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Background: Amphotericin B (AmB) nanoformulations have been widely used for the treatment of invasive fungal infections in
clinical practice, all of which are lyophilized solid dosage forms that improve storage stability. The colloidal stability of reconstituted
lyophilized nanoparticles in an injection medium is a critical quality attribute that directly affects their safety and efficacy during
clinical use.

Methods: In the present study, the colloidal stability of commercial AmB nanoformulations, including AmB cholesteryl sulfate
complex (AmB-CSC) and AmB liposome (AmB-Lipo), was evaluated using the dynamic (DLS) and static multiple light scattering
(SMLS) techniques.

Results: Compared to the DLS technique, the SMLS technique allows for a more objective and accurate evaluation of the colloidal
stability of AmB nanoformulations. The results obtained using the SMLS technique demonstrated that AmB-CSC and AmB-Lipo
exhibited excellent colloidal stability in both sterile water and 5% dextrose injection. The disk-like structure of the AmB-CSC
nanoparticles more readily adsorbed serum proteins to form protein corona compared to the spherical structure of AmB-Lipo after
incubation with serum. Additionally, AmB-CSC and AmB-Lipo can significantly reduce the in vitro cytotoxicity and in vivo
nephrotoxicity of AmB, which may be attributed to the good colloidal stability and the improved pharmacokinetic profiles of AmB
nanoformulations.

Conclusion: To the best of our knowledge, this study is the first to compare the colloidal stability of commercial AmB nanoformula-
tions. These findings will provide useful information not only to inform the clinical use of available AmB nanoformulations but also
for improving the design and conduct of translational research on novel AmB nanomedicines.
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Introduction

Invasive fungal infections (IFIs) are one of the most common diseases and have become a growing public health concern,
posing an important threat to human health.'* Amphotericin B (AmB) is one of the oldest antifungal drugs and remains
the gold standard of antifungal therapy because of its broad-spectrum antifungal activity and low incidence of clinical
resistance. AmB injection (Fungizone®™) is the first marketed AmB formulation, in which sodium deoxycholate is used as
a solubilizer to overcome the poor aqueous solubility of AmB.?> However, intravenous AmB injection is accompanied by
a high incidence of nephrotoxicity and infusion-related reactions.*> Nano-drug delivery systems (NDDS) have emerged
as promising carriers for improving the therapeutic index and reducing the toxicity of active pharmaceutical ingredients
in recent years.*®’ To date, several lipid formulations of AmB based on NDDS have been commercialized to overcome
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the challenges associated with poor aqueous solubility and nephrotoxicity.®* AmB liposome (AmB-Lipo, AmBisome™),
the first injectable NDDS product, is a unilamellar liposome with a nano size, consisting of phospholipids with AmB
encapsulated in the bilayer of liposomes. Amphocil®, characterized by a disc-like structure and a particle size of 110—140
nm, is a colloidal dispersion composed of AmB and cholesteryl sodium sulfate at a 1:1 molar ratio.** AmB cholesteryl
sulfate complex (AmB-CSC, Anfulike®) was developed by CSPC Ouyi Pharmaceutical Co., Ltd and approved by the
National Medical Products Administration (NMPA) of China in 2021. Additionally, previous studies reported
a formulation consisting of a protein-phospholipid bioparticle (Nanodisk), which contained a “super aggregate” form
of AmB, exhibited an improved safety profile compared to conventional AmB injection and AmB-Lipo while retaining
uncompromised antifungal activities."' Compared with conventional AmB injection, these lipid nanoformulations
exhibited a unique plasma pharmacokinetic profile and decreased the kidney distribution of AmB, which was responsible
for the lower incidence of nephrotoxicity.®!'''?

As NDDS have been widely explored as tools for biomedical applications, maintaining their stability in physiological
environments is one of the main challenges.'* It is well understood that the physicochemical properties of nanoparticles,
including particle size, zeta potential, and colloidal stability, can dictate their biological effects. When introduced into
a specific vehicle solution containing electrolytes or proteins, nanoparticles are subjected to several forces that determine
their colloidal stability and in vivo behavior.'*'> Previous studies have confirmed that the poor colloidal stability of
nanoformulations in blood circulation directly leads to their poor in vivo performance.'®!” The predominant form of
commercial AmB nanoformulations is a lyophilized yellow powder that must be reconstituted and diluted in a specific
vehicle solution before intravenous infusion. In addition, the intravenous infusion should be administered over a period
of approximately 2—6 h depending on the dose to reduce infusion-related side effects.” Therefore, the colloidal stability of
reconstituted nanoparticles within the intravenous infusion period is an important parameter that is directly related to the
clinical efficacy and safety of AmB nanoformulations. Thus, a fundamental understanding of the colloidal stability of
commercial AmB nanoformulations can provide meaningful insights to facilitate rational clinical medication by
elucidating how they behave at systemic levels within biological systems.

Dynamic light scattering (DLS) is a technique used to determine particle size and polydispersity by monitoring time-
dependent fluctuations in the intensity of scattered light caused by particle motion.'® Most studies have evaluated the
colloidal stability of nanoparticles by detecting the change in the average particle size and polydispersity of nanoparticles
placed at different temperatures for different times using the DLS technique.'® ' However, DLS can only measure
particle size parameters at a specific time point and cannot monitor the dynamic change process of nanoparticles in real
time, which does not reflect the real colloidal stability of nanoparticles. Static multiple light scattering (SMLS) has been
applied in Turbiscan Tower equipment to detect particle migration and size variations in liquid dispersions.?
A measurement head moves over the cell height and works with two synchronous detectors, transmission and back-
scattering, which offers a highly sensitive and reliable analysis of transparent to opaque samples, even at high
concentrations. The transmission and backscattering signals are related to particle size and concentration, and their
variation is a sign of destabilization. As the Turbiscan Tower can acquire both destabilization kinetics and mean particle
size data of samples without mechanical stress or dilution (concentration up to 95% v/v) at any given time, it has been
used to detect at an early stage all kinds of destabilizations, such as coalescence, flocculation, creaming, and
sedimentation.?> 2® Therefore, compared with DLS, Turbiscan Tower based on the SMLS technique is a more favorable
tool for more accurate and objective evaluation of colloidal stability of nanoparticles placed under different conditions.

Commercial lipid nanoformulations of AmB, such as AmB cholesteryl sulfate complex (AmB-CSC) and AmB
liposome (AmB-Lipo), have been widely used for the treatment of IFIs. There is currently a lack of literature evaluating
the colloidal stability of reconstituted AmB nanoformulations and providing concrete stable information. In the present
study, the colloidal stability of reconstituted AmB nanoformulations, including AmB-Lipo and AmB-CSC, was deter-
mined by DLS and SMLS techniques, and further comparative analysis was performed (Figure 1). Additionally, in vitro
cytotoxicity and in vivo nephrotoxicity were performed to compare the safety of the reconstituted AmB nanoformulations
with that of the conventional AmB formulation. To the best of our knowledge, this is the first study to compare the
colloidal stability of the available AmB nanoformulations. This study will provide important information not only for
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Figure | Schematic illustration of comparative colloidal stability of reconstituted commercial amphotericin B nanoformulations at different temperatures for different times
using static multiple light scattering technique.

better guiding the clinical use of available AmB nanoformulations but also for improving the design and conduct of
translational research on novel AmB nanomedicines.

Materials and Methods

Materials

AmB Cholesteryl Sulfate Complex for Injection was kindly gifted by CSPC Ouyi Pharmaceutical Co., Ltd.
(Shijiazhuang, Hebei, China). AmB liposome was obtained from Gilead Sciences Inc. (Foster City, CA, USA). Sterile
water for injection was obtained from Cisen Pharmaceutical Co., Ltd. (Jining, Shandong, China). A 5% dextrose
injection was obtained from Shijiazhuang Four Pharmaceutical Co., Ltd. (Shijiazhuang, Hebei, China). Fetal bovine
serum (FBS) was purchased from ExCell Biotech Co., Ltd. (Shanghai, China).

Cell Culture

Murine RAW264.7 macrophages and human renal tubular duct epithelial cells HK2 were purchased from the Cell
Resource Center, Peking Union Medical College (Beijing, China). RAW264.7 macrophages and HK?2 cells were cultured
in DMEM medium and DMEM/F12 medium, respectively, supplemented with 10% FBS, 100 U/mL penicillin, and 100
pg/mL streptomycin in a humidified atmosphere of 5% CO, at 37 °C.

Reconstitution and Dilution of AmB Nanoformulations

Lyophilized powders of AmB nanoformulations, including AmB-CSC and AmB-Lipo, must be reconstituted using sterile
water for injection. Briefly, approximately 10 mL of sterile water was aseptically added to each vial for injection to
obtain a preparation containing AmB. Immediately after the addition of water, the vial was shaken vigorously for 5 min
to completely disperse the AmB nanoformulations, according to the manufacturer’s instructions, resulting in the
formation of a yellow, translucent suspension. The reconstituted AmB-CSC was taken with a sterile syringe and diluted
with 5% dextrose injection to a final concentration of 0.6 mg/mL. It is important to note that the reconstituted AmB-Lipo
must be filtered with a 5-micron filter before dilution and the final diluted concentration of AmB was about 1.0 mg/mL.
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In vitro Characterization of AmB Nanoformulations

The average particle size, size distribution, polydispersity index (PDI), and zeta potential of the reconstituted AmB
nanoformulations were determined by dynamic light scattering (DLS) using a NICOMP 380 ZLS particle sizer (PSS
NICOMP, Santa Barbara, CA, USA).?’ Each sample was diluted with 5% dextrose injection, as described above,
transferred to a light scattering cell, and analyzed. The analyses were performed at a temperature of 25°C. Each sample
was analyzed in triplicate. The average particle size, PDI, and zeta potential values were calculated from the data
obtained from at least three cycles. Morphological examination of AmB nanoformulations was performed using
transmission electron microscopy (TEM) (JEM1200EX; JEOL, Tokyo, Japan). These nanoparticle suspensions were
stained with 2% (w/v) phosphotungstic acid, placed on a carbon film, and observed using TEM.

In vitro Colloidal Stability Using Dynamic Light Scattering (DLS)

The in vitro colloidal stability of reconstituted AmB nanoformulations at 24°C was qualitatively determined by dynamic
light scattering (DLS) using a NICOMP 380 ZLS particle sizer. Each sample was diluted with 5% dextrose injection, as
described above, and left at 24°C for different periods (0, 2, 4, 8, 12, and 24 h) before transferring to a light scattering
cell and analyzed. Each sample was analyzed in triplicate. The average particle size, PDI, and zeta potential of each
sample were recorded.

In vitro Colloidal Stability Using Static Multiple Light Scattering (SMLS)
The in vitro colloidal stability of the reconstituted AmB nanoformulations at 4°C or 24°C was qualitatively determined
for 24 h using a Turbiscan Tower (Formulaction, L’Union, France) using the static multiple light scattering (SMLS)

2627 The reconstituted AmB nanoformulations were appropriately diluted as described above and approxi-

technique.
mately 4 mL of each sample were individually placed in a cylindrical glass cell and stored in the Turbiscan Tower for 24
h at 4 or 24°C. The detection unit of Turbiscan Tower consists of a near-infrared light source (A = 880 nm) and two
synchronous transmission and backscattering detectors. When the detection head scanned the entire cylindrical glass cell,
the light passing through the sample (at 180° from the incident beam) or scattering backward by the sample (at 45° from
the incident beam) would be captured by transmission or backscattering detectors, respectively. Then, the transmission
and backscattering intensity profiles as a function of position were acquired by scanning.** The variations in the average
transmitted intensity (AT) and turbiscan stability index (TSI) calculated from the signal value of transmitted light were

used as the main parameters to evaluate the in vitro colloidal stability of AmB nanoformulations.

In vitro Colloidal Stability of AmB Nanoformulations in Serum

To explore the colloidal stability of the diluted AmB nanosuspensions in the blood, FBS was first incubated at 37°C to
mimic physiological media. The reconstituted AmB nanoformulations diluted with 5% dextrose injection, as described
above, were dispersed in 10% FBS at 37°C. Each sample was incubated in a thermostated air shaker (200 rpm) at 37°C
for different periods (0, 2, 4, 8, 12, and 24 h), transferred to a light scattering cell, and analyzed.”” Each sample was
analyzed in triplicate. The average particle size, PDI, and zeta potential of each sample were recorded.

In vitro Cytotoxicity Evaluation of AmB Nanoformulations

The in vitro cytotoxicity of AmB-CSC and AmB-Lipo was evaluated in RAW264.7 macrophages and HK2 cells as
compared to the conventional AmB formulation (AmB injection) using CCK-8 kits (Dojindo Laboratories, Tokyo,
Japan). RAW264.7 cells and HK2 cells were plated at a density of 2x10* and 2x10° cells per well in 96-well plates
(NEST Biotechnology; Wuxi, Jiangsu, China), respectively. After incubation for 24 h, both RAW264.7 cells and HK2
cells were treated with different AmB samples (AmB injection, AmB-CSC, and AmB-Lipo) containing various
concentrations of AmB (0, 0.1, 0.5, 10, 20, and 50 pg/mL). After being treated for 24 h, the number of viable cells
was measured using CCK-8 kits, according to the manufacturer’s protocol. Untreated cells were used as the control and
were considered to be 100% viable.
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Nephrotoxicity and Hepatotoxicity of AmB Nanoformulations in vivo

BALB/c mice (female, 6-8 weeks old, 18-20 g) were purchased from Beijing Vital River Laboratory Animal Technology
Co., Ltd. (Beijing, China). All animal experiments were approved by the Animal Care and Welfare Committee of the
Institute of Materia Medica, Chinese Academy of Medical Sciences & Peking Union Medical College (No. 00003695).
The care of laboratory animals and animal experimental operations were performed following the Beijing Administration
Rule of Laboratory Animal (2021).*> The mice (18-20 g) were randomly divided into four groups (control, AmB
injection, AmB-CSC, and AmB-Lipo, n = 7 per group) and treated with AmB at the dose of 0.5 mg/kg for 3 days. Serum
samples were collected 48 h after the end of dosing. The levels of blood urea nitrogen (BUN) and creatinine (Crea) in
serum were determined to evaluate the nephrotoxicity. The levels of alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) in serum were measured to assess hepatotoxicity.

Statistical Analysis

All data subjected to statistical analysis were obtained from at least three parallel experiments. Data are presented as the
mean =+ standard deviation (SD) or mean + standard error of the mean (SEM). The statistical analysis was performed by
Student’s t-tests for two groups, and one-way ANOVA for multiple groups using GraphPad Prism version 7.00 for
Windows (GraphPad Software, La Jolla, CA, USA). A p-value < 0.05 was considered to be statistically significant.

Results and Discussion

In vitro Characterization of AmB Nanoformulations

IFIs represent a serious threat to public health worldwide.'” AmB has been used as the gold standard of antifungal
therapy since its commercialization in the 1950s due to its broad-spectrum antifungal activity and low incidence of
clinical resistance.” As the traditional AmB formulation poses significant nephrotoxicity, the most widely used antifungal
agent in clinical practice is AmB lipid nanoformulations, which could attenuate the nephrotoxic effect of AmB.%’

The colloidal stability of reconstituted nanoformulations is a critical quality attribute that is directly related to clinical
efficacy and safety.'®'”*” A fundamental understanding of the colloidal stability of commercial AmB nanoformulations
could provide meaningful insights for their rational clinical use. However, there are no head-to-head studies on the
colloidal stability of commercial AmB nanoformulations. In the present study, the comparative colloidal stability of the
commercial AmB nanoformulations, AmB Cholesteryl Sulfate Complex (AmB-CSC) and AmB liposome (AmB-Lipo),
was determined using DLS and SMLS techniques. First, the physicochemical properties of these AmB nanoformulations,
in terms of average particle size and size distribution, PDI, and zeta potential, were characterized by the DLS. DLS is one
of the most commonly used techniques to determine the average particle size and particle size distribution of
nanoparticles.>'”* As shown in Figure 2, the predominant form of commercial AmB nanoformulations was
a lyophilized yellow lump that needed to be reconstituted in sterile water to form a yellow suspension. Then, the
samples were diluted with 5% dextrose injection before determination according to the manufacturer’s instructions. As
shown in Figure 3, the average particle size of freshly reconstituted AmB-CSC and AmB-Lipo was 137.6 + 0.8 nm and
131.1 &+ 0.5 nm, respectively. TEM revealed roughly spherical and subspherical morphologies of AmB-Lipo, which was
consistent with the spherical structure of unilamellar liposomes. The morphology of AmB-CSC was quite different from
that of AmB-Lipo, which presented disc-shaped structures under TEM. The average particle size of AmB nanoformula-
tions observed under TEM was consistent with the results determined by the DLS. Compared to AmB-Lipo, AmB-CSC
showed an evident tendency for aggregation, which was also seen in a previously published study.'® As shown in
Figure 4, AmB-CSC and AmB-Lipo displayed low PDI values (<0.2), indicating narrow size distributions of these
nanoformulations. The zeta potential is a function of the particle surface charge, which is a key indicator for estimating
the colloidal stability of nanosuspensions.>** It is commonly accepted that a high zeta potential, in which the absolute
value is above 30 mV, could provide an electrostatic repulsion to prevent nanoparticles aggregation.”® The greater the
absolute value of the zeta potential, the more stable the nanosuspension. The zeta potential of freshly reconstituted AmB-
CSC and AmB-Lipo was —40.0 = 0.3 mV and —48.5 + 1.5 mV, respectively (Figure 4), which indicates that these AmB
nanoformulations may have good colloidal stability when dispersed in 5% dextrose injection.
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Figure 2 Appearance of commercial AmB nanoformulations including AmB-CSC (A) and AmB-Lipo (B) before and after reconstitution with sterile water.
Abbreviations: AmB, amphotericin B; AmB-CSC, AmB cholesteryl sulfate complex; AmB-Lipo, AmB liposome.
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In vitro Colloidal Stability Using the DLS Technique

DLS is the most widely applied technique for measuring the particle size distribution and PDI of nanosuspensions.'®
Herein, the colloidal stability of the nanosuspension was evaluated indirectly in comparison with the change in average
particle size and PDI of nanoparticles placed at different temperatures for different times.'”*'** However, certain
disadvantages are associated with this method. For example, the samples were shaken and mixed well before each
determination. The flocculated nanoparticles were re-dispersed in the medium after shaking and mixing, and the average
particle size and particle size distribution hardly changed in a short time, which led to false-positive results.?” In addition,
the method is limited by the concentration of nanoparticles: samples that are too thick or too thin will affect the accuracy
of the determination results.'®**

To investigate the properties of the nanoformulations on temporal scales, the average particle size, PDI, and zeta
potential were monitored by DLS at specific time points (0, 2, 4, 8, 12, and 24 h). As shown in Figures 3 and 4, the
average particle size, size distribution, and zeta potential of the AmB nanoformulations hardly changed with time within
24 h at 24°C. However, this result did not fully prove that these AmB nanoformulations had good colloidal stability
owing to the certain deficiencies of the DLS technique described above. Therefore, a more accurate method is needed to

further evaluate the colloidal stability of AmB nanoformulations.

In vitro Colloidal Stability Using the SMLS Technique

Because particles or droplets are in weak equilibrium within the liquid phase, it is important to analyze their dispersion
state in the native form. Optical methods, such as DLS, which require sample dilution, offer limited possibilities for
analyzing samples in the native form.'® SMLS is the most suitable optical method for directly characterizing
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nanodispersions without dilution or the perturbation of their initial form. The actual dispersion state, such as the presence
of agglomerates or flocs, can be rapidly and precisely identified and measured without altering the actual particle size.
Therefore, SMLS offers a more accurate determination of the physical phenomena occurring over time.** To further
characterize the colloidal stability of AmB nanoformulations, Turbiscan Tower based on the SMLS technique was used to
precisely monitor the variation in the relative stability of the transmitted light, which could detect early imperceptible
changes before the appearance of macroscopic physical modifications in nanoparticles.?®*’

Two steps were required to prepare the lyophilized AmB nanoformulations. The lyophilized clump was dissolved in
an appropriate amount of sterile water. The concentrated nanodispersions were then diluted to specific concentrations in
5% dextrose injection for infusion administration. First, the colloidal stability of these concentrated AmB nanodisper-
sions was assessed using Turbiscan Tower at 24°C for 24 h. The variation in droplet volume fraction or size was evident
as a variation in the light transmission (AT) profiles. When the variation was >10%, the nanodispersion system was
unstable.”® As shown in Figure S1, the variations in the transmission profiles (AT) of these concentrated AmB
nanodispersions were <10%, indicating no apparent aggregation or sedimentation upon dispersion of these nanoformula-
tions in sterile injection water at 24°C for 24 h. The Turbiscan Stability Index (TSI) is a one-click parameter calculated
from the changes in transmitted light to easily compare the colloidal stability of samples in a kinetic manner. The higher
the TSI, the less stable the nanodispersions.*>*® Although the TSI of these AmB nanoformulations increased slowly over
time, they remained at a low level (TSI <1.0). These results indicate that these concentrated AmB nanodispersions
possess favorable colloidal stability, which may be attributed to their highly negative zeta potential.

Second, the colloidal stability of the diluted AmB nanodispersions was assessed using Turbiscan Tower at 4°C or
24°C for 24 h. Because the diluted AmB nanodispersions are ultimately used for intravenous infusion, their colloidal
stability is critical for clinical use. At 4°C, the AT of diluted AmB-CSC and AmB-Lipo were very low (<1%),
demonstrating that AmB-CSC and AmB-Lipo dispersed in 5% dextrose injection exhibited excellent stability at 4°C
for 24 h. Except for AT, the value of TSI also exhibited a similar feature of colloidal stability. The TSI of diluted AmB-
CSC and AmB-Lipo only changed negligibly and remained at a very low level (<0.3) (Figure 5). Compared with the
samples at 4°C, the AT of diluted AmB-CSC and AmB-Lipo was higher at 24°C; however, the values were relatively low
(<5%), suggesting that AmB-CSC and AmB-Lipo dispersed in 5% dextrose injection exhibited good stability at 24°C for
24 h. The TSI of diluted AmB-CSC and AmB-Lipo increased slowly over time but did not exceed 1.0 after 24
h (Figure 6). As these AmB nanodispersions are thermodynamically unstable colloidal dispersion systems, their colloidal
stability is reduced by increasing the temperature from 4°C to 24°C.

Although the average particle size and PDI of these AmB nanoformulations remained almost unchanged over time at
24°C within 24 h (Figure 3), there is a difference in their colloidal stability based on the results obtained from the
Turbiscan Tower (Figure 6). AmB-CSC dispersed in 5% dextrose injection exhibited better colloidal stability than AmB-
Lipo at 24°C, as evidenced by the lower TSI of AmB-CSC. In our previous study, commercial paclitaxel nanoformula-
tions, including paclitaxel nanoparticles (albumin-bound) and paclitaxel liposomes, exhibited no obvious change in
particle size distribution using DLS but different colloid stability using SMLS.?” Compared with the determination of
average particle size and PDI by DLS, the AT and TSI values obtained using the SMLS technique allow for a more
objective and accurate evaluation of the colloidal stability of AmB nanoformulations. The favorable colloidal stability of
AmB-CSC and AmB-Lipo may be attributed to their smaller particle size (< 150 nm) and highly negative zeta potential
(< =40 mV) and/or steric hindrance.

It has been pointed out that electrostatic repulsion, steric hindrance and/or electrostatic repulsion are the main
repulsive force preventing the aggregation and fusion of lipid bilayer fragments and nanodisks in a dispersion
medium.*® Hydrophobic drugs have been shown to distribute into the rim of electrostatically stable lipid fragments
and the sterically stabilized nanodisks may be applied in a similar way to enhance the solubility of insoluble drugs.*® In
addition, the colloidal stability and particle size of nanodisks can be further improved by regulating the amount of

hydrophilic polymer PEGylated phospholipids in the lipid materials.*®*
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Figure 5 In vitro colloidal stability of the diluted AmB nanodispersions at 4°C for 24 h. (A) Schematic illustration of the measurement process. Variations of transmission

profiles (AT) and TSI of AmB-CSC (B and C) and AmB-Lipo (D and E) diluted in 5% dextrose injection at 4°C for 24 h.
Abbreviations: AmB, amphotericin B; TSI, turbiscan stability index; AmB-CSC, AmB cholesteryl sulfate complex; AmB-Lipo, AmB liposome.

The Colloidal Stability of AmB Nanoformulations in Serum

After reconstitution and dilution with 5% dextrose injection, AmB nanoformulation is injected intravenously. Once
injected into the bloodstream environment, nanoparticles interface with a wide range of biomacromolecules, particularly
serum proteins.'> Upon contact with serum proteins, non-specific proteins bind rapidly to the surface of nanoparticles,
forming a protein corona, leading to changes in the surface properties that have been shown to play a critical role in the
determination of subsequent physiological behavior.>***° Thus, it is pivotal to explore nanoparticles’ properties and,
more importantly, colloidal behavior in biological solutions, which will determine their biodistribution, pharmacoki-
netics, and systemic toxicity in vivo.'> In the present study, the colloidal stability of diluted AmB nanodispersions
dispersed in 10% FBS was evaluated by detecting the change in the average particle size and PDI at specific time points
by DLS. Because blood flows, the colloidal stability of diluted AmB nanodispersions in a fluid containing FBS that
mimics blood is unsuitable for evaluation using the SMLS technique.
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Figure 6 In vitro colloidal stability of the diluted AmB nanodispersions at 24°C for 24 h. (A) Schematic illustration of the measurement process. Variations of transmission
profiles (AT) and TSI of AmB-CSC (B and C) and AmB-Lipo (D and E) diluted in 5% dextrose injection at 24°C for 24 h.
Abbreviations: AmB, amphotericin B; TSI, turbiscan stability index; AmB-CSC, AmB cholesteryl sulfate complex; AmB-Lipo, AmB liposome.

As shown in Figure 7, the average particle size of the AmB-CSC nanodispersions increased from 145.1 = 1.1 nm to
238.6 = 1.4 nm immediately after dispersion with FBS. Subsequently, its average particle size gradually decreases with
time and is restored to the initial level. Similar to the average particle size, the PDI of the AmB-CSC nanodispersions
exhibited the same trend. In contrast, the average particle size and PDI of the AmB-Lipo did not change significantly
over time after incubation with 10% FBS. These results suggest that the AmB-CSC nanodispersions were more strongly
affected by the components in FBS than AmB-Lipo. This may be due to the disk-like structure of the AmB-CSC
nanoparticles more readily adsorbing serum proteins to form protein corona compared to the spherical structure of AmB-
Lipo.*' Although the average particle size of the AmB-CSC nanoparticles increased rapidly when mixed with serum
proteins, it subsequently decreased during the incubation period. This phenomenon may be attributed to the dynamic
reversible change in the association and dissociation of protein coronas on the surfaces of the nanoparticles during

incubation. These results are also in line with a previous study in which the adsorption and desorption of protein coronas
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Figure 7 The colloidal stability of AmB nanoformulations in 10% FBS at 37°C for 24 h. (A) Schematic illustration of the measurement process. Average particle size, PDI,
and zeta potential of diluted AmB-CSC (B-D) and AmB-Lipo (E-G) nanodispersions incubated with 10% FBS at 37°C for 24 h. (H) The protein corona on the surfaces of
AmB-CSC nanoparticles during incubation with FBS. Each value represents the mean = SD (n = 3).

Abbreviations: AmB, amphotericin B; FBS, fetal bovine serum; PDI, polydispersity index; AmB-CSC, AmB cholesteryl sulfate complex; AmB-Lipo, AmB liposome; SD,
standard deviation.

occurred after nanoparticles entered the blood.?* To further investigate the nanoparticle—protein interactions, the zeta
potential was also determined, which is an important parameter that affects the formation of protein coronas. Upon
contact with FBS, the zeta potential of these AmB nanodispersions decreased in absolute value (became less negative)
and then remained relatively stable over time. The change characteristic of the zeta potential in this study is consistent
with previously published literature.*® Previous studies have reported that the effect of FBS on the colloidal stability of
several types of nanoparticles depends on their composition, surface chemistry, and particle size.** In our current study,
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AmB-CSC nanodispersions interacted more readily with the components in FBS than AmB-Lipo, indicating that the
composition and shape of nanoparticles play a major role. Preceding reports have revealed that the surface properties of
nanocarriers including shape, size, charge, and surface modifications have a significant influence on the formation of
protein coronas.*? ** Shape is one of the critical parameters affecting the formation of protein coronas, which changes the
curvature of nanocarriers. The composition of nanocarriers regulates the protein coronas mainly through the surface
charge and steric hindrance of materials.*”> A previous study reported that the special discoid morphology of lipid
nanodiscs dramatically changed the protein pattern adsorbed on the nanocarrier surface as compared to spherical
liposomes: nanodiscs were more likely to adsorb apolipoproteins whereas spherical liposomes mainly adsorbed
albumin.** The apolipoproteins adsorbed on the surface of the nanodiscs could act as membrane scaffold proteins to
improve their colloidal stability, prolong their blood circulation, and improve biocompatibility.*** However, the impact
of the protein corona surrounded by the surface of the AmB-CSC nanoparticles on the biological behavior in vivo
requires further evaluation.

Reconstituted AmB Nanoformulations Reduced AmB Cytotoxicity

AmB binds to ergosterol in the fungal membrane to form pores, which causes the efflux of ions within the fungus and
eventually leads to the death of the fungus. However, AmB can also bind to cholesterol in mammalian cell membranes
and thus damage normal cells.*’*® The first marketed AmB formulation is AmB injection, in which sodium deoxycholate
is used as a solubilizer to dissolve AmB. However, intravenous AmB injection is accompanied by a high incidence of
nephrotoxicity and infusion-related reactions.”® The high incidence of nephrotoxicity induced by AmB injection is
attributed to the high distribution of AmB in renal tissue and the binding of AmB to the cholesterol of cell membrane in
renal tissue. Accumulated evidence confirmed that nanoformulations have multiple advantages over conventional
delivery systems, such as improved in vivo pharmacokinetic profile and enhanced safety. To compare the in vitro
cytotoxicity of the reconstituted AmB nanoformulations (AmB-CSC and AmB-Lipo) with that of the conventional AmB
formulation (AmB injection), the human renal tubular duct epithelial cells HK2 and murine RAW264.7 macrophages
were treated with three AmB formulations and the cell viability was determined.

The results of in vitro cytotoxicity demonstrated that AmB injection produced significant cytotoxicity to HK2 cells
when the concentration of AmB was higher than 0.1 pg/mL, and only approximately 44% of HK2 cells survived when
the concentration was increased to 50 pg/mL (Figure 8A and B). Comparatively, the survival rate of HK2 cells after
treatment with reconstituted AmB nanoformulations (AmB-CSC and AmB-Lipo) at AmB concentrations of 0.1-50 pg/
mL was near 100% (Figure 8C and D), indicating negligible cytotoxicity of reconstituted AmB nanoformulations to
human renal tubular duct epithelial cells. The encapsulation effect of AmB by nanoparticles leads to the inability of AmB
to bind to cholesterol on the cell membrane, which is responsible for the reduced cytotoxicity of AmB nanoformulations
(Figure 8E). Similar in vitro cytotoxicity results were also verified in RAW264.7 macrophages (Figure 9). It is
noteworthy that AmB nanoformulations can significantly promote macrophage proliferation when incubated with high
concentrations, which may be related to the strong phagocytosis of macrophages to nanoparticles. In addition, the above
results can also indirectly confirm that the integrity of AmB nanoparticles after reconstitution can still be maintained
when dispersed in a cell culture medium for 24 h. This is also consistent with the in vitro colloidal stability results
described above.

Reconstituted AmB Nanoformulations Reduced in vivo Nephrotoxicity of AmB

Although AmB is the gold standard for the clinical treatment of IFIs, the nephrotoxicity induced by conventional
AmB injection seriously limits its clinical application. To further compare the in vivo nephrotoxicity of the
reconstituted AmB nanoformulations (AmB-CSC and AmB-Lipo) with that of the conventional AmB formulation
(AmB injection), the mice were administered with three AmB formulations, and the serum biochemical indicators
related to the liver and kidney function was determined. As shown in Figure 10, the treatment of AmB injection
significantly increased the levels of BUN and Crea in serum compared to the control group. Comparatively, there was
no significant changes were observed in the serum BUN and Crea levels of the reconstituted AmB nanoformulations
(AmB-CSC and AmB-Lipo) groups compared to that of the control group. These results indicated that AmB
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Figure 8 In vitro cytotoxicity of AmB injection, AmB-CSC, and AmB-Lipo in human renal tubular duct epithelial cells HK2. The HK2 cells were treated with AmB injection
(A), AmB-CSC (C), and AmB-Lipo (D) at AmB concentrations of 0.1-50 pg/mL for 24 h and the cell viability was determined using CCK-8 kits. Each value represents the
mean * SEM (n = 6). **p < 0.00] compared with the control (Ctrl) group. The cell morphology of HK2 cells after incubation with AmB injection (B) was observed by Cell
Imaging Multimode Reader (Cytation 5, BioTek). AmB binds to cholesterol in the cell membrane to form pores, which causes the efflux of intracellular ions and eventually
leads to cell death (E).

Abbreviations: AmB, amphotericin B; AmB-CSC, AmB cholesteryl sulfate complex; AmB-Lipo, AmB liposome; SEM, standard error of the mean.
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Figure 9 In vitro cytotoxicity of AmB injection, AmB-CSC, and AmB-Lipo in murine RAW264.7 macrophages. The murine RAW264.7 macrophages were treated with AmB
injection (A), AmB-CSC (C), and AmB-Lipo (E) at AmB concentrations of 0.1-50 pg/mL for 24 h and the cell viability was determined using CCK-8 kits. Each value
represents the mean * SEM (n = 6). ***p < 0.001 compared with the control (Ctrl) group. The cell morphology of RAW264.7 macrophages after incubation with AmB
injection (B), AmB-CSC (D), and AmB-Lipo (F) was observed by Cell Imaging Multimode Reader (Cytation 5, BioTek).

Abbreviations: AmB, amphotericin B; AmB-CSC, AmB cholesteryl sulfate complex; AmB-Lipo, AmB liposome; SEM, standard error of the mean.

nanoformulations (AmB-CSC and AmB-Lipo) can significantly reduce the in vivo nephrotoxicity of AmB, which may
be attributed to the good colloidal stability and the improved pharmacokinetic profiles of AmB nanoformulations.*”**’
In the present study, AmB-CSC were more readily adsorbing serum proteins to form protein corona compared to
AmB-Lipo, while there was no significant difference between AmB-CSC and AmB-Lipo for in vivo nephrotoxicity.
The reason behind this phenomenon is very likely the dynamic reversible change in the association and dissociation of
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Figure 10 In vivo nephrotoxicity and hepatotoxicity of AmB nanoformulations as compared to conventional AmB injection. (A) Schematic illustration of the administration
and serum samples collection process. The determination of blood biochemistry parameters including BUN (B), Crea (C), ALT (D), and AST (E) levels. After 48
h administration of AmB injection, AmB-CSC, and AmB-Lipo to female BALB/c mice at a dose of 0.5 mg/kg, serum samples were collected and biochemical parameters were
determined. Each value represents the mean * SEM (n = 7). ¥p < 0.01, **p < 0.001 compared with the control group.

Abbreviations: AmB, amphotericin B; BUN, blood urea nitrogen; Crea, creatinine; ALT, alanine aminotransferase; AST, aspartate aminotransferase; AmB-CSC, AmB
cholesteryl sulfate complex; AmB-Lipo, AmB liposome; SEM, standard error of the mean.
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protein coronas on the surfaces of AmB-CSC during incubation, which was preliminarily confirmed by the change in
the particle size. However, the deeper mechanisms need to be explored in our future experiments.

Conclusions

The present study was designed with the aim of exploring the colloidal stability of commercial AmB nanoformulations
dispersed in sterile water and 5% dextrose injection by DLS and SMLS for 24 h. The results demonstrated that the AmB-
CSC and AmB-Lipo exhibited good colloidal stability in both sterile water and 5% dextrose injection at 4°C or 24°C for
24 h. Compared with the DLS technique, the SMLS technique allows for a more objective and accurate evaluation of the
colloidal stability of AmB nanoformulations. The favorable colloidal stability of AmB-CSC and AmB-Lipo may be
attributed to their small particle size and highly negative zeta potential. Moreover, the disk-like structure of the AmB-
CSC nanoparticles more readily adsorbed serum proteins to form protein corona compared to the spherical structure of
AmB-Lipo. However, two main limitations of this study are that the release characteristics of AmB-CSC and AmB-Lipo
under different release conditions and the species and mechanisms of AmB-CSC adsorbing serum proteins to form
protein corona in serum were not investigated. Additionally, AmB-CSC and AmB-Lipo can significantly reduce the
in vitro cytotoxicity and in vivo nephrotoxicity of AmB, which may be attributed to the good colloidal stability and the
improved pharmacokinetic profiles of AmB nanoformulations. These findings provide useful information not only to
inform the clinical use of available AmB nanoformulations but also to improve the design and conduct of translational
research on novel AmB nanomedicines.
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