLNs to the colon in addition to the delay resulting from
degradation of SSZ to SP and 5-aminosalicylic acid by micro-
bial flora in the colon prior to absorption of SP. The AUC 54
was significantly high for AmB compared to PAR and SP,
indicating a favorable, albeit slow uptake process. The high
mean C,,x value for PAR is indicative of a rapid rate of
absorption from the small intestine. The data from the re-
leased study above shows that PAR is rapidly released from
the SLN, which, presumably, is the case in vivo. Therefore, the
rapid rate of absorption of PAR may be attributed to rapid
rate of release of PAR from the SLN. Figure 5 shows the mean
PAR absorption-time profile from which the time taken for
50% of the PAR absorption to occur (Tsog) was calculated
(15). The value for Tso serves as the estimated time for 50%
of the administered SLNs to be emptied from the stomach,
which was found to be about 1.6 h. This relatively high gastric
emptying time (1.6 h) can be attributed to the onset of the
phase III motility pattern, where the “housekeeper” wave
effectively empties the content of the stomach. The incidence
of the housekeeper wave is variable and can be long, relative
to the time of administration. On the other hand, the cecal
arrival time (CAT) of the SLNs was found to be about 2 h,
estimated from the initial detection of SP in the plasma. It
follows that the estimated small intestinal transit time is
24 min, which is the difference between CAT and T5,z. AmB
absorption peaked at 8 h, and a significant concentration
remained in circulation 12 h post-administration. This suggests
that the absorption process is slow, and although more work
may be required to confirm this, we believe that the SLNs are
absorbed via the lymph after uptake by Peyer’s patches. In-
deed, SLNs have been reported to increase the bioavailability
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of poorly soluble drugs after oral administration (9,30-32).
This increase in bioavailability has been attributable to the
uptake of the SLN from the GI tract followed by lymphatic
transport into the systemic circulation. Therefore, this route of
uptake is expected to be slow.

CONCLUSION

AmB, PAR, and SSZ SLNs were successfully formulated
with matched physical characteristics; thus, PAR and SSZ
SLNs were deemed suitable for use as carriers for the marker
drugs in the GI absorption study. The GI transit study indi-
cates that AmB in SLN is absorbed slowly but significantly
from the small intestines. Therefore, development of dosage
forms for delivery of AmB via the oral route may exploit this
attribute.
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