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a b s t r a c t 

Amphotericin B (AmB) is an amphiphilic drug commonly formulated in liposomes and 

administered intravenously to treat systemic fungal infections. Recent studies on the 

liposomal drug product have shed light on the AmB aggregation status in the bilayer, which 

heat treatment (curing) modifies. Although toxicity was found related to aggregation status 

- loose aggregates significantly more toxic than tight aggregates - the precise mechanism 

linking aggregation and toxicity was not well understood. This study directly measured drug 

release rate from various AmB liposomal preparations made with modified curing protocols 

to evaluate correlations among drug aggregation state, drug release, and in vitro toxicity. 

UV–Vis spectroscopy of these products detected unique curing-induced changes in the UV 

spectral features: a ∼25 nm blue-shift of the main absorption peak ( λmax ) in aqueous buffer 

and a decrease in the OD 346 /OD 322 ratio upon thermal curing, reflecting tighter aggregation. 

In vitro release testing (IVRT) data showed, by applying and fitting first-order release kinetic 

models for one or two pools, that curing impacts two significant changes: a 3–5-fold drop 

in the overall drug release rate and a ten-fold decrease in the ratio between the loosely 

aggregated and the tightly aggregated, more thermodynamically stable drug pool. The 

kinetic data thus corroborated the trend independently deduced from the UV–Vis spectral 

data. The in vitro toxicity assay indicated a decreased toxicity with curing, as shown by the 
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significantly increased concentration, causing half-maximal potassium release (TC 50 ). The 

data suggest that the release of AmB requires dissociation of the tight complexes within the 

bilayer and that the reduced toxicity relates to this slower rate of dissociation. This study 

demonstrates the relationship between AmB aggregation status within the lipid bilayer 

and drug release (directly measured rate constants), providing a mechanistic link between 

aggregation status and in vitro toxicity in the liposomal formulations. 

© 2022 Shenyang Pharmaceutical University. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. Introduction 

Amphotericin B (AmB) is an amphiphilic macrolide
antimycotic drug substance comprised of a highly
hydrophobic hepta-ene motif and hydrophilic poly-ol and
mycoseamine groups [1] . In aqueous media, regardless of
surfactant, AmB’s ability to self-assemble and create water-
soluble toxic aggregates is a well-characterized mechanism
[2–8] . AmB aggregation and its dynamics continue to be
a convoluted topic due to the simultaneous presence of
several different species in mixtures, with an equilibrium
that depends on the formulation composition, the solvents,
and mode of dilution ( e.g., if added to the water) [8–13] , the
drug concentration and temperature [14 ,15] . Aggregation
in aqueous suspensions formed without heating can be
reversible [8 ,16 ,17] . Spectral analysis of the drug product
in water, or a similar polar environment, shows a typical
UV–Vis absorption spectrum of aggregates with a main peak
in the low to mid 300 nm. In contrast, the main peak of the
monomer is in the low 400 nm region [2 ,3 ,7 ,9 ,11 ,18] . Due to its
physicochemical nature, AmB also dimerizes and aggregates
in detergent or lipid environments. 

Aggregation in Lipids . In lipids, the distribution of aggregated
species also depends on the total AmB concentration,
production/mixing methods, nature of the lipids present,
ratios amongst lipids, and the drug to lipid ratio [19–
24] . At low AmB to lipid ratios, large aggregates do not
form. Instead, large cylindrical structures (driven by
molecular polarity) can destabilize the membrane and
were suggested as one potential mechanism of AmB toxicity
[19] . As found in aqueous media, the absorption spectra of
AmB in lipid membranes are also characterized by strong
hypsochromism (blue-shift of the main peak from 408 nm to
approximately 330–350 nm region), typical for aggregation.
Studies suggest that 4–9 AmB molecules form cylindrical
aggregate structures [21 ,25 ,26] as a possible molecular
organization in lipid bilayers. Using fluorescence techniques
on dipalmitoylphosphatidylcholine (DPPC) liposomes,
without sterol and heat curing, show a preference for
monomers compared to dimers at temperatures above the
lipid phase transition. Moreover, the data suggest that AmB
in the bilayer distributes between two populations: one
perpendicular to the plane and the second parallel, perceived
to be localized in the polar region of the membrane [27] .
At higher AmB concentrations, which promote aggregation,
the ratio of aggregate to monomer increases, and so does
the relative fraction of the perpendicular orientation [23] .
As the understanding of AmB has progressed, it becomes
clearer that at low AmB: lipid ratios, the primary species
involved in the lipid system(s) are confined to monomers,
parallel/anti-parallel dimers, and tetramers which always
exist in equilibrium controlled by the physical and chemical
conditions [25 ,28] . 

Heating . As AmB research progressed, the benefits of
temperature curing the AmB formulation were demonstrated
for widening the therapeutic window. Several studies
identified a phenomenon known as super-aggregation or
super-packing, which is induced by extensive exposure to
high temperature ( > 55 °C) and characterized by further blue-
shifting of the main aggregate peak from the mid-300 nm
to ∼321 nm [20 ,29 ,30] . Studies using circular dichroism in
aqueous media show that at low concentrations, AmB tends
to become less aggregated with temperature [15] . In aqueous
suspensions with a surfactant (Fungizone, 70 °C), a qualitative
change in configuration occurs upon heating [16] , which is
reflected by a blue-shift of the main UV spectral peak to
321–322 nm. A similar change was observed by circular
dichroism in aqueous medium without the surfactant ( < 10%
DMSO at 50–60 °C) [17] . These changes were interpreted as
super-aggregation [31] and were observed with the free drug
(in aqueous suspensions) [16] , in mixtures with deoxycholate
[2 ,11 ,29 ,31-33] , deoxycholate colloidal solutions [17] , as well
as in lipids-containing formulations [30 ,34 ,35] . 

Toxicity . The relationship between toxicity and aggregation
status is key to understanding the narrow therapeutic
window of AmB formulations. Some of the above studies
demonstrated that super-aggregated AmB is less toxic than
the loosely aggregated material and that the latter was
more toxic than the monomeric form [35 ,36] . Notably, heat
(curing)-induced super-aggregation was beneficial against
toxicity in several types of formulations, including surfactant-
based (Fungizone) [28 ,31 ,35 ,37 ,38] and liposomal (AmBisome)
formulations [30 ,39] . Toxicity of lipid formulations was also
shown to depend on particle size and lamellarity [40–
43] , on the nature of and relative concentration of the
sterol(s), and the drug-to-lipid ratios [44–46] . Studies on these
parameters involved in vivo studies (mice or rats), in vitro
cell lines [47 ,48] and surrogate toxicity testing systems like
potassium release in erythrocytes [28 ,49] , or artificial system
models for toxicity [15 ,50] . While the effects of the lipids
on toxicity may be partially derived from influencing the
equilibria amongst different aggregate forms in the liposomes,
this could also be related to liposome-cell (membrane),
liposome-lipoprotein, and liposome-albumin interactions in
vivo (affecting pharmacodynamics and pharmacokinetics). 

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Multiple studies reported in vitro toxicity by the release 
f potassium [29 ,49 ,51 ,52] or complete dissociation of the 
embrane and release of hemoglobin from red blood cells 

RBCs) [43 ,53] . Other toxicity/efficacy mechanisms have also 
een proposed, such as lipoprotein-mediated transfer [14] or 
rug-mediated extraction of ergosterol from the fungal 
embrane [54] . Regardless of the mechanism, the aggregation 

tatus and associated toxicity are dependent on the drug 
oncentration. Indeed, concentration-dependent toxicity was 
ell established both in vivo and in vitro [55] . 

Despite an abundance of studies on the relationship 

etween drug concentration, aggregation, and toxicity, less 
as been published on the role of AmB release rates and 

oxicity. Mehta et al. [56] compared liposomal formulation 

oxicity on Candida or mammalian RBCs, raising the possibility 
hat drug release rates may account for the selectivity 
nd toxicity. In another study, Szoka et al. [46] showed 

hat liposome composition, size, and structure significantly 
nfluence in vitro toxicity of AmB against murine cells in 

ulture. They show a 2–8-fold difference in toxicity; however,
he study did not focus on the state of drug aggregation. The 
uthors in both studies suggested the reduced toxicity was 
elated to the rate of drug transfer to the target membrane but 
topped short of measuring drug release rates [46 ,56] . Peterson 

t al. [50] also showed that variations of lipid compositions 
nfluenced toxicity (potassium release) in target membranes 
ithout discussing curing or aggregation. They, too, stated 

hat the drug release rates could be responsible for the 
ariations but did not directly measure drug release rates [50] .

The present study directly measures drug release rates in a 
odel system to confirm those previous studies’ suggestions 

hat the tight aggregation induced by curing results in 

lower rates of drug release, providing a possible mechanistic 
xplanation for the reduced toxicity 

. Materials and methods 

.1. Materials 

mphotericin B (Cat: 1397-89-3, Crystal, > 98%, Lot# 
16LM06231), (AmB; BOC Sciences, Shirley, NY), Bovine Serum 

Gibco/Thermofisher Scientific, New Zealand), Chloroform 

Alfa Aesar, Haverhill, MA), Cholesterol (Sigma, St. Louis,
O), γ -Cyclodextrin (Xian Geekee Biotech Co., Shaanxi,
hina), Di-Stearoyl-Phosphatidyl-Glycerol (DSPG; Lipoid,
udwigshafen, Germany), Hydrochloric Acid (HCl; Sigma, St.
ouis, MO), Hydrogenated Phosphatidylcholine from Soybean 

HSPC; Lipoid, Ludwigshafen, Germany), Isopropyl Alcohol 
IPA; Duda Diesel LLC, Madison, AL), Methanol (Spectrum 

orp, Gardena, CA), NaOH Pellets (Spectrum Corp, Gardena,
A), Potassium standard solution (Cole-Parmer, Vernon Hills,

L), Sprague Dawley Rat Whole Blood (Cat: RAT00RBCNHPZN,
ioIVT, Baltimore, MD), Sodium Chloride (Aldrich Chemical,
ilwaukee, WI), Sodium Succinate (SS; Spectrum Chemical,
ardena, CA), Sucrose (EMD Millipore Corp, Burlington, MA),
ocopherol (EMD Millipore Corp, Burlington, MA), Ultrapure 
uccinic Acid (Spectrum Chemical, Gardena, CA) and Water 

18 Megaohm, in-house prepared, Leominster, MA). 
.2. AmBisome-like formulations 

mBisome-like formulations were prepared following 
xample 1 in the innovator’s disclosed patent document 
57] , with added details gleaned from an earlier publication 

30] . Specific variations in the formulation excipients or 
rocess were attempted to explore their effects on toxicity 
nd the biophysical features of the products. Details on 

hese variations are specified in the respective results and 

iscussion section. The manufacturing process is comprised 

f four steps. In step I, AmB drug substance was mixed in a
lass vessel with lipid excipients (HSPC, DSPG, Cholesterol,
nd the antioxidant Tocopherol). The first step was carried out 
t 65 °C to facilitate the dissolution of the saturated lipids. The 
cidification of DSPG was critical to allow AmB solubilization 

hich was visually detectable as a transition from an orange 
uspension to a dark tea-color solution. Step II (immediately 
ollowing) involved spray drying the organic solution, yielding 
 yellowish powder stored at −20 °C until further processing.
pecifically, the resulting solution from step I was dried using 
 spray drier (Buchi Mini B190, BUCHI, Cleveland, OH). The 
rocessed solution was pumped (Model QVG50 Lab Pump 

nd Model V200 Stroke Rate Controller, Fluid Metering Inc.,
yosset, NY) at 1.2 ml/min into the spray dryer, with inlet and 

utlet temperatures of 52 °C and 44 °C, respectively, using 
itrogen as the atomizing gas (600 L/h) and 92% aspiration 

or drying. Most spray drying processes were conducted at 
mbient temperature (26 °C). Step III involved hydrating 
he resultant powder from step II to an AmB concentration 

f ∼3–4 mM with a sucrose succinate buffer (7.5%, w:v 
ucrose, 10 mM succinate buffer pH 5.5) and heating to 55 °C.
he hydrated solution is then sonicated and homogenized 

or 2 cycles of 90–100 psi shearing force (PL-60 Shear Jet,
yhydrodynamics, Maynard, MA). Single unilamellar vesicles 

SUVs) in the range of 90–150 nm diameter were routinely 
btained. The resultant liposome suspension was then cured 

65 °C for 6 h, unless otherwise specified) in a hot water 
ath (Lauda Type B Immersion Circulator, Lauda, Lauda- 
önigshofen, Germany). Aliquots were taken for various 
nalytical characterizations and either refrigerated with 

.01% sodium azide (short term) or further processed with 

yophilization. In a typical lyophilization cycle for step IV, the 
aterial was frozen to −40 °C by a ∼−0.5 °C/min ramp and 

hen annealed to −27 °C for 2 h. The primary drying occurred 

t −20 °C and 60 mTorr, with secondary drying at 40 °C and 60
Torr. All lyophilization runs were carried out with 6 ml fills 

n 10 ml clear glass vials (60-vial total per run) using a VirTis
dVantage Pro (SP industries, Warminster, PA). 

.3. Spectral analysis by UV–Vis spectroscopy 

or quantitative analysis , test articles were quantified by 1:80 
v:v) dilution in methanol. Dilutions of > 1:65 were necessary 
o obtain the reproducible spectrum typical of monomers.
pecimens were incubated for 30 min at room temperature 
o allow for complete dissolution. AmB concentration was 
erived from the OD 405 using 150,000 OD/(mol �cm) as the 
olar extinction coefficient [49] . Spectra were measured on 

he Agilent spectrophotometer (Agilent 8453 G1103A, Agilent 
echnologies, Santa Clara, CA) in a 1 cm light path quartz 
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cuvette. The instrumental resolution was 1 nm. Since the
AmB concentrations following a dilution in methanol were
∼1 log lower than the maximum solubility in methanol,
these spectra reflected fully soluble AmB and were identical
for all tested samples, regardless of the origin. Dilutions of
aqueous suspensions at < 1:65 (v:v) in methanol were avoided
due to spectral shifts indicative of aggregation, typical for
transitioning to an aqueous environment. 

For qualitative analysis , based on the calculated stock
concentrations, the test specimens and the standards
(AmBisome) were diluted to 10–20 μM in sodium succinate
buffer. The absorption spectrum was collected for each
sample between OD 300 –OD 450 with 1 nm steps. Three
parameters were extracted for product characterization:
(1). λmax (main peak position, PP), (2). main peak ratio (MPR,
OD 346 /OD 322 ) and (3). peak ratio (OD 415 /OD 322 ). 415 nm was
partially representative of AmB monomers. Typical values
for these three parameters in AmBisome were ∼321 nm,
∼0.28 and ∼0.13, respectively. OD 500 was subtracted as
background noise. Since the spectra of uncured formulations
show absorption in the main peak position of the fully cured
formulations, and the fully cured material ( e.g., AmBisome)
also absorbs in the position of uncured formulations, mutual
corrections were necessary to optimize the representation
of aggregate populations. This correction (translating OD to
molarity) assumes similar molar extinction of both species
(not independently confirmed) and was implemented as
follows: 

O D 346 

O D 322 
= 

O D 346M 

− O D 322M 

(
O D 346 AmBisome 
O D 322 AmBisome 

)

O D 322M 

− O D 346M 

(
O D 322 Unc 
O D 346 Unc 

)

Where, OD 346 /OD 322 is the corrected main peak ratio, OD 346M,

and OD 322M 

are the measured raw UV absorbances of the
evaluated formulations at the respective wavelengths.
Correction reference preparations (uncured (Unc) or
commercial AmBisome) were employed as specified in
the formula. This correction assumes OD 346 /OD 322 remains
constant at different concentrations. No pure forms of the
loose or tightly aggregated species are available. Therefore,
even the corrected values need be carefully considered as
they offer the best available approximate corrections. Average
triplicate measurements were used for the determination of
UV absorbances of AmBisome and uncured formulations. 

2.4. In vitro drug release test (IVRT) 

This IVRT was adopted from the recent paper by Tang et
al. [58] . The test is based on a closed-loop USP Apparatus 4
(CE7 Smart 8000–2, Sotax, Basel, Switzerland). The system
was composed of a dissolution tester, a multi-channel
dispenser (IPC High Precision Multi-Channel Dispenser
ISM931C, ISMATEC®, Wertheim, Germany), and a UV–
Vis spectrophotometer (Agilent 8453, G1103A, Agilent
Technologies, Santa Clara, CA). The dissolution tester can
test 7 samples simultaneously; 2 flow-through cells were
used for the reference (RLD, AmBisome) and the control (free
AmB), which were used to determine the maximal expected
concentration in each formulation. 
Dialysis Membrane Preparation: Six dialysis membranes
(Spectra/Por® Float-A-Lyzer®G2 300 kDa MWCO, G235036,
Repligen Corp., Rancho Dominguez, CA) were pre-conditioned
with 10% (v:v) IPA water before each run. Briefly, the
membranes were filled with and then incubated in 1 l
10% IPA in water on a magnetic stirrer plate (Ret Control-
Visc RETCVS1, IKA, Staufen, Germany) for 2 h at 50 rpm.
Subsequently, the membranes were rinsed by submersion in
1 l DI water on a magnetic stirrer at 50 rpm overnight (12 h)
to remove chemical residuals on the membranes. Exposure of
the membranes to air was avoided. 

Assay Conditions: Specimen volumes of 1.5 ml were loaded
per cell at an API concentration of 0.5 mM (yielding 9.375 μM
final concentration). Unless otherwise specified, sink buffer
was IVRT buffer (10 mM HEPES, pH 7.4, 5% sucrose) plus 5%
γ CD, total flow volume per cell was 80 ml, the flow rate was
16 ml/min, and buffer temperature was maintained at 55 °C. 

Fig. 1 – One-pool and two-pool models of API release. 
One-pool considers the liposome the compartment, 
whereas the two-pool, represents loosely aggregated AmB 

as pool A and tightly aggregated AmB as pool B. Analysis 
by two-pool model provides the individual aggregate pool 
sizes and drug release rate constants from each pool. 

Data Capture and Analysis: Absorbance at 415 nm (typical
of the γ CD-AmB complex) was measured in-line in a 1 mm
light path quartz cell with data collected at pre-scheduled
intervals. The monomer spectra in water, methanol, serum
and γ CD all have main peaks in the 405–415 nm region
[2 ,58 ,60] . Data were processed offline as described in the
results and discussion. MATLAB software was utilized to
find the IVRT rate constants for the one-pool model (the
pool being all liposome-incorporated AmB, see left part of
Fig. 1 ), using Eq. 1 : 

 = C o e −K i t (1)

Where, C is the released AmB concentration at given time t , C o

the initial AmB concentration and K i the initial rate constant.
Only the initial data sets (10–75 min) were used for obtaining
the initial release rate constants in the one-pool analyses. See
rationale under results and discussion. 
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In addition, we evaluated a two-pool/population model 
where pool A is the loosely aggregated AmB and pool B is 
he tightly aggregated AmB within the bilayer, see right part of 
ig. 1 ). This expression followed Eq. 2 . Optimizing parameters 
 A , C B , K A and K B in Eq. 2: 

 = C A e 
−K A t + C B e 

−K B t (2) 

here C is the released AmB concentration at given time t,
nd C A and C B are the initial concentrations of the two pools,

.e., pool A and pool B. K A and K B are in vitro release rate 
onstants from pool A and pool B, respectively, and t is the 
rug release time in h. Fig. 1 depicts the concept of one or two 
ompartments in liposomal AmB. 

Release in bovine serum was tested by mixing the drug 
roduct (12 μM) in 50% bovine serum in IVRT buffer (no γ CD) 
or up to 7 d at 37 °C. Drug release was followed by tracking 
he increments in 415 nm absorbance and the increases to the 
15 nm/main peak absorbance ratio in the incubation mixture 
ithout any separation. AmBisome was used as a reference. 

.5. In vitro toxicity test 

he in vitro toxicity of test articles and standards was 
ssessed using RBCs from rats for an in vitro potassium 

elease assay [49] . In a typical experiment, 40 ml RBCs were 
ashed (2000 rpm, 15 min, at 20 °C, SORVALL® RT6000B,
upont, Wilmington, DE) 4 times in saline, then once in 

hosphate buffered saline (PBS, pH 7.4) to remove residual 
ree potassium from the medium (potassium levels were 
lso measured at the end of the washing steps). The final 
ellet was suspended in PBS, cell concentration was assessed 

Hemocytometer DHC 

–N01–5, Incyto, Cheonan-si, Chungnam- 
o, Republic of Korea) using a light microscope (Olympus 
X51, BX51TRF, Olympus, Shinjuku, Tokyo, Japan), and the 
tock suspension was brought to 5 × 10 8 RBCs/ml. Following 
uantitation of the drug in test articles by methanol spectra,
PI concentration was brought to 200 μg/ml. The stocks were 
erially diluted to generate 11 concentrations between 0.1953 
nd 200 μg/ml. Aliquots of 1750 μl from each sample were 
laced in 15 ml polypropylene tubes, and 250 μl volume of 
ashed RBCs were added to each tube (time 0). The tubes 
ere incubated (VWR relative humidity chamber 9000 L, VWR 

nternational, Radnor, PA) for 4 h at 37 °C with constant rocking 
4.5 rpm, Vari-Mix TM M48725, Barnstead Thermolyne, Ramsey,

N). The tubes were centrifuged for 10 min at 2000 rpm 

ollowing incubation and the supernatants decanted (with 

he release period ending upon the separation). Potassium 

oncentrations were measured using a potassium-specific 
lectrode (Ion-Selective Electrode EW-27,502–39, Cole-Parmer,
ernon Hills, IL). The samples’ measured electric potential 

mV) was translated to potassium concentrations using a 
ommercial potassium standard (0.315–1000 ppm). Maximum 

otassium release was defined by the samples incubated 

ith 200 μg/ml free AmB. Relative toxicities were derived 

rom the plot of drug concentration vs. % K 

+ release curves 
nd were defined by the drug concentrations inducing half- 
aximum potassium release, TC 50 [49] . The curves were 

nalyzed for a sigmoidal and normalized curve fitting, and 

he TC 50 values were determined using Prism (GraphPad, ver.
). Because an increase in TC 50 signals reduced toxicity, the 
eciprocal of TC 50 ( i.e., 1/TC 50 ) was used for further analysis 
s it directly correlated with the toxicity. In vitro toxicity 
easurements were normalized to reference AmBisome 

ormulations analyzed with each set and defined as 1/TC 50 

orm (TC 50(AmBisome) /TC 50(test) ) to overcome batch variability 
ssues. 

. Results and discussion 

uring was previously identified as a critical process for 
reparing liposomal AmB formulations [30] . The current 
tudy evaluated the impact of curing on three fundamental 
roperties: UV–Vis absorption spectra, drug release kinetics 
nder sink and physiological conditions, and in vitro toxicity.
ultiple formulations were prepared using variations in the 

uring conditions (time and temperature) for these analyses. 

.1. Spectral parameters and aggregation 

ig. 2 A shows the spectra of in-house produced formulations.
hree significant changes were associated with the curing 
rocess: (1) the prominent peak in uncured preparations 

345–350 nm) underwent a blue-shift to 321–322 nm (see 
ection 1 ); (2) the main peak became narrower, suggesting 
 more homogeneous population; and (3) the peak intensity 
t ∼415 nm decreased. Therefore, the curing progression was 
ollowed by tracking the position of the main peak ( λmax ) and 

he absorbance ratio of OD 346 /OD 322 (MPR). There is a discrete 
pectrum with ∼345 nm main peak in the loosely aggregated 

PI [21 ,25 ,26] and another with a ∼322 nm peak for the tightly
ggregated API [16 ,17 ,31] . Therefore, the main peak ratio can 

stimate the ratio between the pool/population size of the 
oose and tight aggregates. 

Fig. 2 C demonstrates the change in main peak position,
nd Fig. 2 D shows the main peak ratio, both as a function of
ime under different curing temperatures. The figures show 

hat the tight aggregation (as reflected in decreases of both 

arameters) was only achieved when curing temperatures 
ere above 55 °C. The changes follow two-phase kinetic 
ehavior where most of the shift was completed within 

0 min, followed by a slower process that lasted several hours.
he temperature dependence of the spectral values obtained 

fter 6 h of curing is shown in Fig. 2 B. 
Curing caused a UV–Vis spectrum blue-shift, attributed 

o changes in the AmB aggregation state within the lipid 

ilayer. This change led to more AmB in tight aggregate(s),
nabling drug aggregate reorganizations otherwise not 
hermodynamically permitted at lower temperatures. 

Some variations are apparent between the formulation or 
reparation process in the current study and those in earlier 
ublications on liposomal AmB systems. Two main aspects 
eserve discussion for better understanding the relation 

etween curing and aggregation status in the final drug 
roduct. 

(1) Drug load vs. curing : With 0.5%–25% AmB:lipid mole 
ratios, the nature of aggregation was sensitive to 
the relative concentration of drug in the liposome.
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Fig. 2 – (A) UV–Vis spectra, (B) changes in peak position and main peak ratio of specimens cured for 6 h at different 
temperatures: uncured control (blue); 25 °C (orange); 40 °C (gray); 55 °C (red); 70 °C (violet) and AmBisome (green). Identical 
concentrations used for in-house preparations. AmBisome, not part of experiment, was added for spectrum shape 
comparison. (C) peak position and (D) main peak ratio of specimens cured at different temperatures: 25 °C (orange); 40 °C 

(gray); 55 °C (red); 65 °C (black) and 70 °C (violet). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Aggregation increased with concentration. However,
even at the higher end of the specified concentration
range [20 ,23] , the main absorbance peak never blue-
shifted below 340–350 nm in uncured preparations. 14%
(mol), as in the current study (or AmBisome), seems
to be around the saturation as liposomal structural
features were lost beyond this ratio, e.g., at 25%
[20] . Hence, despite maximizing concentration, the
aggregate forms induced by overloading the liposome
are different than those achieved by heating, where the
main peak blue-shift to 320–322 nm was observed. 

(2) Curing temperature and duration : The curing temperature
and duration are essential as the curing process
follows two-phase kinetics ( Fig. 2 C&2D) with a second
phase that lasts several hours. Indeed, published
spectroscopic studies on specimens at elevated
temperatures but without deliberate, prolonged
incubations suggest only partial curing occurred.
For example, at 64 °C (the short incubation time not
specified), only an incomplete blue-shift to 332 nm
[27] occurred, but at a much higher temperature ( e.g., 80
°C), the peak entirely shifted to 322 nm. 

Two temperature-related phenomena should be evaluated in
this context: 

The lipid phase transition is less critical : Spectra with a peak
absorbance at 320–322 nm were reproducibly obtained under
the current curing protocol (65–70 °C, 6 h). This temperature
is ∼25 °C above the phase transition temperature of DPPC
(low 40s). However, curing was not completed even at 55 °C,
well above the phase transition temperature. Furthermore,
literature shows that at high drug:lipid ratios, phase transition
disappears, as reported on the obliteration of the DSC
phase transition endotherm of DPPC [20] and the loss of
cooperativity in the change of the absorption maxima and EPR
parameters, upon heating [21 ,24] . Combined, these arguments
rule out that heat is required to bring the bilayer above the
(non-existent) lipid phase transition temperature or that the
gel-to-liquid transition plays a significant role in the curing
process. 

Diffusion rates are also less significant : First, at high drug:lipid
ratios, the liposome is already at a saturation state (maximal
AmB load, see argument 1 above), thus, precluding the
existence of a ‘bulk’ membrane domain in which monomers
or aggregates can diffuse. Second, if diffusion was an essential
factor in the process, curing could take longer to complete
at 45–55 °C. However, the observation that the final spectral
features tend to plateau at these suboptimal temperatures
rather than slowly approach similar values achieved with
specimens cured at > 55 °C (see Fig. 2 C) further supports
the argument marginalizing the role of diffusion as the
mechanism underlying curing. Namely, the heat is not
required to accelerate re-equilibration by enhancing AmB
diffusion in the bilayer. 

However, the extended heat delivered while curing could
result in altered equilibria (reversible aggregation [17 ,59] ) or re-
distribution amongst the different drug aggregate species. The
potential also exists for additional forms yet to be described,
and therefore the discussion on the ultimate organization of
AmB in pharmaceutical drug products remains open. 

Nonetheless, recent physicochemical studies provide
a thorough analysis defining some of the more abundant
membrane-embedded AmB forms [23 ,25 ,27] . Therefore,
the assignments of loose or tight aggregates should be
interpreted in context with the forms proposed in these
studies. Specifically, what has been dubbed ‘tight aggregates’
based on spectral feature may now be identified as larger
oligomers ( e.g., tetramers), whereas the ‘loose aggregates’ –
as monomers/dimers. Similarly, with the demonstration that
a large portion of the membrane-embedded AmB is oriented
perpendicular to the plane of the membrane [25 ,27] , the tight
aggregate pool may be identified with this fraction, whereas
the loose aggregates may include drug molecules oriented
parallel to the plane of the membrane. Hence, although
Fig. 1 models were employed in this study, given these
recent studies, an alternative depiction can be perceived,
shown in Fig. 3 , whereby curing promotes the left-to-right
transition, showing a shift from an orientation parallel to the
plane of the membrane to a perpendicular one, and showing
monomers/dimers converting to higher oligomers as curing
proceeds. As was shown earlier [25] , an increase in AmB:lipid
ratio was also associated with the shift in orientation from
parallel to perpendicular. 

Cumulative data suggest that qualitative changes ( i.e.,
formation of new types of aggregates) occur in addition
to dynamic re-equilibration amongst the basic forms upon
heating. The observation supports the notion that drug
overloading does not induce the ultimate main peak blue-
shift to 320–322 nm and the demonstrated high stability of
the cured species (spectral features induced by curing are
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Fig. 3 – Depicts the impact of curing on AmB orientation 

and aggretation in the liposome bilayer. 
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Fig. 4 – IVRT using γCD -containing buffer. Specimens were 
cured for 6 h at different temperatures: uncured control 
(blue); 25 °C (orange); 40 °C (gray); 55 °C (red); 70 °C (violet). 
AmBisome (green): (A) Cumulative release percentage. (B) 
One-pool first-order fitting for the initial period. 

Fig. 5 – One-pool, first-order release curve fitting: (A) Initial 
75 min (R 

2 = 0.9997). (B) Full 24 h (R 

2 = 0.5583). 
table for months under refrigeration). Elevated temperatures 
ay provide the higher activation energy required for driving 

he formation of such structures. The feasibility of forming 
examers and octamers [27] or nonamers [21] has been 

omprehensively evaluated. Likewise, linear strings of AmB 

n the membrane were demonstrated [27] . Thus, heating 
ay impact the balance between linear and circular (pore- 

orming) complex formation. Finally, the interaction of other 
ormulation lipids ( e.g., cholesterol and phosphatidylglycerol) 
ith the drug in specific aggregate forms could be modified 

pon heating. Further studies are required to identify and 

haracterize such aggregate forms, particularly in liposomes 
ith a saturating AmB load, in the presence of DSPG and 

holesterol, and following extended curing (as used in this 
tudy). 

.2. Kinetic parameters of AMB release 

VRT was performed on various formulations to determine 
he impact of aggregates ( i.e., loose aggregates vs . super- 
ggregates) on the drug release rate. Fig. 4 A shows the increase 
n cumulative percent release of these preparations for the 
nitial time segment and Fig. 4 B – one-pool, first-order fitting 
or the initial period. 

The one-pool model (depicted on the left side of Fig. 1 ) 
as selected for analysis confined to the early time segment,

ielding the overall initial release rate (K i ) of AmB from the 
iposome. Fig. 5 provides the rationale behind using only the 
arly phase, showing that the excellent correlation between 

alculated values and experimental data found for the first 
5 min (R 

2 = 0.9997, Fig. 5 A) is reduced when fitting data from
he entire 24 h period (R 

2 = 0.5583, Fig. 5 B). 
Indeed, fitting the early release data (first 75 min) of 

ll formulations in this experiment to the first-order (one- 
ool) release model yielded straight lines with high linear 
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Table 1 – One-pool, first-order release rate constants and correlation coefficients for two different early time segments. 
All samples were cured for 6 h. Each data set is derived from one Sotax cell compartment. All 5 sets were simultaneously 

executed with free AmB and AmBisome as controls. 

Curing Temperature ( °C) 10–75 min 2–4 h Change (%) 

R 2 K i R 2 K’ 100(K i -K’)/K i 

Uncured 0.9996 0.6960 0.9982 0.6157 12 
25 0.9999 0.6695 0.9937 0.5224 22 
40 0.9957 0.7696 0.9996 0.7500 3 
55 0.9944 0.2751 0.9827 0.1606 42 
70 0.9976 0.2330 0.9640 0.1393 40 
AmBisome 0.9942 0.1098 0.9862 0.0634 42 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 – Two-pool, first-order release 24 h curve fitting. 
Specimen was cured for 30 min The different pools are 
expressed as the molar concentration of the drug in each 

species of aggregate. Excellent R 

2 values were obtained for 
all specimens in this experiment ( Table 2 ). 

Fig. 7 – Effects of curing time on aggregate pool size 
calculated using two-pool kinetics. Blue – loosely 

aggregated pool, C A 

; Orange – tightly aggregated pool, C B . 

 

 

 

 

 

correlation coefficients (R 

2 > 0.994, Fig. 4 B), from whose slopes
initial rate constants (K i ) were derived. When data from
the subsequent 3 h segment (after the first hour) were
processed with the same type of analysis, slightly lower linear
correlation coefficients were obtained, particularly for the
fully cured preparations (R 

2 > 0.96). Table 1 depicts the change
in K i with curing temperature for the formulations 6 h cured
and the two time-segments analyzed. As curing temperatures
increased, most apparent as temperatures exceeded 55 °C,
there was a ∼3-fold decrease in K i ( i.e., from 0.6960 in uncured
specimens to 0.2330 in samples cured at 70 °C, Table 1 ),
suggesting that cured material as a whole is more resistant to
aggregate dissociation and API release. The lowest value was
obtained with commercial AmBisome (K i = 0.1098/s). 

The differences between K i and K’ most likely indicate
significant additional curing during the IVRT analysis (carried
at 55 °C). Both observations, the poor fit between model and
experimental data ( Fig. 5 B), and the differences between K i

and K’ derived from the one-pool analysis ( Table 1 ) suggest
that a two-pool model may better characterize the AmB
release kinetics. This model suggests that AmB may exist in
two different aggregate forms (loose and tight) as deduced
from spectral analyses. 

The two-pool model is expressed by Eq. 2 and is depicted
in the right part of Fig. 1 (see methods), and it introduces
both the sizes (as concentration) of each aggregate pool
and the respective IVRT drug release rate constants. Fig. 6
shows the release kinetics from one formulation (cured for
30 min), with the data fitting the two-pool model. Unlike
release kinetics in the one-pool model, where only the initial
data set yielded a good fit, an excellent fit was observed
between the experimental and the calculated data, yielding
a correlation coefficient (R 

2 ) of 0.9919 for the complete 24 h
set, supporting the two-pool model assumption. This model
allows the evaluation of both the release rate constants (K A

and K B ) and the relative sizes of the two aggregate pools (C A

and C B ). The two aggregate-pool model was applied to a study
on the time course of curing (0–6 h) at a fixed temperature (65
°C). Table 2 and Fig. 7 show the change of the four parameters
in time. 

A decrease in the C A /C B ratio was calculated with the two-
pool model ( e.g., a drop from 2.857 to 0.298), as shown in
Table 2 . This trend is in agreement with the UV-Vis spectral
data ( Fig. 2 D, above), suggesting that as curing progresses,
material from pool A (loosely aggregated pool) shifts to
pool B (tightly aggregated) ( Table 2 and Fig. 7 ). Fig. 7 shows
the changes in time of the two discrete aggregate pools
(expressed as concentration), indicating that the tight pool
increases at the expense of the loose aggregate pool (as
the total drug concentration remains fixed at 9.3 mM in this
experiment). 
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Table 2 – Aggregate pool size and kinetic release rate constants from the two-pool model derived for specimens cured at 
65 °C 

∗. 

Kinetic Parameters Curing Time (min) 

0 2.5 30 126 360 AmBisome 

C A 6.945 5.384 3.689 2.934 2.154 0.773 
C B 2.431 3.991 5.686 6.441 7.221 8.602 
K A 0.438 0.425 0.485 0.610 0.680 0.773 
K B 0.067 0.032 0.033 0.044 0.024 0.033 
R 2 0.835 0.986 0.992 1.000 0.997 0.999 
C A /C B 2.857 1.349 0.649 0.456 0.298 0.090 
K A /K B 6.509 13.433 14.660 13.733 28.331 23.148 

∗C A , C B (μM) – aggregate pool sizes (total drug concentration was 9.3 μM), K A , K B – release rate constants for the two pools. A – loose-aggregate 
pool, B – tight-aggregate pool. AmBisome was analyzed as a reference drug product. 
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Fig. 8 – Curing effect on in vitro toxicity. Specimens were 
cured for 6 h at different temperatures: uncured control 
(blue); 25 °C (orange); 40 °C (gray); 55 °C (red); 70 °C (violet) 
and AmBisome): (A) Potassium release% from RBCs. (B) 
Reciprocal of in vitro toxicity (normalized) dependence on 

curing temperature. AmBisome (1/TC 50 ) values mean of 3 
measurements ± SD ( n = 1). 
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In addition, and as expected, the release rate from the 
ightly aggregated pool B (K B ) was ∼ 10–25-fold slower than 

he release from loose aggregate pool A (see Table 2 , K A ,
 B , K A /K B ). Good R 

2 values were found for all time points
 Table 2 ). Notably, some changes in the values of the two rate 
onstants (K A and K B ) were observed as curing progressed.
his may be because the employed model ( Eq. 2 , see methods) 
oes not account for possible re-equilibrations between pools 
 and B during the 24 h of the assay. 

In summary of the kinetic part, two methodological 
pproaches (spectral and kinetic) and two experimental 
pproaches (temperature- and time- dependence of curing) 
how excellent agreement with a significant increase in the 
ight aggregate pool upon curing. 

.3. In vitro toxicity 

ig. 8 A shows the percentage of potassium released from RBCs 
ith increasing drug concentrations. Two specimen groups 

re evident in this figure. The first group exhibited lower in 
itro toxicity, including the AmB (green) and two formulations 
ured at high temperatures (red and violet). The second group 

f samples exhibited higher in vitro toxicity, including uncured 

blue) or partially cured (gray and orange) samples. 
The data show that the dose-response curves of fully 

ured specimens shifted towards lower toxicity (3–5-fold 

igher TC 50 values). The reciprocal of TC 50 (1/TC 50 ) was 
sed to provide a more intuitive alignment of higher 
alues with higher toxicities and positive slopes for the 
ifferent correlations. In addition, the reciprocal toxicity 
as normalized to AmBisome tested with the samples in 

he same run (TC 50(AmBisome) /TC 50(test) ), introducing a partial 
orrection for the inter-assay variation (see Section 2.5 ). Using 
his transformation, Fig. 8 B shows the decrease in toxicity 
ith curing temperatures, yielding a profile reminiscent of 

ig. 2 B above. These data are consistent with our earlier 
tudy [30] . 

Plots of the in vitro toxicity vs . the UV–Vis spectral and 

inetic parameters from the IVRT were done to evaluate 
orrelations. These correlations remove the original variable 
 e.g., curing time, temperature) from the displayed figure 
nd only show correlations between the measured features.
xcellent linear correlations were found between normalized 
t
n vitro toxicity and the main peak ratio, OD 346 /OD max 

 Fig. 9 A, R 

2 = 0.9912) and peak position ( Fig. 9 B, R 

2 = 0.9731) for
ormulations cured at 65 °C (in the time course experiment).
ere, OD max is the maximum absorbance value between 318 
nd 322 nm, with most cases being 322 nm. Linear regression 

oefficients also showed good agreement between toxicity 
nd spectral parameters for formulations cured for 6 h (in 

he temperature dependence experiment) with R 

2 = 0.8431 and 
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Fig. 9 – In vitro toxicity (normalized) correlation with (A) main peak ratio (OD 346 /OD max ), (B) peak position, (C) one-pool IVRT 

rate constants and (D) two-pool C A 

/C B ratios. Specimens cured for various time at 65 °C. Each point is derived from a 
separate curing time. AmBisome (1/TC 50 ) reference values are shown as green circles and are the mean of 3 measurements 
± SD ( n = 1). 
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2 = 0.8576 for main peak ratio and peak position, respectively
(data not shown). 

Similarly, excellent linear correlations were found between
normalized in vitro toxicity and the initial rate constant (one-
pool model, Fig. 9 C, R 

2 = 0.9811) and the C A /C B ratio (two-pool
model, Fig. 9 D, R 

2 = 0.9512). Linear regression coefficients also
showed a good correlation between toxicity and the kinetic
parameters for 6 h cured formulations (the experiment on
temperature-dependence) with R 

2 = 0.9067 and R 

2 = 0.7496 for
the initial release rate (first-order, one-pool model) and the
C A /C B pool ratio (first-order, two-pool model), respectively
(data not shown). 

Thus, the increase in tight aggregates significantly slowed
down the liposome’s drug release rate, culminating in reduced
in vitro toxicity [30 ,32] . The rate of AmB release is likely
the link between the observed change in aggregation status
and the attenuation of toxicity. Toxicity occurs when drug
concentrations exceed a specific threshold. The faster the
AmB is released from the liposomes, the greater the risk
of toxicity (illustrated by the red line in Fig. 10 ). A slower
release from an otherwise equal dose would result in drug
concentrations well within the therapeutic window (green
line, Fig. 10 ). 
Fig. 10 – Perceived differences in systemic drug 
concentration patterns in slow release ( e.g., cured, green) 
and fast release ( e.g., uncured, red). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4. Resolving a discrepancy 

The combined correlations among aggregation, release rates,
and in vitro toxicity further highlight a recently observed
contradiction. On the one hand, curing was shown to reduce
toxicity when tested in vitro on RBCs [30] . On the other
hand, curing also increases the formation of tight aggregates
with spectral features consistent with tetrameric structures.
Tetrameric structures were shown to fulfill the criteria for
pore-forming species [25] , which should increase toxicity. The
current study conforms with this situation but may also
resolve this discrepancy. 

This study shows that toxicity is not solely dependent on
the pore-forming capacity of the aggregates in the membranes
of origin (the lipid bilayer of the formulation). Additional
features that affect the overall expression of toxicity are the
mode of drug delivery to the target cell and the stability (to
disintegration) of the aggregates in the bilayer. 

Mode of drug delivery : Different mechanisms were proposed
for the delivery of AmB from the liposome to the target
fungal cell (or for the induction of toxicity in human cells).
Potassium leakage from the target cells (an in vitro toxicity
indicator) was shown to be induced in the absence of serum
components (albumin, lipoproteins) [29 ,49 ,51 ,52] . Thus, fusion
or adsorption of cured liposomes with the target cell would
be expected to increase toxicity since higher amounts of
pore-ready complexes would be delivered to the target cell
membrane. Our observations show the exact opposite ( Fig. 8 ),
a reduced toxicity of the cured product, thus suggesting that
liposomes do not fuse with the RBC membranes and that if
they only adsorb to the cell surface, then intact (pore-forming)
aggregate transfer between the membranes is not the primary
drug delivery mechanism. If following curing a significant
portion of the AmB consists of (tight) oligomeric structures,
and since dimers had been implicated earlier as responsible
for toxicity [14 ,19 ,51 ,60] , then in situ dissociation of these
tight aggregates must occur, for transfer between adsorbed
liposomes and target cells. Once dimers and monomers
become available, they could also be delivered systemically
by serum lipoproteins or albumin [14 ,51 ,60] . Thus, since pore-
forming aggregates in the liposome are not directly delivered
intact to the target cell membrane, they must first dissociate
in the bilayer before drug release. 

Stability : The requirement for in situ dissociation of tight
aggregates to generate dimers (to support non-fusion modes
of delivery) should not automatically imply differences in
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Fig. 11 – (A) Release percent and (B) peak ratio 

(OD 415 /OD max ) of AmB released into IVRT media containing 
50% bovine serum without γCD. AmBisome RLD (green), 
cured AmBisome-like formulation (orange) and uncured 

formulation (blue). 
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oxicity unless this very dissociation becomes the rate- 
imiting step. For the first time, this study shows that the 
ate of dissociation from the tight aggregates (reflected in 

he drug release rate constants ( Table 2 )) is indeed a rate- 
imiting step. In the fully cured specimen, the release rate 
onstant of the tight aggregates (K B ) is 28-fold lower than that 
f the loose aggregates (K A ). Namely, AmB aggregates with 

pectral features consistent with pore-forming structures 
re more thermodynamically stable. This increased stability 
ttenuates dimer/monomer availability, and since release 
nvolves these smaller-sized species, the slower dissociation 

esults in reduced toxicity. 

.5. Physiological relevance 

he γ CD-mediated release test has been established as a 
seful in vitro test for drug release from liposomal AmB 

roducts [58] . The present study shows a relation between 

uring and AmB release based on this method. However, there 
s no γ CD in vivo , and the release occurs at body temperature,
ot at 55 °C as in the assay. Therefore, the AmB release test 
as carried out at 37 °C with a bovine serum-supplemented 

edium (instead of γ CD) to ascertain the curing effects on 

rug release under physiological conditions. AmB release into 

erum has been previously studied [60] . Bovine serum was 
sed at concentrations of 50% in the IVRT buffer (without 
CD). Once released from the liposome and associated with 

erum components, AmB absorbs like a monomer, with a peak 
bsorbance at 415 nm (no increase in absorbance is observed 

n the absence of serum). 
Fig. 11 shows the change in the net OD 415 presented as 

elease (%) ( Fig. 11 A) and OD 415 /OD max ( Fig. 11 B) for uncured
nd fully cured liposomal AmB specimens. The data show an 

ncrease with time of serum-associated AmB, reflecting the 
iposome’s drug release. The results agree with the earlier 
VRT findings ( Fig. 4 A), where AmB was released from uncured 

reparations much faster than fully cured specimens. It also 
hows that the release from the cured specimen was similar 
o the release from AmBisome. The difference between AmB 

elease of cured vs . uncured specimens was more prominent 
fter two days of incubation than after 5 h. In summary,
ata generated under more physiological conditions 
re consistent with those derived under the IVRT test 

onditions. 

p

ig. 12 – Relationships between curing, aggregation and the vario
ight aggregation of AmB, which in turn, slows down drug relase
. Conclusions 

mB liposomal preparations with the same chemical 
omposition and manufacturing process but with a varying 
hermal curing step were created to examine the effect of 
mB aggregation status on in vitro toxicity. Study results 

summarized in Fig. 12 ) suggest that curing shifts AmB in 

he bilayer to more tightly aggregated forms, including the 
ossibility for the existence of higher oligomeric forms ( n > 4).
hese changes are evident by the spectral blue-shift of the 
ain absorbance peak and a 3-fold increase in the fraction of 

he tightly aggregated pool. An extremely slow AmB release 
ate characterizes this pool. This slower release, in turn,
revents a concentration spike, thereby reducing toxicity 
us characteristics of the drug product. Curing promotes 
 and reduces toxicity . 
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as demonstrated in vitro . The findings also explain how an
increase in pore-forming species can be associated with low
toxicity due to the rate-limiting slow dissociation of the tight
aggregates that may be a prerequisite to drug release. 
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