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Abstract

Lipid-based nanoparticles are highly versatile platforms with extensive therapeutic
applications. Despite rapid scientific advances in the past several decades, clinical
translation of lipid nanoparticles remains challenging. Focusing on translational
research of lipid nanoparticles, this thesis has two sections addressing preclinical
formulation development and analytical methods on formulation characterization,

respectively.

The first section of the thesis, consisting of Chapters 2 and 3, focuses on the
formulation optimization of synthetic high-density lipoproteins (sHDLs). sHDLs are a
class of nanoparticles composed of ApoA-1 mimetic peptides and phospholipids
mimicking the biofunctions of endogenous HDLSs, including mediating cholesterol efflux,
regulating endothelial functions, and resolving inflammation responses. To optimize the
endothelial protective function of sHDLs, in Chapter 2, a vascular cell adhesion
molecule 1 (VCAM-1) specific ligand was introduced on the surface of sHDLs to achieve
an active targeting of activated endothelium. Indeed, these sHDLs demonstrated
enhanced binding to the activated endothelium while inhibiting inflammatory responses
and reducing leukocyte adhesion on inflamed endothelium. These data provided
support as a stand-alone therapy or drug delivery carrier for inflammatory disease

treatment.

Xii



In Chapter 3, phosphatidylserine (PS), a bioactive lipid with intrinsic anti-
inflammatory effects, was introduced in sHDL nanoparticles. This incorporation
improved the sHDL stability and anti-inflammatory effects on LPS-activated
macrophages without impairing the sHDL cholesterol efflux capacity and
pharmacokinetic profile. Overall, the strategies developed in Chapters 2 and 3 may
facilitate the optimization of SHDL functionalities to treat varieties of inflammatory

diseases.

The second section of the thesis, consisting of Chapters 4 and 5, focuses on
developing analytical methods to ensure the successful formulation development,
regulatory filing, and quality control of liposomal drug products. Chapter 4 examined the
dialysis-based drug release assay which is commonly used to evaluate in vitro drug
release kinetics of lipid nanopatrticles. The analysis of the mass transfer process during
dialysis assay revealed that due to the drug diffusional resistance of the dialysis
membrane, the apparent drug release rate measured from the sampling compartment
does not always accurately represent the actual drug release kinetics. To solve this
problem, a series of mathematical models were developed to predict actual drug
release kinetics from apparent drug release data and a calibration of the diffusional
membrane resistance before release testing. The models not only enable the proper
interpretation of the data from dialysis studies but also help to evaluate the dialysis

methodology applied to in vitro drug release assays.

In Chapter 5, a series of analytical methods were developed to characterize the key
product attributes of a commercial multivesicular liposomal product, Exparel. The

particle size, particle inner structure characteristics, drug and lipid contents, residual
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solvents, and pH of the product were characterized. In addition, a rotator-based,
sample-and-separate in vitro drug release test was developed for formulation
comparison and quality control purposes. The batch-to-batch variability of Exparel was
examined by the established analytical methods. The knowledge derived from this

chapter may facilitate the development of generic multivesicular liposomes.
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Chapter 1 Introduction

1.1 Current status and future directions of synthetic high-density lipoprotein

therapies

1.1.1 Structure and functions of endogenous high-density lipoprotein (HDL)

High-density lipoproteins (HDLSs) are a highly heterogeneous lipoprotein family
with a density of 1.063-1.21 g/ml [1]. ApoA-1 is the most abundant apolipoprotein in
HDL, whereas other apolipoproteins, such as ApoA-2 and ApoE, are also found in HDL
particles[1]. Phospholipids are predominated lipid species of HDLs, accounting for 35-
50% of total lipid contents, followed by cholesterol ester (30-40%), sphingolipids (5-
10%), cholesterol (5-10%), and triglyceride (5-12%) [2]. Additionally, a large number of
proteins have been reported to be associated with endogenous HDLs. Some examples
of the associated proteins include lecithin:cholesterol acyl transferase (LCAT),
cholesteryl ester transfer protein (CETP), paraoxonase family (PONs), and complement
components [1].

Endogenous HDLs play vital roles in various physiological functions, including
mediating reverse cholesterol transport (RCT), regulating inflammatory responses, and
maintaining endothelial functions [3]. Mediating RCT is the most studied function of
HDLs. RCT is initiated by cholesterol efflux, where free cholesterol moves from

peripheral cells to ApoA-1 and HDLs mediated by varies mechanisms, including passive



diffusion of cholesterol, facilitated diffusion by scavenger receptor Bl (SR-BI), and active
transport of cholesterol by ATP-binding cassette transporters A1 (ABCA1) and G1
(ABCGL1) [4]. Free cholesterol is then converted to cholesterol ester by
lecithin:cholesterol acyltransferase (LCAT) and delivered to the liver for elimination [5].
As the accumulation of cholesterol in the artery wall is the major driving force for the
development and progression of atherosclerotic cardiovascular disease, the cholesterol
efflux capacity of HDL has been considered the key protective function of HDLs [6].

HDLs also play crucial roles in modulating inflammation responses through
mechanisms that can be dependent or independent of the cholesterol mobilization
effects of HDLs [7, 8]. On macrophages, cholesterol efflux mediated by HDL reduces
the cholesterol content of lipid rafts, which suppresses the expression of Toll-like
receptor 4 (TLR-4) on cellular membranes and inhibits the downstream myeloid
differentiation primary response 88 (MyD88)/NF-kB or TIR-domain—containing adapter-
inducing interferon- (TRIF) signaling pathways [9]. Independent of cholesterol efflux,
HDL could also inhibit TRIF signaling by promoting the translocation of TRIF-related
adaptor molecule (TRAM) from the cell membrane to intracellular compartments [10].
Additionally, HDLs could effectively neutralize lipopolysaccharide (LPS) and lipoteichoic
acid (LTA), reducing LPS- and LTA-induced inflammatory responses during bacterial
infection [11].

Oxidative stress and oxidized lipoprotein, especially oxidized low-density
lipoprotein (ox-LDL), are recognized as the main driving force for atherosclerosis [12].
Various HDL-associated enzymes, such as paraoxonase (PON) 1 and lecithin-

cholesterol acyltransferase (LCAT), have been shown to prevent the oxidation of LDLs



[13, 14]. Previous studies also suggested the capacity of HDLs to scavenge reactive
oxygen species (ROS) such as lipid hydroperoxides from cell membranes [15]. In
addition to neutralization of ROS, HDLs could directly inhibit ROS generation through
various mechanisms including suppressing inflammatory response and regulating
mitochondrial function [16, 17].

Recent studies suggested the pivotal role of HDLs in regulating endothelial
functions. Nitric oxide (NO) generated by endothelial NO synthase (eNOS) is essential
for the maintenance of vascular tone [18]. On endothelial cells, HDLs preserve eNOS
localization on caveolae by modulating the lipid environment [19]. Moreover, HDLs
could activate eNOS through SR-BI-dependent activation of phosphatidylinositol-3-
kinase-protein-kinase-B (PI3K-AKT) pathway and mitogen-activated protein kinase
(MAPK) pathways [20]. Additionally, HDLs exert other endothelial protective functions,
including inhibiting the expression of adhesion molecules [21], preventing endothelial
cell apoptosis [22], and regulating angiogenesis [23].

Recent studies have been proposing more protective functions of HDLs. For
example, HDLs have been found to inhibit platelet activation and reduce platelet
aggregation, which is presumably mediated by SR-BI [24]. As the major carrier of
circulating microRNAs (miRNA), HDLs are suggested to play crucial roles in mediating
intercellular communication [25]. The multifaceted protective functions of HDLs suggest

great potential for HDL-targeting therapies to treat varieties of diseases.

1.1.2 Current status of sHDL therapies

Various HDL-mimicking nanoparticles, such as inorganic nanoparticles,

polymeric nanoparticles, and liposomes, have been developed to mimic the function of

3



endogenous HDLs [26-28]. Compared with other HDL-mimicking nanopatrticles,
synthetic HDLs (sHDLs) composed of phospholipids and recombinant ApoA-1 or its
mimetics are the most translatable nanoparticle candidates, given their biocompatible
components and available GMP manufacturing process [29]. Several sHDL candidates
have entered clinical trials, with two candidates, CLS112 and CER-001, currently active
in clinical trials.

1.1.2.1CSL112

Designed for treating acute coronary syndrome (ACS), CSL112 was formulated
with plasma-derived human ApoA-1 and soy phosphatidylcholine (soy PC) to mimic the
structure of cholesterol-poor, pre-f subclass of HDLs [30]. Preclinical studies
demonstrated the potent ABCA-1-dependent cholesterol efflux capacity of CSL112 in
vitro and in animal models [30]. In Phase 1 clinical trials, infusion of CSL112 to healthy
volunteers was found to significantly increase plasma cholesterol levels over more than
72 h. The half-life of ApoA-1 was estimated to be 19-93 h. In addition, a good safety
profile was observed for both single-infusion and repeated-infusion groups [31].

In Phase 2a study, 1.7, 3.4, or 6.8 g CSL112 was infused into patients with stable
atherosclerotic disease. Consistent with Phase 1 results, a rapid elevation of plasma
ApoA-1 and cholesterol levels was observed following infusion [32]. In the following
Phase 2b, ApoA-I Event Reducing in Ischemic Syndromes | (AEGIS-I) study, patients
with a spontaneous myocardial infarction in the past 7 days were treated with weekly
infusions of low dose CSL112 (2 g ApoA-1/dose), high dose CSL112 (6 g ApoA-1/dose)
or placebo for 4 weeks. Again, the results showed that CSL112 was well tolerated, with

no significant hepatotoxicity and renal toxicity compared to the placebo [33]. However,



no statistical difference was found between different groups in the number of major
adverse cardiovascular events 12 months post-treatment [33]. As the statistical power
was low, the efficacy of CSL112 in reducing major adverse cardiovascular events
remains inconclusive [33].

The Phase 3, ApoA-I Event Reducing in Ischemic Syndromes Il (AEGIS-II) trial is
currently ongoing. 17,400 patients with high-risk acute myocardial infarction are
randomized to receive 4 weekly infusions of 6 g CSL112 or placebo [34]. The results of
this study are expected to determine the efficacy of CSL112 in reducing major adverse
cardiovascular events.

1.1.2.2 CER-001

CER-001 is composed of recombinant ApoA-1, egg sphingomyelin (eSM), and
dipalmitoyl phosphatidylglycerol (DPPG) [35]. The anionic lipid DPPG, accounting for
3% of total phospholipid weight, was introduced to enhance particle plasma stability and
reduce kidney elimination [35]. In animal studies, CER-001 showed strong RCT-
enhancing and plaque-reduction effects [35]. Phase 1 clinical trial showed that CER-001
infusion led to a dose-dependent increase in HDL cholesterol with good safety profiles
[36]. In Phase 2, Can HDL Infusions Significantly Quicken Atherosclerosis Regression
(CHI-SQUARE) study, 6 weekly infusions of CER-001 were given to ACS patients with
a dose of 3, 6, 12 mg/kg or placebo. The atheroma volume in ACS patients was
measured by intravascular ultrasonography and quantitative coronary angiography [37].
While no statistical difference was found in the atheroma volume reduction between
groups, a post-hoc analysis suggested that 3 mg/kg CER-001 produced significant

atheroma regression in patients with a baseline percent atheroma volume >30% [37,



38]. Based on this finding, ACS patients with a baseline percent atheroma volume >30%
were recruited in the following Phase 2, CER-001 Atherosclerosis Regression Acute
Coronary Syndrome Trial (CARAT) study, where 10 weekly infusions of 3 mg/kg CER-
001 or placebo were given to patients [39]. However, the difference in the atheroma
regression between the treatment and placebo groups was found not statistically
significant [40]. No further clinical trial has been conducted for ACS so far.

Other therapeutic applications of CER-001 have been tested in clinical trials. In
Phase 2, The Modifying Orphan Disease Evaluation (MODE) study, 32 patients with
homozygous familial hypercholesterolemia (HoFH) were treated with 12 biweekly
infusions of 8 mg/kg CER-001 [41]. Results showed that 24 weeks after the first
infusion, patients treated with CER-001 presented reduced carotid mean vessel wall
area compared to the placebo group [41]. In another open-label study, patients with
familial hypoalphalipoproteinemia (FHA) received 20 infusions of 8 mg/kg CER-001 over
6 months. CER-001 treatment was found to significantly elevate ApoA-1 and HDL
cholesterol levels, as well as reduce carotid mean vessel wall area in FHA patients [42].
Based on these encouraging results, the Phase 3, CER-001 Therapy as a Novel
Approach to Treat Genetic Orphan Diseases (TANGO) study was conducted. A total of
29 infusions (9 weekly infusions followed by 20 biweekly infusions) of 8 mg/kg CER-001
or placebo were given to 30 patients with FHA [43]. Unfortunately, results failed to show
the therapeutic benefits of CER-001 in reducing carotid mean vessel wall area and
arterial wall inflammation [43, 44]. Several possible reasons, such as insufficient dose,
limited treatment duration, and interference of prior statin treatment, have been

proposed to explain the lack of atherosclerosis-reducing efficacy of CER-001 [44].



Despite the previous setbacks, CER-001 has shown therapeutic potential in
familial LCAT deficiency in two compassionate use cases. The patients in both cases
received 10 mg/kg CER-001 infusions 3 times per week for 3 weeks, followed by 10
mg/kg twice per week for 3 weeks, and then 10 mg/kg weekly infusions for 6 weeks. In
one case, CER-001 treatment was shown to slow down the deterioration of kidney
functions and reduce lipid deposits in kidneys [45]. In another case, CER-001 stabilized
the kidney functions of the patient and produced long-lasting improvement in the
patient’s visual function [46]. With the promising clinical data, CER-001 received the
Orphan Drug Designation (ODD) from FDA in 2022 to treat LCAT deficiency presenting
as kidney dysfunction and/or ophthalmologic disease [47].

The developer of CER-001 has been exploring more therapeutic applications in
recent years. Currently, a Phase 2a study is ongoing to investigate the protective effects
of CER-001 on septic patients at high risk of developing acute kidney injury [48]. Interim
results reported the positive effects of CER-001 in reducing inflammatory cytokines [49].
In another Phase 2 trial, 89Zr-labeled CER-001 showed accumulation in tumors of
patients with esophageal cancer, suggesting the potential application of CER-001 as an
imaging reagent or drug delivery platform [50]. The potential benefits of CER-001 in
COVID-19 were also proposed, although more data are needed to investigate the

therapeutic effects in clinical settings [51].

1.1.3 Emerging trends for next-generation sHDL products

As discussed above, while current sHDL candidates showed potent cholesterol
mobilization effects and safety profiles, their therapeutic efficacy is not as prominent as

expected. The sub-optimal results could be attributed to several conceptual and



methodological limitations of current sHDL products. Conceptual-wise, current SHDLs
mainly focus on elevating HDL-c levels, while other aspects, such as anti-inflammation
and endothelium-regulation functions, were omitted. However, there is increasing
recognition that HDL functionality, instead of HDL-c levels, is the better indicator of the
protective effects of HDLs, demanding a paradigm shift for HDL replacement therapy
from elevating HDL-c levels to enhancing sHDL functionalities [52-54]. Methodological-
wise, the formulation development was severely limited by regulatory challenges with
the lack of FDA-approved phospholipids and proper characterization methods. With the
recent advances in other lipid-based drug products, significant progress has been made
to address these technical problems, making it possible to formulation sHDLs with novel
protein or lipid components. sHDLs with more sophisticated formulation designs and
tailored functions would be the future direction for sHDL therapies.

1.1.3.1 Formulation innovations

ApoA-1 mimetic peptides: Full-length ApoA-1 protein, which is purified from
human plasma or manufactured using recombinant technology, is exclusively used in
current sHDL products [30, 35]. However, safety and scalability concerns involved in the
manufacture and formulation of full-length ApoA-1 pose challenges in the clinical
translation of SHDL products. Complex and time-consuming purification processes are
needed to remove other plasma components, viruses, host cell proteins, endotoxins,
and other impurities [55]. Failure to remove impurities can trigger the immune response
and cause adverse effects [56]. ApoA-1 may undergo modifications in the purification
process, resulting in dysfunctional ApoA-1 proteins [56]. Additionally, surface

surfactants such as cholate are required to assemble full-length ApoA-1 to sHDL, which



can lead to adverse effects if not fully removed. Such complex manufacturing and
formulation processes limit the large-scale production of sHDL.

In recent years, several ApoA-1 mimetic peptides have been developed to
address the above problems [57, 58]. Compared to full-length ApoA-1, ApoA-1 mimetic
peptides could be synthesized on a large scale without requiring extensive purification.
Moreover, ApoA-1 mimetic peptides readily complex with phospholipids, which
significantly simplifies the manufacturing process [58, 59]. The increasing understanding
of the structure-activity relationship of ApoA-1 allows the optimization of ApoA-1 mimetic
peptides focusing on different functions. For example, to avoid the recognition of anti-
ApoA-1 autoantibodies, Pagano et al. designed an ApoA-1 mimetic peptide with an
altered C-terminal alpha-helix which is the major binding site for anti-ApoA-1 [60]. The
optimized ApoA-1 mimetic peptide was shown to inhibit the pro-inflammatory cytokine
production induced by anti-ApoA-1 1gG [60].

Incorporation of bioactive lipids: In contrast to the simple composition of
sHDLs, endogenous HDLs present highly diverse and dynamic lipidome profiles with
more than 200 lipid species identified [2, 61]. The type and content of lipids in HDLs
have significant impacts on the functionality of HDLs. For example, HDL-associated
sphingosine-1-phosphate exerts potent anti-inflammatory and endothelial protective
functions via activating S1P1 signaling pathways [62, 63]. Anionic phospholipids, such
as phosphatidylinositol (PI), phosphatidic acid (PA), and phosphatidylserine (PS), have
also been shown to be associated with the protective functions of HDLs [64]. Notably, a
strong positive correlation was found between PS abundance and HDL functions such

as cholesterol efflux, anti-inflammation, and anti-oxidation capacities [64]. As PS has



long been recognized as an anti-inflammatory signaling lipid involved in apoptosis and
phagocytosis processes, it was hypothesized that introducing PS could increase the
therapeutic effects of sHDLs [65, 66].

1.1.3.2 Broader therapeutic application of sHDLs

Historically, the development of sSHDL has been focused on treating
cardiovascular diseases. However, increasing studies showed that abnormal HDL levels
and dysfunctional HDLs are prevalent in a broad array of diseases. By tuning peptide
and lipid components, sHDLs could be optimized to exert diverse protective functions
tailored to various therapeutic applications.

Infectious diseases: Low HDL cholesterol (HDL-C) has been reported as a
predictive factor for poor outcomes in various infections [67-69]. For example, previous
research in our lab showed that the HDL-C levels are reduced by 40-70% in septic
pneumonia patients compared to non-septic controls, and that HDL-C levels on the first
day in ICU are predictive of overall patient survival [70, 71]. In the cecal ligation and
puncture (CLP)-induced sepsis mouse model, administration of SHDL normalized body
temperature, reduced pro-inflammatory cytokine levels, and restored endothelial
integrity, which led to the improved survival rates of the sHDL-treated group [72]. In the
Phase 2a clinical trial of CER-001, administration of 5, 10, or 20 mg/kg of CER-001
twice daily was reported to improve the inflammation biomarkers and endothelial
functions in septic patients [49]. The therapeutic mechanisms of sHDLs in infectious
diseases could include the neutralization of endotoxins, normalizing endothelial
functions, modulating inflammatory responses, and, in some cases, interfering with virus

entry by modulating membrane cholesterol contents [72, 73]. Thus, optimizing the
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functionality of sHDLs to treat inflammatory diseases would be a promising direction to
future sHDL development.

Autoimmune diseases: Decreased HDL level is commonly observed in patients
with autoimmune diseases such as systemic lupus erythematosus (SLE) and rheumatic
arthritis [74, 75]. Moreover, HDLs isolated from patients with autoimmune diseases
present abnormal proteomic and lipidomic profiles, rendering dysfunctional HDLs with
impaired cholesterol efflux, anti-inflammatory, and anti-oxidant effects [74, 76]. SHDLs
have been shown to successfully rescue the quantity and quality of HDLs in lupus and
rheumatic arthritis models. For example, administration of ETC-642, an HDL mimetic
composed of an ApoA-I mimetic peptide and phospholipid, significantly decreased the
TNF-a and IL-6 levels on NZM2328 lupus mouse models [77]. Infusion of ApoA-1 or
sHDLs was also found to reduce joint inflammation in PG-PS induced arthritis rat model
[78]. Further investigations to understand the immunomodulation mechanisms of HDLs
will advise optimization of the sHDL composition for autoimmune disease treatment.

Cancer: sHDLs can be formulated to encapsulate various therapeutic agents,
including hydrophobic and amphiphilic small drug molecules, proteins, and nucleic
acids, making them a versatile drug delivery platform [28]. Moreover, the interaction
between sHDLs and SR-BI enables an active targeting of sHDLs to SR-BI
overexpressing cancer cells [79, 80]. Indeed, the recent Phase 2 clinical trial of CER-
001 on patients with esophageal cancer showed the accumulation of CER-001 in tumor
tissues [50]. Such evidence encourages further investigations on sHDLs as drug

delivery systems for cancer therapy.
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Other emerging therapeutic applications: In addition to disease areas
discussed above, sHDLs therapies have been proposed for neuronal disorders,
including Alzheimer’s disease [81] and ischemic strokes [82], lipid storage disorders
such as Niemann-Pick diseases [83], and ocular diseases such as age-related macular
degeneration [84]. With the increasing understanding of the functions of endogenous
HDLs in physiological and disease conditions and the structure-activity relationship of
HDLs, the therapeutic applications of sHDLs are expected to be further expanded in the

future.

1.1.4 Research scope and overview of Chapters 2 and 3

Chapters 2 and 3 are focused on developing sHDLs with enhanced functions. As
the activated endothelium is both the therapeutic target and delivery barrier for sHDLs,
in Chapter 2, a VCAM-1 specific ligand was introduced to sHDLs to allow an active
targeting of sHDLs to activated endothelial cells. The active targeting efficiency was
investigated in vitro and in vivo. The impacts of the introduction of the targeting ligand
on the therapeutic effects of sHDLs were evaluated. In Chapter 3, the bioactive
phosphatidylserine (PS) was incorporated into sHDLs. The effects of PS incorporation
on particle characteristics, cholesterol efflux capacity, anti-inflammatory effects,
pharmacokinetics, and pharmacodynamic profiles of sHDLs were systematically
investigated. Overall, the knowledge derived in Chapters 3 and 4 may facilitate the
optimization of sHDL formulation and functionalities to treat varieties of inflammatory
diseases.

Chapter 2 was published in Frontiers in Pharmacology. The manuscript for

Chapter 3 will be submitted for publication shortly after the dissertation defense.
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1.2 Analytical characterization of liposomal products: regulatory challenges

Liposomes are a group of lipid-based vesicles characterized by one or more
agueous compartments separated by one or more phospholipid bilayers. The lipid
membrane and enclosed aqueous chamber in liposomes enable the encapsulation of
both hydrophobic and hydrophilic therapeutic agents, making liposomes a highly
adaptable drug delivery platform [85]. Compared to traditional dosage forms, liposomes
showed numerous advantages, including prolonging the circulation time of the drug,
enhancing biodistribution in target tissues, and reducing systemic toxicity [85]. Since the
FDA approval of the first liposomal product, Doxil®, in 1995, more than a dozen of
liposomal drug products have been approved in the US, with more candidates in clinical
trials [86].

Analytical characterization is of vital importance for formulation development,
regulatory filing, and quality control of liposomal products. The complex compositions,
unique structure, and complicated structure-activity relationship of liposomes, however,
create a great challenge for the identification and assessment of critical quality
attributes (CQAS) to developers as well as regulatory agencies [87]. In 2018, the FDA
published a guidance document on liposomal product development to facilitate the new
drug application (NDA) or abbreviated new drug application (ANDA) for liposome drug
products [88]. For most liposomal products in the nanoparticle range, the FDA Guidance
for Industry on drug products containing nanomaterials also provides recommendations
on analytical characterizations [89]. The analytical characterization methods of CQAs
identified in these guidances were summarized below. The unaddressed regulatory

challenges are also discussed.
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1.2.1 Analytical characterization of liposomal products
1.2.1.1 Total and encapsulated drug contents

While total drug content can be conveniently determined using chromatography
techniques, determining drug encapsulation requires the separation of unencapsulated
drug from liposomes. Various separation methods, such as ultracentrifugation,
ultrafiltration, and dialysis, could be used to isolate unencapsulated drugs from
liposomes [87]. The unencapsulated and encapsulated drug are then quantified by
chromatography or other techniques to calculate encapsulation efficiency [79]. It is
worth noting that factors like mechanical stress or drug adsorption involved in the
separation process may cause inaccurate results [89]. Thus, careful validation is
needed to ensure the reliability of separation methods.

The drug encapsulated in liposomes may present different physical states such
as solution, amorphous precipitate, or nanocrystals [80]. The physical form of
encapsulated drugs affects drug dissolution in the inner water phase, which would
impact the drug release kinetics of the liposomes. Microscopy techniques such as
cryogenic transmission electron microscopy (Cryo-TEM) are commonly used to observe
the physical state of encapsulated drugs [81]. For example, the encapsulated drug in
Doxil® forms rod-like doxorubicin-sulfate nanocrystals, resulting in the coffee-bean-like
shape of liposomes [90]. Differential scanning calorimetry (DSC) can also be used to
evaluate the crystallinity of encapsulated drugs in liposomal products such as Doxil®
and Ambisome® [82, 83]. Other techniques such as small/Wide angle X-ray scattering

(SAXS/WAXS), circular dichroism (CD) spectroscopy, and nuclear magnetic resonance

14



(NMR) have also been reported to characterize physical forms of encapsulated drugs
[80].

1.2.1.2 Lipid content

The lipid components in liposomes are commonly quantified using liquid
chromatography (LC) and LC coupled with mass spectrometry (LC-MS). The impurities
which may be introduced in the manufacturing process and possible degradation
species should also be identified and measured [88].

1.2.1.3 Particle size

Dynamic light scattering (DLS) is a commonly used technique to characterize
particle size and distribution of liposomes. While DLS allows a quick measurement with
simple sample preparation, some limitations may cause inaccurate results [91]. DLS
assumes a spherical particle shape to calculate particle shape, which may not be true
for some liposomal products [89, 92]. The low resolution of DLS could also limit its use
when measuring polydisperse samples [91]. DLS results are affected by various
measurement parameters, such as particle concentration, the composition of dispersion
media, temperature, optical parameters of media and particles, scattering angle, and
laser wavelength [92]. Thus, DLS measurement parameters should be carefully
recorded and reported to ensure the quality and reproducibility of the measurement [92].

Transmission electron microscopy (TEM) can be used to directly visualize the
size of liposomes. However, the staining and drying process involved in the sample
preparation may lead to changes in particle size and morphology [93]. Alternatively,

cryogenic-transmission electron microscopy (cryo-TEM) avoids such drawbacks of
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TEM. However, the limited number of analyzed particles and time-consuming data
analysis could pose challenges for cryo-TEM analysis [94].

Recently, asymmetric-flow field-flow fractionation (AF4) has gained increasing
interest. Separating particles based on their diffusion coefficients in aqueous buffers,
AF4 allows a gentle separation of nanoparticles of different sizes [95]. Moreover, when
coupled with varieties of online detectors, AF4 could provide extensive information on
size-dependent properties (e.g. drug encapsulation) [96, 97].

Other techniques, such as size exclusion chromatography (SEC) and
nanoparticle tracking analysis (NTA), are also commonly used to evaluate the particle
size distribution of liposomes [87]. With the different advantages and drawbacks of
different techniques, complementary methods are recommended by regulatory agencies
for particle size characterization [89].

1.2.1.4 Net charge and surface properties

Surface charge and surface modifications such as PEGylation have significant
impacts on the pharmacokinetics, immunogenicity, and efficacy of liposomal products
[86]. Electrophoretic light scattering is commonly used to measure the zeta potential of
liposomes [91]. Results of zeta potential derived from electrophoretic light scattering are
significantly affected by parameters including pH, ionic strength, and particle
concentrations. Thus, similar to DLS, the measurement parameters of electrophoretic
light scattering should be meticulously recorded [92].

Cryo-TEM was used to visualize the PEG layer on the Doxil liposomes [90].
Limited studies have been published on other characterization methods for the surface

modification of liposomes.

16



1.2.1.5 Particle morphology, lamellarity, and inner structure

The lamellarity and inner structure of liposomes have significant effects on
particle stability and drug release kinetics, making them CQAs to liposomal products
[86]. The morphology and inner structure of liposomes may be directly observed by
several microscopy techniques, including light microscopy, polarization microscopy,
fluorescent microscopy, TEM, cryo-TEM, and environmental scanning electron
microscopy (ESEM). A comprehensive review of these techniques has been conducted
by Robson et al. [98]. In addition to direct observation, the lamellarity of liposomes could
also be determined by techniques including 3P-NMR [99], small-angle X-ray scattering
(SAXS) [100], and small-angle neutron scattering (SANS) [101].

1.2.1.6 In vitro drug release for liposomal drug products

In vitro drug release study is essential to guide formulation development,
facilitate quality control and regulatory filing, and, in the best-case scenario, establish
the in vitro-in vivo correlation (IVIVC) of liposomal formulations [102]. With no
standardized in vitro drug release tests (IVRT) method available, the sample-and-
separate method and the dialysis-based method are two commonly reported methods
for liposomal and other nanoparticle drug products [103]. In the sample-and-separate
method, release media containing liposomes is sampled during the release period. The
unencapsulated drug in collected samples is separated and quantified to calculate drug
release percentages [102]. The sample-and-separation method presents several
advantages, including simple experiment setups and straightforward sample processing
methods. However, sample processing involved in this method can be time-consuming,

and additional mechanical stress imposed on liposomes during the separation process
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may risk the leakage of liposomes [89]. Thus, thorough method validation is needed to
ensure the separation does not affect drug release.

Dialysis-based assay, where liposomes and released drug molecules are
separated by dialysis membranes, is another commonly used method. While such an
experimental setup allows for convenient sampling with reduced processing, the
diffusion barrier posed by dialysis membranes may delay the translocation of the
released drug, resulting in an underestimated drug release rate [103-105].

Several novel techniques have been recently developed for IVRT of liposomal
products. For electroactive drugs, electrochemical methods have been developed for
the in situ measurement of free drug concentrations in release media [106]. With its
capacity to isolate particles of different sizes, AF4 is particularly suitable for
investigating drug release and transfer in complex biological media such as plasma,
making it an appealing strategy for developing physiological relevant IVRT for

liposomes [107].

1.2.2 Regulatory challenges onthe analytical characterization of liposomes
1.2.2.1 Identification of CQAs

As defined in ICH Harmonized Tripartite Guideline, Pharmaceutical Development
Q8, CQA is defined as “a physical, chemical, biological, or microbiological property or
characteristic that should be within an appropriate limit, range, or distribution to ensure
the desired product quality” [108]. Some CQAs for liposomal drug products identified by
FDA have been discussed above. It is worth noting that the CQAs for liposomal drug
products are not one-size-fits-all. Instead, as different liposomal products present
unique compositions, structures, and therapeutic applications, CQAs must be identified
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case-by-case [109]. As the complex interplay between the physicochemical properties
and the in vivo performance of liposomes has not fully been revealed, identifying CQAs
remains a particularly challenging task [110]. Additionally, there is confusion regarding
the role of the regulatory agency and product developers in defining CQAs of liposomal
products, which necessitates a more well-defined regulatory process [110].

1.2.2.2 Challenges in developing in vitro drug release test

With the lack of a compendial IVRT method and the diverse structures of
liposomes, the in vitro release assay method for liposomal products has to be
specifically designed to fit the given liposome product. However, there has been no
consensus on the proper techniques for IVRT of different liposomal products [102].

Establishing in-vitro-in-vivo-correlation is especially difficult for liposomal
products. FDA guidance recommended that, preferably, in vitro drug release should be
conducted in a physiological medium [88]. However, most published IVRTs are
conducted in simple buffer conditions, which do not simulate in vivo conditions.
Designing physiological relevant IVRT is a difficult task, as the complex interactions
between liposomes and in vivo environments are not fully revealed [111]. Future
research on liposomal drug release mechanisms, interaction with in vivo environments,
elimination process, new mathematical models, as well as novel experimental
techniques may help to establish IVIVC for liposomal products [111, 112].

1.2.2.3 Challenges specific to generic product development

With many patents of innovator liposomal products expiring, more and more
efforts have been made to develop generic liposomal products. Regulatory agencies

require that generic liposomal products should demonstrate Q1 (qualitative) and Q2
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(quantitative) sameness as reference listed drugs (RLDs) [88]. Moreover, generic
liposomal products are also required to have the same physicochemical properties as
RLDs [88]. Thus, robust analytical characterization is of vital importance in
demonstrating the pharmaceutical equivalence of generic liposomal products. However,
as CQA data of the RLD are usually not disclosed, there is little information available for
generic product developers, making it a great challenge to identify the nature and range
of CQAs of the liposomal product [110]. To fill this gap, FDA has issued several product-
specific guidance with non-binding recommendations on the analytical characterization
of selected liposomal products [113], which would provide valuable information to

generic product developers.

1.2.3 Summary and Perspective

With the rapid development of novel liposomal drug products and emerging novel
analytical techniques, the regulatory framework for liposomal products has been an
evolving field. To fill the scientific and regulatory gaps in the development of innovator
and generic liposomal products, there has been active collaboration between industry,
academia, and regulatory authorities. The new knowledge of the structure-activity
relationship and in vivo mechanisms of liposomes, novel experimental techniques, and
more defined regulatory requirements will help to solve the technical and regulatory

challenges in liposomal product development.

1.2.4 Research scope and overview of Chapters 4 and 5

The main goal of Chapters 4 and 5 is to develop analytical methods to ensure the

successful formulation development, regulatory filing, and quality control of liposome
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formulations. The methodology of dialysis-based drug release was examined in Chapter
4. The barrier effects of the dialysis membrane were quantitatively evaluated, based on
which a mathematical model was developed to calculate the ‘real’ drug release from the
apparent drug release data. A good fit between predicted drug release profiles and
experimentally determined drug release data was found on the model drug Doxil®. The
evaluation method developed in this chapter would be useful for analyzing the
methodology of dialysis-based drug release assays.

Chapter 5 focused on the analytical characterization of a multivesicular liposomal
product, Exparel. Analytical methods are established to characterize CQAs of Exparel
identified in the FDA product-specific guidance, including drug and lipid contents,
particle size and structure, residual solvents, and pH. In addition, a rotator-based,
sample-and-separate IVRT was developed for formulation comparison and quality
control purposes. The batch-to-batch variability of Exparel was examined by the
established analytical methods. The knowledge derived from this chapter may facilitate
the development of generic multivesicular liposomes.

Chapter 4 was published in Journal of Controlled Release. Chapter 5 will be

submitted to the AAPS Journal with some modifications after the defense.
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Chapter 2 Development of Activated Endothelial Targeted High-Density
Lipoprotein Nanoparticles

2.1 Abstract

Endothelial inflammation is an important pathophysiological driving force in
various acute and chronic inflammatory diseases. High-density lipoproteins (HDLS) play
critical roles in regulating endothelial functions and resolving endothelial inflammation.
In the present study, we developed synthetic HDLs (sHDLs) which actively target
inflamed endothelium through conjugating vascular cell adhesion protein 1 (VCAM-1)
specific VHPK peptide. The active targeting of VHPK-sHDLs was confirmed in vitro on
TNF-a activated endothelial cells. VHPK-sHDLs presented potent anti-inflammatory
efficacies in vitro through the reduction of proinflammatory cytokine production and
inhibition of leukocyte adhesion to activated endothelium. VHPK-sHDLs showed
increased binding on inflamed vessels and alleviated LPS-induced lung inflammation in
vivo. The inflamed endothelium-targeted sHDLs may be further optimized to resolve

endothelial inflammation in various inflammatory diseases.

2.2 Introduction

Inflammation is a common denominator in the pathophysiology of a broad array

of diseases, including atherosclerosis, sepsis, and autoimmune diseases [114-116]. The
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vascular endothelium plays important roles in the initiation and progression of
inflammation [117-120]. Various stimuli in inflammatory diseases, such as endotoxins,
mechanical stress, oxidative stress, and circulating proinflammatory cytokines, could
convert endothelial cells from a resting state to an activated state [12, 121-123].
Activated endothelial cells produce proinflammatory cytokines and chemokines,
recruiting leukocytes such as monocytes and neutrophils to the site of inflammation
[124]. At the same time, activated endothelial cells express adhesion molecules,
including selectins, intercellular adhesion molecule-1 (ICAM-1), and vascular cell
adhesion molecule-1 (VCAM-1), which enables cellular adhesion and migration of
recruited immune cells [125, 126]. In the case of inflammatory diseases, the
inflammation often remains unresolved due to dysregulated inflammatory responses.
The unresolved inflammation creates a vicious cycle of persisting endothelial activation,
recruitment of immune cells, inflammatory responses, and tissue damage [127, 128].
Breaking such a cycle by alleviating endothelial activation and inflammation would be a
potential treatment strategy for inflammatory diseases [129, 130].

High-density lipoproteins (HDLS) are a group of lipoproteins mainly composed of
esterified and free cholesterol, phospholipids, and apolipoproteins which predominately
involve ApoA-1 and ApoE [1]. As a major player in maintaining cholesterol homeostasis,
HDLs induce cholesterol efflux from peripheral cells by interacting with various
receptors on cell membranes such as ATP-binding cassette transporter A1 (ABCA-1),
ATP-binding cassette transporter G1 (ABCG-1), and scavenger receptor Bl (SR-BI).
HDLs also play crucial roles in regulating inflammation responses and endothelial

functions [53], which can be dependent or independent of the cholesterol mobilization
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effects of HDLs [7, 8]. For example, it was found that through ABCAL1 efflux, HDLs
modulate the cholesterol content of lipid rafts, inhibiting the trafficking of Toll-like
receptor 4 (TLR-4) to cellular membranes and inhibiting the activation of downstream
inflammation pathways [9]. The lipid raft disruption caused by cholesterol efflux could
also inhibit the translocation of NADPH oxidase 4 (NOX-4), inhibiting the generation of
reactive oxygen species (ROS) [131]. Through binding with SR-BI, HDLs activate the
phosphatidylinositol-3-kinase-protein-kinase-B (PI3K-AKT) pathway and mitogen-
activated protein kinase (MAPK) pathway. Such kinase cascade activation stimulates
endothelial nitric oxide synthase (eNOS) and increases nitric oxide (NO) production
[132, 133]. In terms of cholesterol efflux independent anti-inflammatory mechanisms,
HDLs could effectively neutralize lipopolysaccharide (LPS) and lipoteichoic acid (LTA)
during bacteria infection, reducing LPS- and LTA-induced inflammatory responses [11].
Overall, HDLs have been shown to reduce the expression of adhesion molecules,
alleviate intracellular oxidative stress, prevent endothelial cell apoptosis, and inhibit the
secretion of proinflammatory cytokines on activated endothelial cells [134-136]. Such
anti-inflammation and endothelial protective functions of HDL make it an appealing
treatment option for inflammatory diseases.

Inspired by endogenous HDLs, various synthetic HDLs (sHDLs) composed of
lipids and ApoA-1 or ApoA-1 mimetic peptides have been developed [57]. Several sHDL
candidates, such as CSL112, CER-001, and ETC 642, have entered clinical trials [34,
40, 138] and showed favorable safety profiles. It is worth noting that the current sHDL
therapies were originally designed for atherosclerosis treatment [139]. As a result, the

formulation development was mainly focused on optimizing the reverse cholesterol
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transport capacities of sHDLs to reduce atheroma plaques. However, in recent years,
there has been a growing interest in broadening the therapeutic applications of sHDL
products to other inflammatory diseases, including sepsis, COVID-19, and autoimmune
diseases [72, 74, 140]. Thus, additional focus has been put on optimizing the anti-
inflammatory and endothelial protective functions of sSHDLs.

Among the variety of adhesion molecules on inflamed endothelium, VCAM-1 has
recently received much research interest as a biomarker and targeting site for inflamed
endothelium. Expressed in inflamed endothelium, VCAM-1 enables cell adhesion
through binding with very late antigen-4 (VLA-4) expressed on the surface of leukocytes
and lymphocytes [141]. One VLA-4 mimicking peptide, VHPKQHR, was found to have
high binding efficiency with VCAM-1 in phage display studies [142]. Various peptides
with the VHPKQHR motif (VHPK peptides) have since been widely used in developing
inflamed endothelial targeting imaging agents and drug delivery systems [143]. In the
present study, a VHPK peptide is conjugated to sHDLSs. It is hypothesized that the
conjugation of the targeting peptide would enable an active targeting of sHDLs to
activated endothelial cells, increasing the distribution of sSHDLs on inflamed endothelium
and enabling stronger inflammation resolution effects. To test this hypothesis, the
endothelial targeting efficiency and anti-inflammatory effects of VHPK-sHDLs were
examined in vitro. The in vivo targeting effect of VHPK-sHDLSs to inflamed endothelium
was further examined using intravital microscopy. As a proof-of-concept experiment, an
LPS-induced lung inflammation model was used to evaluate the anti-inflammatory

effects of VHPK-sHDLS in vivo.
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2.3 Materials and methods

2.3.1 Materials

ApoA-1 mimetic 22A peptide (PVLDLFRELLNELLEALKQKLK) was synthesized
by Genscript Inc. (Piscataway, NJ). VHPK peptide (VHPKQHRGGSKGC) and
scrambled peptide (QRHPHVKGGSKGC) were synthesized by RS Synthesis LLC
(Louisville, KY) and GeneMed Biotechnologies Inc (South San Francisco, CA). 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC) was purchased from NOF America
Corporation (White Plains, NY). 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[3-
(2-pyridyldithio)propionate] (DOPE-PDP) was purchased from Avanti Polar Lipids
(Alabaster, AL). LPS from Escherichia coli 0111 (L2630):B4 was purchased from
Sigma. Recombinant human TNF-a and mouse VCAM-1/CD106 antibody (AF643) were
purchased from R&D Systems (Minneapolis, MN). Human VCAM-1 antibody
(ab134047) was purchased from Abcam (Waltham, MA). 1,1'-dioctadecyl-3,3,3',3'-
tetramethylindodicarbocyanine (DiD) and 3,3'-dioctadecyloxacarbocyanine perchlorate
(DiO) were obtained from Thermo Fisher Scientific (Waltham, MA). Mouse IL-6, mouse
MCP-1, human IL-6, human IL-8, human IL-18, and human TNF-a ELISA kits were

purchased from Invitrogen (Waltham, MA).

2.3.2 Cell culture

Human umbilical vein endothelial cells (HUVEC) from pooled donors were
purchased from Lonza (Cat #: C2519A, Morristown, NJ). Cells were cultured in EGM-2
complete media (Lonza). HUVEC cells were between passages 3-7 for all experiments.

THP-1 cells were obtained from the American Type Culture Collection (ATCC) (Cat#
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TIB-202) and kept in RPMI-1640 media supplemented with 10% fetal bovine serum
(FBS), 1% Penicillin-Streptomycin (10,000 U/mL), and 0.05 mM 2-mercaptoethanol.
J774.A1 cells were cultured in DMEM media supplemented with 10% fetal bovine serum
(FBS) and 1% Penicillin-Streptomycin (10,000 U/mL). All cells were cultured in a 37 °C

incubator with 5% CO:a.

2.3.3 Synthesis of peptide-DOPE conjugates
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Figure 2.1 Synthesis of VHPK-DOPE (A) and Scr-DOPE (B) conjugates.

Peptide-DOPE conjugates were synthesized as described previously with slight
modifications as shown in Figure 2.1 [144]. Briefly, VHPK or scrambled peptide was
reacted with DOPE-PDP (peptide:DOPE-PDP n:n = 1:1.5) in anhydrous DMSO for 12 h.
To determine the conjugation efficiency, the unreacted DOPE-PDP content at the end of
the reaction was quantified on an ultra-performance liquid chromatography-mass

spectrometry (UPLC-MS) with a hydrophilic interaction liquid chromatography (HILIC)
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column. The mobile phase consisted of (A) water with 0.1% formic acid (FA), (B)
acetonitrile with 0.1% FA, (C) methanol with 0.1% FA, and (D) 100 mM ammonium
formate water solution. The flow rate was 0.4 ml/min. The samples were eluted in a
gradient with 47.5% B, 47.5% C, and 5% D as initial conditions, which changed to 17%
A, 17% B, 39% C, and 5% D in 2 min. DOPE-PDP was detected in a positive mode at
m/z = 941.81. The conjugation percentage was calculated by unreacted DOPE-PDP

concentrations in the reaction mixture before and after conjugation.

2.3.4 Preparation and characterization of VHPK-sHDLs

The unconjugated, non-targeted sHDLs (NT-sHDL) were prepared by the
lyophilization-rehydration method. DMPC and 22A were dissolved and mixed in acetic
acid in a weight ratio of 2:1, followed by lyophilization. The lyophilized powder was then
rehydrated by PBS (pH 7.4), followed by 3 thermocycles with 5 min incubation at 37 °C
and 5 min ice bath for each cycle. The purity of the prepared sHDL was analyzed on a
Tosoh TSK gel G3000SWxI column with a PBS flow rate of 1 mL/min and UV detection
at 220 nm. For fluorescently labeled sHDLs, DiD or DiO was added to DMPC and 22A
mixture prior to lyophilization.

The VHPK-DOPE conjugate (VHPK-DOPE) or scrambled peptide-DOPE
conjugate (Scr-DOPE) were then added to NT-sHDLs with a DOPE:total lipid molar ratio
of 1:20, followed by 2 h incubation at room temperature under shaking. The resulting
VHPK peptide conjugated sHDL (VHPK-sHDL) or scrambled peptide conjugated sHDL
(Scr-sHDL) were purified by 7k MWCO Zeba™ spin desalting columns (Thermo
Scientific, Waltham, MA). To determine the percentage of VHPK-DOPE inserted to

sHDLs, VHPK-DOPE contents before and after desalting were quantified by UPLC-MS
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with an ACQUITY UPLC BEH300 C4 column. The mobile phase consisted of (A) water
with 0.1% FA, (B) acetonitrile with 0.1% FA, and (C) methanol with 0.1% FA. The flow
rate was 0.3 ml/min. The samples were analyzed with a gradient elution of A:B:C of
85:10:5 to 7:62:31 during 0—7 min, followed by an isocratic elution during 7-9 min, and
a gradient of A:B:C of 7:62:31 to 85:10:5 during 9—-11 min. VHPK-DOPE was detected
in a positive mode at m/z = 741.3. The insertion percentage was calculated by dividing
VHPK-DOPE content after the desalting process by the total amount of VHPK-DOPE
before desalting.

The particle size and zeta potential of different sHDLs were determined by
dynamic light scattering (DLS) on a Malvern Zetasizer Nano ZSP (Westborough, MA).
The particle size distribution was measured in PBS with a 22A concentration of 1 mg/ml.
Zeta potential was measured with a 22A concentration of 0.1 mg/mlin 10 mM
phosphate buffer. To assess the morphology of different sHDLs, samples were loaded
on a carbon film-coated 400 mesh copper grid from Electron Microscopy Sciences
(Hatfield, PA), followed by negatively stained with 1% (w/v) uranyl formate and dried.
The samples were imaged with 100kV Morgagni transmission electron microscopy

(TEM) with a Gatan Orius CCD.

2.3.5 Cytotoxicity evaluation

HUVEC cells were seeded to 96-well plates at a density of 1x10* cells/well and
cultured overnight. Cells were incubated with different sHDLs at indicated 22A
concentrations for 24 h. The cell viability was then determined using CellTiter 96®
AQueous One Solution Cell Proliferation Assay according to the protocol provided by

the manufacturer.
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2.3.6 Cellular binding assay

HUVEC cells were seeded to 12-well plates and cultured to reach confluence
before experiments. Endothelial inflammation was induced by pretreatment of TNF-a at
2 ng/ml for 8 h. Cells were fixed with 2% paraformaldehyde (PFA) for 15 min, followed
by incubation with DiD-labeled sHDLs at a 22A concentration of 5 ug/ml for 30 min. The
fluorescent intensity was determined by flow cytometry. For confocal microscopy
imaging, HUVECs were seeded to 4-well chamber slides and cultured to reach
confluence. The cells were fixed with 2% PFA at 4°C for 30 min, washed with PBS, and
incubated with DiD-labeled sHDLs (22A concentration 5 ug/ml) at 37°C for 15 min. For
VCAM-1 blocking, cells were pre-incubated with human VCAM-1 antibody at 10 pg/mi
for 30 min before incubation of sHDLs. The slides were then washed with PBS,
mounted using DAPI-containing mounting media, and imaged using a confocal

microscope.

2.3.7 Cholesterol efflux assay

J774.A1 cells were seeded in 24-well plates at a density of 2.5 x 10° cells/well
and incubated overnight. Cells were then labeled overnight with 1 puCi/ml [3H]
cholesterol in DMEM containing 0.3% fatty acid-free bovine serum albumin (BSA) and 5
pg/mL ACAT inhibitor Sandoz 58-035. Cells were then washed with PBS twice and
incubated in DMEM containing 0.3% BSA and 5 pug/mL ACAT inhibitor Sandoz 58-035
for 24 h. After being washed with PBS, cells were incubated with different sHDLs for 4 h
at 22A concentrations of 5, 10, 25, or 50 pg/mL in DMEM containing 0.3% BSA. At the
end of incubation, media was collected, and cells were lysed with 0.1% SDS in 0.1 M
NaOH. Radioactive counts in media and cell lysis fractions were measured by liquid
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scintillation counting using Perkin Elmer Tri-Carb 2910TR (Waltham, MA). The
cholesterol efflux percentage was calculated by dividing the media count by the sum of

the media and cell counts.

2.3.8 Anti-inflammatory study

For anti-inflammatory studies on THP-1 derived macrophages, THP-1 cells were
seeded to 24-well plates at a density of 2 x 10%/well. THP-1 cells were incubated with 50
ng/ml phorbol 12-myristate 13-acetate (PMA, Sigma) for 48 h to induce macrophage
differentiation. The differentiated, adherent cells were washed with PBS and were
allowed to rest in PMA-free media for 24 h. THP-1 derived macrophages were then co-
incubated with 100 ng/ml LPS and sHDLs at a 22A concentration of 10, 20, or 50 ug/ml
for 12 h. For anti-inflammatory studies on HUVEC cells, HUVEC cells were seeded to
24-well plates at a density of 5 x 10%well. After overnight incubation, HUVEC cells were
co-incubated with 100 ng/ml LPS and sHDLs at a 22A concentration of 10, 20, or 50
pg/ml for 12 h. At the end of incubation, the cell culture media was collected, and the

cytokine concentrations were quantified by ELISA.

2.3.9 Monocyte adhesion assay

HUVEC cells were seeded to 35 mm glass-bottom dishes and cultured until
confluent. Cells were treated with 2 ng/ml TNF-a for 16 h to induce inflammatory
responses. Cells without TNF-a pretreatment were used as control cells. THP-1 cells
were fluorescently labeled by incubating cells with 0.5 uM BCECF-AM in PBS for 30
min. HUVEC cells were then treated with different sHDLs (22A 100 ug/ml) for 1.5 h.

Fluorescently labeled THP-1 cells (2 x10°) were subsequently added to each well. After
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0.5 h incubation, the media containing unbound THP-1 cells was discarded. Cells were
gently washed with PBS 3 times. Then cells were fixed with 2% PFA, sealed with
coverslips, and visualized by confocal microscopy. The numbers of bound THP-1 in 5

random fields were counted for each dish.

2.3.10 Intravital microscope

All animal experiments in the present study were approved by the Institutional
Animal Care and Use Committee (IACUC) of the University of Michigan. C57BL/6 mice
aged 3 — 4 weeks were obtained from Charles River Breeding Laboratories (Portage,
MI). To induce endothelium inflammation, mice were pretreated with LPS (10 mg/kg i.p.)
3 h before sHDL administration. Mice without any treatment were used as the control
group. Before imaging, mice were anesthetized with ketamine/xylazine mixture
(Ketamine, 100 mg/kg; xylazine, 10 mg/kg) i.p. and placed on a heated stage. The
mesentery was carefully exposed on a glass coverslip through a midline laparotomy.
The mouse was then positioned on the microscopic stage, and blood flow in mesenteric
venules was imaged using Zeiss Axio Observer Z1 Marianas Microscope. DiO-labeled
NT-sHDL or VHPK-sHDL was injected i.v. at a 22A dose of 5 mg/kg. The DiO
fluorescent signal of the mesentery was imaged at 10-, 30-, and 90-min post-injection of
sHDL. The exposure time was kept as 200 ms throughout all imaging. The average

fluorescent intensity was quantified by ImageJ.

2.3.11 In vivo biodistribution study

Female C57BL/6 mice aged 6-8 weeks were obtained from Charles River

Breeding Laboratories (Portage, MI). Different DiR-labeled sHDLs were administered
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I.v. at a dose of 10 mg/kg of 22A, followed by a 10 mg/kg LPS i.p. injection. At different
time points post-injection, the mice were sacrificed. major organs were extracted and

imaged using IVIS.

2.3.12 LPS-induced lung inflammation model

Female C57BL/6 mice aged 6-8 weeks were obtained from Charles River
Breeding Laboratories (Portage, MI). Different sHDLs were administered i.v. at a dose
of 10 mg/kg of 22A, followed by a 10 mg/kg LPS i.p. injection. 18 h post-treatment, the
mice were sacrificed. The lung was perfused with 0.5 ml of 10% formalin injected from
the trachea before collection.

For ex vivo binding assay, the lung tissues were fixed overnight in 10% formalin
at room temperature, and switched to 15% then 30% sucrose in PBS for 24 h in each
solution at 4 °C. The tissues were embedded in optimal cutting temperature (OCT)
compound and frozen in isopentane in a liquid nitrogen bath. The tissue sections were
sliced using a cryostat and stored at —80 °C until use. For ex vivo binding studies,
sections were thawed at room temperature for 30 min, rehydrated with PBS for 10 min,
and blocked with 3% bovine serum albumin (BSA) in PBS with 0.05% Tween-20 (PBST)
for 2 h. Then slides were incubated with mVCAM-1 antibody (R&D systems, AF643) in
1% BSA in PBST at 4 °C overnight in a humidity chamber. The slides were washed with
PBST three times, followed by incubated with an FITC labeled secondary antibody in
1% BSA in PBST (ThermoFisher, #31509) for 2 h at room temperature in dark. The
slides were washed with PBST three times again, and incubated with DiD-labeled NT-
or VHPK-sHDL for 2 h (22A concentration 10 ug/ml). The slides were washed three

times with PBS. DAPI containing mounting media was added to each slide and the
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slides were sealed with coverslips using clear nail polish. Images were acquired with a
Zeiss confocal microscope.

For histological evaluations, the lung was fixed with 10% formalin at room
temperature for less than 24 h. The tissues were then embedded in paraffin and
sectioned for hematoxylin and eosin (H&E) staining and Ly6G immunohistochemistry
(IHC) staining. The numbers of Ly6G™ cells in tissue sections were counted using
Imaged. In parallel experiments, blood samples were collected by cardiac puncture at
the end of the experiment. Plasma was isolated and stored at -80 °C until analysis. The

IL-6 and MCP-1 levels were quantified by ELISA (Invitrogen).

2.3.13 Statistical analysis

Data analysis was conducted using GraphPad PRISM. Statistical significance
was determined using a two-tailed unpaired Student's t-test for 2 groups of data or a
one-way analysis of variance (ANOVA) followed by Tukey test for data of more than 2

groups. A p-value less than 0.05 was considered statistically significant.

2.4 Results

2.4.1 Preparation and characterization of VHPK-sHDLs

The preparation method for VHPK-sHDLs is illustrated in Figure 2.2A. sHDL
nanoparticles composed of ApoA-1 mimetic peptide 22A and DMPC was prepared as
described previously [145]. VHPK peptide DOPE conjugate (VHPK-DOPE) and
scrambled peptide DOPE conjugate (Scr-DOPE) were successfully synthesized with a

conjugation efficiency of over 90% (Figure 2.2B). By using a post-insertion method,
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around 90% VHPK-DOPE or Scr-DOPE was inserted into sHDLs by the end of
incubation (Figure 2.2C). Insertion of VHPK or Scr-DOPE slightly increased the particle
size of sHDLs (Figure 2.3A). As both VHPK and scrambled peptides are positively
charged, inserting VHPK- or Scr-DOPE to sHDLs slightly increased the surface charge
of conjugated sHDLs (Figure 2.3B). TEM images showed a uniform particle size

distribution of all three sHDL formulations (Figure 2.3C).

A @ ‘ ~=

DOPE-PDP VHPKQHRGGSKGC VHPK-DOPE

= &

VHPK-sHDL

www =

22A

DOPE-PDP —— Before desalting process VHPK-DOPE
\ M/z = 941.81 (M-Na+H) - | ——After desalting process M/z = 741.3 (M/3+H)

Before reaction
After reaction

Figure 2.2 (A) Schematic illustration of preparation process of VHPK-sHDLs. LC/MS
spectrum showing (B) quantification of unreacted DOPE-PDP before and after
conjugation reaction, and (C) quantification of VHPK-DOPE before and after removing
uninserted VHPK-DOPE using desalting columns.

2.4.2 Cytotoxicity evaluation
sHDLs have been proved to have a favorable safety profile in previous preclinical

and clinical studies [33]. As seen in Figure 2.4, both unconjugated and conjugated

sHDLs showed minimal cytotoxicity effects with 22A concentrations as high as 100

Mg/ml.
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Figure 2.3 Particle size (A) and zeta potential (B) of different sHDLs measured by
DLS (n = 3, mean = SD). (C) Representative TEM images of different sHDLs. Scale
bar represents 20 um. *p<0.05, **p<0.01, ***p<0.05.
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Figure 2.4 Relative cell viability of HUVEC cells incubated with different sHDLs at
indicated concentrations. Cells without treatment were used as 100% (n = 6, mean +
SD).
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2.4.3 VCAM-1 dependent endothelial targeting in vitro

The cellular binding of different sHDLs was investigated on HUVEC monolayers.
HUVEC cells were activated with TNF-a to induce expression of VCAM-1 (Figure 2.5A).
As shown in Figure 2.5B and C, Scr-sHDLs and VHPK-sHDLs showed higher cellular
binding on resting HUVEC cells when compared to NT-sHDLSs, possibly due to
increased non-specific binding caused by the cationic peptide. However, only VHPK-
sHDLs showed increased cellular binding on activated HUVEC cells compared to
resting cells. Such increased cellular binding was abolished after the binding site of
VLA-4 on VCAM-1 was blocked by the pre-incubation with anti-VCAM-1 antibody
(Figure 2.5D), suggesting the enhanced cellular binding of VHPK-sHDLs is mediated by

VCAM-1 in the activated HUVECSs.
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Figure 2.5 (A) VCAM-1 expression on HUVEC cells at different time points after TNF-a
activation with different concentrations. Cellular binding of different sHDLs on resting
and activated HUVEC cells evaluated by (B) confocal microscope or (C) flow cytometry
(n =3, mean £ SD. ***p<0.001). (D) Representative confocal microscope images of
cellular binding of sHDLs on HUVEC monolayers. Blue: Nucleus; Green: DiD-labeled
SHDLs.
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2.4.4 Cholesterol efflux

As HDL mimetics, sHDLs could efflux cholesterol from peripheral cells [146]. As
shown in Figure 2.6, a dose-dependent cholesterol efflux effect was confirmed in NT-
sHDL, Scr-sHDL, and VHPK-sHDLs. No difference in cholesterol efflux capacity was
found in the three kinds of sHDL formulations, suggesting peptide conjugation did not

significantly affect the cholesterol efflux capacity of SHDLs.
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Figure 2.6 Cholesterol efflux capacity of sHDLs on 3H-cholesterol laden
J774.A1 cells (n = 3, mean £ SD).

2.4.5 Anti-inflammation effects

The anti-inflammatory effects of different SHDLs were examined on HUVECs and
THP-1 derived macrophages. As seen in Figure 2.7, both non-targeted sHDLs and
peptide conjugated sHDLs showed potent effects in reducing the production of
proinflammatory cytokines induced by LPS, suggesting the introduction of targeting

peptides did not affect the anti-inflammatory effects of sHDLs.
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Figure 2.7 IL-1B (A), TNF-a (B), IL-6 (C) and IL-8 (D) levels from THP-1 derived
macrophages (A, B) or HUVECs (C, D) after treatment with LPS and different
SHDLs. (n = 3, mean + SD).

2.4.6 Monocyte adhesion on activated HUVEC monolayers

As shown in Figure 2.8, TNF-a activated HUVECs greatly increased the cellular
adhesion of THP-1 monocytes. Co-incubating NT-sHDL or Scr-sHDL with monocytes
did not affect the cellular adhesion of THP-1 cells. VHPK-sHDLs moderately reduced
the adhesion/migration of THP-1 cells on the activated HUVEC monolayer. The lack of
total blockage of THP-1 on HUVEC monolayers may be attributed to other adhesion
molecules mediating THP-1 adhesion and migration such as ICAM-1 [147].
Interestingly, co-incubating VHPK-peptide with monocytes did not affect the monocyte
adhesion on activated HUVEC monolayers (data not shown), suggesting the multivalent

binding of VHPK-peptide on sHDLs may be essential for the adhesion reduction effects.
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Figure 2.8 (A) Quantification of bound THP-1 monocytes on resting and activated
HUVEC monolayers (n = 5, mean £ SD, *p<0.05). (B) Representative images of
fluorescently labeled THP-1 monocytes adhered on HUVEC monolayers.

2.4.7 Inflamed endothelial targeting in vivo

The endothelial targeting efficiency of sHDLs with or without the targeting peptide
was examined in vivo using an intravital microscope. LPS was used to induce general
vascular inflammation in mice. As seen in Figure 2.9, following i.v. injection, VHPK-
sHDLs present an enhanced biodistribution on activated endothelium compared to
normal vessels, while the biodistribution of NT-sHDL was similar in normal and inflamed

endothelium.
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Figure 2.9 (A) Representative intravital microscopy images of the endothelial
distribution of NT-sHDLs and VHPK-sHDLs. Scale bar represents 50 um. (B)
Average fluorescent intensity on mice endothelium after administration of different
sHDLs. (n = 3, mean = SD. *p<0.05, **p<0.01.)
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Figure 2.10 Biodistribution of different sHDLs in major organs following i.v. injection
to LPS-treated mice.
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2.4.8 Therapeutic effects of VHPK-sHDL in LPS-induced inflammation model

Vascular endothelial inflammation has different manifestations in different
inflammatory diseases. For this proof-of-concept study, a high dose of LPS (10 mg/kg)
was injected to induce general endothelial inflammation in mice. A biodistribution study
was conducted to examine the organ distribution of different sHDLs following systemic
injection. Consistent with our previous studies [145, 146, 148, 149], NT-sHDL and
VHPK-sHDLs showed high accumulation in the liver, the primary elimination organ for
HDL, as well as organs with large endothelium areas such as lung and kidney (Figure
2.10). VHPK-sHDL showed higher signals compared to NT-sHDL, which may be
attributed to both increased unspecific binding and active targeting to inflamed
endothelium in the liver following systemic LPS injection (Figure 2.10). The lung was
chosen as the organ of interest due to its vast endothelium area and well-characterized
endothelial dysfunctions including high VCAM-1 expression levels following the LPS
challenge. The ex-vivo binding assay showed that compared to NT-sHDLs, VHPK-
sHDLs presented a higher particle binding as well as a higher co-localization with
VCAM-1 on lung tissue sections (Figure 2.11), which is consistent with the in vitro
findings.

As shown in Figure 2.12B, while lung tissues from LPS-treated mice presented
significant tissue damages manifested by interalveolar septal thickening and interstitial
edema, the tissue injury was less affected in NT-sHDL or VHPK-sHDL treated groups.
The proinflammatory cytokine levels in plasma were quantified with ELISA. A large
intra-group variance was observed, suggesting significant individual differences in LPS

tolerance and responses to treatment. Mice treated with VHPK-sHDLSs presented lower
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plasma MCP-1 levels and showed a trend for lower IL-6 levels in plasma (Figure
2.12A). Ly6G* leukocytes, which are major species of cells to infiltrate in lung
inflammation, were stained by immunohistochemistry (IHC). As shown in Figure 2.12C,
fewer Ly6G™ cells were found infiltrating lung tissues in VHPK-sHDL treated mice than
that in NT-sHDL treated groups. While the difference between Ly6G* counts in VHPK-
sHDL treated group and the LPS-treated group was not statistically significant (p =
0.06), IHC analysis showed fewer Ly6G* cells were found bound on the endothelium in
VHPK-sHDL treated group, implying the potential for VHPK-sHDL to inhibit leukocyte

adhesion and infiltration to inflamed tissues.

Nucleus VCAM-1 DiD-sHDL Merge

NT-sHDL

VHPK-sHDL

Figure 2.11 Representative confocal microscopy images showing ex vivo binding of
NT-sHDL and VHPK-sHDL on the lung tissue sections from LPS-treated mice.
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Figure 2.12 Plasma IL-6 (A1) and MCP-1 (A2) levels in mice 18 h after administration
of LPS and sHDLs. (n = 3-5, mean * SD, p<0.05). (B) Representative H&E staining of
lung tissue sections of mice treated with different sHDLs. (C) Representative images of
Ly6G IHC staining of lung sections mice treated with different sHDLs. Control indicates
mice without LPS or sHDL treatment. Arrows indicate endothelial bound Ly6G™ cells.
The scale bar represents 100 um. (D) Numbers of Ly6G™* cells counted from IHC
stained lung tissue sections (n = 12-15, mean £ SD. Ly6G* cells were counted from 3
random 20x fields from slides of each mouse).
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2.5 Discussion

As the interface between systemic circulation and sites of inflammation, vascular
endothelium is an essential targeting site for drug delivery in inflammatory diseases.
Moreover, inflamed endothelium plays important roles in disease initiation and
progression through recruiting leukocytes into inflamed tissue and producing
inflammation mediators, making it a critical therapeutic target in inflammatory diseases.
Thus, inflamed endothelial cells are both appealing delivery targets and potential
therapeutic targets for the diagnosis and treatment of inflammatory diseases. Among
various biomarkers on inflamed endothelium, VCAM-1 has been one of the most
frequently studied targeting sites for activated endothelium. Numerous VCAM-1
targeted delivery systems have been developed to deliver imaging agents, small
molecule drugs, and mRNAs to inflamed endothelial cells [143]. While most of the
VCAM-1 targeting delivery systems were designed for the diagnosis and treatment of
atherosclerosis [150], the applications have been broadened to other inflammatory
diseases. For example, Garello et al. developed a VCAM-1 targeted paramagnetic
micelles for neuroinflammation imaging [151]. In another study, a VLA-4 decorated cell
membrane-coated nanoparticle was used to deliver dexamethasone to inflamed lungs
[152].

With HDL-mimicking components and structure, sHDLs have been shown to
have multiple HDL-like functions, including cholesterol efflux, anti-inflammatory, and
endothelial protective functions [28, 153]. Typical HDL-mimicking particles are
formulated with the full-length ApoA-1 protein, which is costly and challenging for large-

scale manufacturing [56]. In this study, a more scalable and cost-efficient 22-mer ApoA-
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1 mimetic peptide, namely 22A, was used to formulate sHDLs. Previous studies
suggested that 22A-containing sHDLs have a strong neutralization capacity against
endotoxins [72]. Through dislocating TLR-4 from cholesterol-rich lipid rafts, 22A
containing sHDLs could also suppress TLR-4 signaling pathways and inhibit the
production of proinflammatory cytokines from macrophages and endothelial cells [72,
154]. One of the 22A-containing sHDLs, ETC-642, has entered clinical trials and
showed good safety profile and cholesterol mobilization capacity after a single dose
intravenous administration [155, 156]. However, sHDLs offer little tissue specificity after
systemic administration. For example, in a clinical study on atherosclerosis patients,
sHDL showed only ~10% more biodistribution in inflamed plaque regions compared to
normal arterial tissues [157]. Enabling an active targeting of sHDLs to inflamed
endothelium may be an effective strategy to increase the delivery efficiency of sHDLs to
target tissues.

In the present study, a VCAM-1 targeting VHPK peptide was conjugated to the
surface of sHDLs to enable an active targeting to inflamed endothelial cells. In vitro
cellular binding study showed that VHPK-sHDLSs have increased cellular binding on
activated HUVEC cells compared to resting cells in a VCAM-1 dependent manner. The
cellular binding, instead of cellular uptake, was used to evaluate the delivery efficiency
of sHDLs in the present study due to the unique interaction mechanisms of HDL and
HDL mimetic particles with endothelial cells. While endothelial cells are capable of
endocytosis and transcytosis of HDLs, the component exchange between endothelial
cells and HDL can occur on the cell surface without particle internalization. For

example, endothelial cells have been found to selectively uptake HDL-associated
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components such as cholesterol, vitamin E, or hydrophobic dye through surface
receptors without uptaking the entire HDL particle [158, 159]. Thus, cellular binding
might be an important indicator of delivery efficiency of sHDLs. The increased delivery
efficiency of VHPK-sHDLs to inflamed endothelium was also observed in vivo in the
intravital microscopy study.

A series of in vitro studies were conducted to investigate whether VHPK-sHDLs
preserve the anti-inflammatory effects of non-targeted sHDLs. Results showed that
VHPK-sHDLs present comparable cholesterol efflux and anti-inflammatory effects to
NT-sHDL, suggesting that VHPK peptide did not negatively affect the protective function
of sHDLSs. Interestingly, VHPK-sHDL reduced the monocyte adhesion on the activated
HUVEC monolayers, which might be attributed to the competition between VLA-4
expressing monocytes and VHPK-sHDLs on VCAM-1 binding. Similar results were also
observed in another VCAM-1 targeted nanoparticle [160], suggesting additional
therapeutic mechanisms introduced by the conjugation of VCAM-1 targeted peptide.

Inflammation has diverse manifestations in different inflammatory diseases. For
example, vascular inflammation in atherosclerosis is hallmarked by oxidized
lipoproteins, monocyte infiltration, and cholesterol-laden foam cells in the subendothelial
space [117]. In acute lung injury, uncontrolled inflammation is characterized by
excessive production of proinflammatory cytokines as well as neutrophil infiltration
[161]. While it is beyond the scope of this study to examine the efficacies of VHPK-
sHDLs in every kind of inflammatory disease, as a proof-of-concept study, the
therapeutic effects of VHPK-sHDLSs were evaluated using an LPS-induced inflammation

model. A sublethal dose of LPS was given to mice through i.p. injection. In addition to
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evaluating systemic inflammation levels by serum cytokine levels, the lung was chosen
as an organ of interest to evaluate the efficacy of SHDLs due to its vast endothelium
surface area and well-characterized endothelial dysfunctions. Consistent with the
previous study, both non-targeted and targeted sHDLs showed the potential to reduce
inflammatory cytokine levels in plasma, which could be attributed to the LPS
neutralization and anti-inflammation capacities of sHDLs [72]. When focusing on the
lung tissues, H&E staining showed alleviated lung injury in NT- and VHPK-sHDL treated
mice. Moreover, mice with VHPK-sHDL treatment showed less infiltration of Ly6G*
leukocytes, which may suggest enhanced effects of VHPK-sHDLs on inhibiting
leukocyte recruitment. It is worth noting several limitations of the i.p. LPS induced
general inflammation model. First, the i.p. injection of a sublethal dose of LPS led to a
large variance of inflammatory responses in mice. Second, the systemic administration
of LPS complicated the efficacy analysis in lung tissues, as both systemic and local
inflammatory response contributes to the results. Thus, while the present animal study
provided proof-of-concept results on the therapeutic potential of VHPK-sHDL, a more
defined animal model will be used to optimize VHPK-sHDL for specific inflammatory

diseases.

2.6 Conclusion

VCAM-1 specific, inflamed endothelial targeted VHPK-sHDLs were prepared in the
present study. The active targeting of VHPK-sHDLSs to inflamed endothelial cells was
demonstrated by in vitro and in vivo results. Conjugation of VCAM-1 targeting ligand did

not compromise the cholesterol efflux and anti-inflammatory effects of sHDLs, and may
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provide additional protective effects by inhibiting leukocyte adhesion to activated
endothelium. Based on the results of this proof-of-concept study, VHPK-sHDLs hold the
potential to be further optimized to fully exert therapeutic potential to inflammatory

disease either as a stand-alone therapy or drug delivery carrier.
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Chapter 3 Enhancement of Anti-Inflammatory Effects of Synthetic High-Density
Lipoproteins by Incorporation of Anionic Lipids

3.1 Abstract

Phosphatidylserine (PS) is an anionic phospholipid component in endogenous
high-density lipoprotein (HDL). With the intrinsic anti-inflammatory effects of PS and the
correlation between PS content and HDL functions, it was hypothesized that
incorporating PS would enhance the therapeutic effects of HDL mimetic particles. To
test this hypothesis, a series of synthetic high-density lipoproteins (SHDLS) were
prepared with ApoA-1 mimetic peptide, POPC, and POPS. Incorporating PS was found
to improve the particle stability of SHDLs. Moreover, increasing PS content in SHDLs
enhanced the anti-inflammatory effects on LPS-activated macrophages and endothelial
cells. The incorporation of PS had no negative impact on cholesterol efflux capacity, in
vivo cholesterol mobilization, and did not affect the pharmacokinetic profiles of sHDLs.
Such results suggest the therapeutic potential of PS-containing sHDLs on inflammation

resolution in atherosclerosis and other inflammatory diseases.

3.2 Introduction

High-density lipoproteins (HDLS) are a group of endogenous nanopatrticles
consisting of apolipoproteins and diverse lipid components[1]. As a major mediator in

reverse cholesterol transport, HDL induces cholesterol efflux from peripheral cells and
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transfers cholesterol to the liver for elimination[4]. Moreover, HDLs play a pivotal role in
inflammation resolution by reducing pro-inflammatory cytokine release from immune
effector cells [162], inhibiting endothelial activation [163], and scavenging oxidative lipid
species [164]. Low HDL or HDL-cholesterol (HDL-c) levels, altered HDL composition,
and impaired HDL functions have been associated with varieties of diseases including
cardiovascular diseases, autoimmune diseases, and infections [54, 74, 165].
Biomimetic, synthetic HDLs (sHDLSs) have attracted much interest in the past two
decades. Mimicking components of endogenous HDLs, sHDLs are typically composed
of ApoA-1 or its mimetics, as well as lipid components such as phospholipids and
sphingolipids [139]. Several sHDL candidates, such as CSL-111, CSL-112, CER-001
and ETC-642, have been developed and have entered clinical trials [36, 166, 167].
Initially developed for atherosclerosis and optimized to promote cholesterol efflux, these
sHDL candidates showed potent HDL-c elevating effects in Phase I/l clinical trials [31,
168]. However, phase /11l results only showed sub-optimal therapeutic benefits [169].
Such clinical results called for a re-evaluation of the current HDL-c-focusing treatment
strategies of sHDLs. Moreover, there has been an increasing recognition that HDL
functionality, instead of HDL-c levels, is a better indicator of the protective effects of
HDLs. Thus, there has been a paradigm shift for HDL replacement therapy from
elevating HDL-c levels to enhancing sHDL functions [54]. Developing sHDLs with more
sophisticated functionalities is essential for the successful clinical translation of sHDLs.
In contrast to the simple composition of sHDLs, endogenous HDLs present very
complex and highly dynamic proteomic and lipidomic profiles, which are closely

associated with the functions of HDLs [1, 61]. Among various bioactive components of
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endogenous HDLs, anionic phospholipids, such as phosphatidylinositol (PI),
phosphatidic acid (PA), and phosphatidylserine (PS), have been shown to have a
significant association with the protective functions of HDLs [64]. Notably, a strong
positive correlation was found between PS abundance and HDL functions such as
cholesterol efflux, anti-inflammation, and anti-oxidation capacities [64, 170].

PS is an anionic lipid mainly located in the inner leaflet of cell membranes. On
apoptotic cells, PS is translocated to the outer leaflet of membranes, serving as an ‘eat
me’ signal to phagocytes such as macrophages [171]. Activation of PS receptors
induces anti-inflammatory and immunosuppressive responses in phagocytes, which
enables the silent clearance of apoptotic cells [65, 171]. Based on the correlation
between PS content and HDL functions, as well as the intrinsic anti-inflammatory effects
of PS, it was hypothesized that introducing PS could increase the therapeutic effects of
sHDLs [66, 170]. This hypothesis has been recently examined by Darabi et al., PS-
containing sHDLs showed greater anti-inflammatory effects by modulating Akt1/2/3- and
p38 MAPK- mediated signaling pathways [172]. As a continuous effort to investigate the
impacts of PS on the functionality of HDL mimetics, in the present study, a series of PS-
containing sHDLs was prepared using POPC, POPS, and an ApoA-1 mimetic peptide
22A. The impacts of PS incorporation on particle characteristics, anti-inflammatory
effects, in vitro and in vivo cholesterol efflux capacities, and pharmacokinetic profiles

were investigated.

3.3 Materials and Methods

3.3.1 Materials
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22A peptide (PVLDLFRELLNELLEALKQKLK) was synthesized by Genscript Inc.
(Piscataway, NJ). 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1-
palmitoyl-2-oleoyl-sn-3-phospho-L-serine sodium salt were (POPS-Na) were purchased
from NOF America Corporation (White Plains, NY). LPS from Escherichia coli 0111
(L2630):B4 was purchased from Sigma. Mouse IL-6, TNF-a, MCP-1 ELISA kits were

purchased from Invitrogen.

3.3.2 Cell culture

RAW?264.7 and J774.A1 cells were obtained from ATCC. Both cells were
cultured in DMEM media supplemented with 10% fetal bovine serum (FBS) and 1%
Penicillin-Streptomycin (10,000 U/mL). HUVEC cells were obtained from Lonza
(Morristown, NJ) and cultured in endothelial cell growth media EGM-2 purchased from
Lonza. Cells were used before passage 7. All cells were cultured in a 37 °C incubator

with 5% COa2.

3.3.3 Preparation and characterization of sHDLs

sHDLs composed of 22A, POPC and POPS were prepared by the lyophilization-
rehydration method. 22A and POPC were dissolved and mixed in acetic acid in lipid to
peptide weight ratio of 2:1. For POPS-containing sHDLs, 5%, 10%, 25% or 50% of
POPC (mass ratio) was replaced by POPS-Na during preparation. The mixture was
then freeze-dried. The lyophilized powder was rehydrated by PBS (pH 7.4), followed by
3 thermocycles. For POPC-sHDLs and 5% POPS/POPC-sHDLs, the thermocycle
conditions are room temperature (5 min) and ice bath (5 min) trice. For 10%, 25% and

50% POPS/POPC-sHDLs, the thermocycle conditions are 37 °C (5 min) and ice bath (5
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min) trice. The particle size and zeta potential of different SHDLs were examined by
dynamic light scattering (DLS) using Malvern Zetasizer Nano ZSP (Westborough, MA).
The purity of sHDLs was analyzed by gel permeation chromatography (GPC) on a
Tosoh TSK gel G3000SWxI column with a PBS flow rate of 1 mL/min and UV detection
at 220 nm. For transmission electron microscopy (TEM) observation, different sHDLs
were loaded on a carbon film-coated 400 mesh copper grid from Electron Microscopy
Sciences (Hatfield, PA), negatively stained with 1% (w/v) uranyl formate and dried. The
samples were imaged with 100kV Morgagni TEM. For patrticle stability evaluation,
different sHDLs were incubated in PBS (pH 7.4) at a 22A concentration of 1 mg/mL at

37 °C. At different time points, the particle size of sHDLs was analyzed by DLS.

3.3.4 Cytotoxicity assay

RAW 264.7cells were seeded to 96-well plates at a density of 5 x 10* cells/well.
After overnight incubation, cells were incubated with different sHDLs with different 22A
concentrations for 24 h. At the end of the incubation, the cell viability was determined
using CellTiter 96® AQueous One Solution Cell Proliferation Assay following the

protocol provided by the manufacturer.

3.3.5 Cholesterol efflux assay

J774.A1 cells were seeded in 24-well plates at a density of 2 x 10° cells/well.
Cells were incubated overnight with 1 pCi/ml [*H] cholesterol in DMEM containing 0.3%
fatty acid-free bovine serum albumin (BSA) and 5 pg/mL ACAT inhibitor Sandoz 58-035.
At the end of the incubation, the media was discarded and cells were then washed with

PBS twice. Cells were then equilibrated in DMEM containing 0.3% BSA and 5 pg/mL
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ACAT inhibitor Sandoz 58-035 for 24 h. The media was discarded, and cells were
washed with PBS again. The [3H] cholesterol labeled cells were incubated with different
SHDLs for 4 h at 22A concentrations of 5, 10, 25 or 50 pg/mL in 0.5 mL DMEM
containing 0.3% BSA. At the end of incubation, media were collected, and cells were
lysed with 0.5 mL 0.1% SDS and 0.1 N NaOH. The cell culture media and cell lysate
were centrifuged at 400 g for 10 min. 200 pL supernatant was collected. The radioactive
counts were measured using liquid scintillation counting by Perkin Elmer Tri-Carb
2910TR (Waltham, MA). The cholesterol efflux percentage was calculated by dividing

the media count by the sum of the media and cell counts.

3.3.6 Anti-inflammatory study

For LPS-induced inflammation, RAW 264.7 cells were seeded to 24-well plates
at a density of 2 x 10%well and incubated overnight to allow attachment. Cells were co-
incubated with 100 ng/ml LPS and sHDLs at a 22A concentration of 10, 20, or 50 ug/ml
for 12 h. The cell culture media were collected. The cytokine concentrations were
guantified by ELISA. For TNF-a-induced inflammation, HUVEC cells were seeded to 12-
well plates and cultured to reach confluence before experiments. HUVEC cells were
then incubated with sHDLs and 2 ng/ml TNF-a for 12 h. The cytokine concentrations in

cell culture media were quantified by ELISA.

3.3.7 Efferocytosis assay

Efferocytosis assay was conducted using Efferocytosis kit (Cayman Chemicals,
Ann Arbor MI) according to instructions from the manufacturer with modification. Briefly,

for effector cell labeling, RAW264.7 cells were labeled with CytoTell Blue in PBS at 37

55



°C for 30 min. The cells were then washed twice with complete media, seeded into 12-
well plates at a density of 3x10%well, and incubated overnight. Fluorescent labeled
apoptotic bait cells were prepared by incubating non-labeled RAW 264.7 cells with
CFSE at 37 °C for 30 min. Apoptosis of the CFSE labeled cells was induced by
incubation with staurosporine for 6 h. For the co-incubation study, effector cells, bait
cells (3x10°/well), and different sHDLs (22A concentration 100 pg/mL) were incubated
for 18 h. For the pre-treatment study, effector cells were pre-treated with different
sHDLs (22A concentration 100 pg/mL), followed by the addition of bait cells. After
incubation, the effector cells were collected by gentle scraping. The cell suspension was
analyzed by flow cytometry. The percentage of CFSE/CytoTell Blue double-positive

cells in effector cells was calculated.

3.3.8 In vivo cholesterol mobilization study

Sprague-Dawley rats (8-9 weeks old) were purchased from Charles River
Breeding Laboratories (Portage, MI). Animals were randomly assigned to 3 groups with
4 rats per group, and fasted 8 h prior to the administration of sHDLs. POPC-sHDL, 25%
POPS/POPC-sHDL and 50% POPS/POPC-sHDL were injected to rats through tail vein
at a 22A dose of 50 mg/kg. At different time points, approximately 300 uL blood
samples were drawn from the jugular vein. Serum was isolated by centrifuging blood
samples at 8,000 rpm for 10 minutes at 4°C. The serum samples were stored at -80 °C
until analysis. The serum concentration of phospholipids (PL), total cholesterol (TC),
and free cholesterol (FC) were quantified enzymatically using Wako detection kits

(Wako Chemicals, Richmond, VA) following protocols provided by the manufacturer.

3.3.9 Statistical analysis
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Data analysis was conducted using GraphPad Prism 8. Statistical significance
was determined using a two-tailed unpaired Student's t-test for 2 groups of data or one-
way analysis of variance (ANOVA) for data of more than 2 groups except for those

stated otherwise. A p-value less than 0.05 was considered statistically significant.

3.4 Results

3.4.1 Preparation and characterization of sHDLs

As shown in Figure 3.1A, the average patrticle sizes of different sHDLs were
around 12-15 nm, with no difference observed between POPC-sHDL and POPS-
containing sHDLs. As expected, the zeta potential of the sHDLs decreases with
increasing POPS percentage (Figure 3.1B). Interestingly, GPC results showed a more
uniform particle size distribution for sHDLs with higher POPS content (Figure 3.1C).
The DLS and GPC results are consistent with the SEM images of different SsHDLs
(Figure 3.1D). The stability study showed a fast increase in particle size of POPC-
sHDLs when incubated at 37 °C, indicating aggregation of POPC-sHDLs. Meanwhile,
sHDLs containing higher POPS percentages showed improved particle size stability

manifested with slower aggregation and smaller size of aggregates (Figure 3.1E).

3.4.2 Cellular toxicity

The potential cellular toxicity of POPS-containing sHDLs was compared with
POPC-sHDLs. A series of 22A concentrations up to 500 pg/ml was tested on

RAW264.7 macrophages. As shown in Figure 3.2, no significant cellular toxicity was
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found in all concentration levels for all formulations. No statistical difference was found

between different groups.
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Figure 3.1 Particle size (A) and zeta potential (B) of different sHDLs measured by
DLS (n = 3, mean + SD). (C) GPC chromatogram of different sHDLs. (D) SEM images
of different sHDLs. (E) Particle sizes of sHDLs at different time points when incubated
at 37°C (n = 3, mean £ SD).
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Figure 3.2 Relative cell viability of RAW264.7 cells incubated with different sHDLs.
Cells without treatment were used as 100% (n = 6, mean + SD).

3.4.3 Cholesterol efflux assay

The cholesterol efflux capacity of different sHDLs was evaluated in J774 A.1
macrophage loaded with 3[H]-cholesterol. As shown in Figure 3.3, all sHDLs could
induce significant cholesterol efflux in a dose-dependent manner. However, no
statistical difference was observed among sHDLs with different POPS percentages,

suggesting the lipid composition did not significantly affect the cholesterol efflux

capacity of sHDLs.
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Figure 3.3 Cholesterol efflux effects of different sHDLs (n = 3, mean + SD).
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3.4.4 Anti-inflammatory effects

The anti-inflammatory effects of different SHDLs were investigated on LPS-
treated RAW 264.7 macrophages and HUVEC cells. As shown in Figure 3.4, while LPS
greatly increased the production of pro-inflammatory cytokines, sHDL treatment
reduced the cytokine secretion on both cell lines. Notably, a greater reduction in
proinflammatory cytokines was observed on cells treated with sHDLs composed of a
higher POPS percentage, suggesting stronger anti-inflammatory effects of POPS-

containing sHDLs.

3.4.5 Efferocytosis assay

Efferocytosis study was conducted on RAW 264.7 macrophages. As shown in
Figure 3.5A, when effector cells are co-incubated with sHDLs and bait cells,
efferocytosis efficiency decreased as POPS content in sHDLs increased. When
macrophages were pretreated with sHDLs prior to efferocytosis assay (Figure 3.5B),
POPC-sHDL, 5%- or 10%- POPS/POPC-sHDLs did not alter the efferocytosis efficiency
of macrophages compared to control cells. However, pre-incubating cells with 25%- and
50%-POPS/POPC-sHDL led to a slight increase in the percentage of double-positive in

effector cells, suggesting an enhanced efferocytosis activity of macrophages.
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Figure 3.4 Pro-inflammatory cytokine levels from LPS-treated RAW264.7 (A, B,
and C) or HUVEC (D and E) cells. (n = 3, mean + SD). *p<0.05; **p<0.01;
***p<0.005, ***p<0.0001 compared to POPC-sHDLs (0% POPS group). #p<0.05;
#p<0.01; ##p<0.005, ##pn<0.001 compared to LPS-only group.
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Figure 3.5 Percentage of CytoTell Blue/CFSE double-positive effector cells after (A) co-
incubated or (B) pretreated with different sHDLs (n = 3, mean + SD). *p<0.05; **p<0.01;
***n<0.005, ****p<0.0001 compared to POPC-sHDLs (0% POPS) group. #p<0.05;
#1<0.01; ##p<0.005 compared to mock group.

3.4.6 In vivo PK/PD studies

As shown in Figure 3.6, i.v. infusion of sHDLs induced a significant increase in
serum cholesterol levels in rats. Compared to the POPC-sHDLs-treated group, rats
treated with 25%- and 50%-POPS/POPC-sHDLs showed slightly higher total cholesterol
and free cholesterol levels in 2 h post-injection. No significant difference was found in

phospholipid levels between different groups at all timepoints.
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Figure 3.6 Total cholesterol (A), free cholesterol (B), cholesterol ester (C) and
phospholipids (D) levels in rat serum after i.v. injection of different sHDLs (n = 4, mean
+ SD). *p<0.05, *p<0.01 for 25% POPS/POPC-sHDL compared to POPC-sHDL.
##n<0.005, ##p<0.001 for 50% POPS/POPC-sHDL compared to POPC-sHDL.
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3.5 Discussion

Despite accounting for less than 1% of phospholipid content, anionic
phospholipids such as PG, PS, and PI are associated with protective functions of HDLSs,
such as cholesterol efflux, anti-inflammation, and anti-oxidation effects [173]. Among
various anionic lipids, PS has generated great research interest with its intrinsic anti-
inflammatory capacities [66]. However, the impact of PS on the functionality of sHDL
has not been fully examined. In this study, a series of sHDLs with different POPS
contents was prepared. The effects of PS on particle characteristics, cholesterol efflux,
anti-inflammatory effects, efferocytosis, as well as pharmacokinetic profiles were
evaluated.

Substituting POPC to POPS in sHDLs led to a reduction of zeta potential of
sHDLs without impacting the main particle size. However, POPS-containing sHDLsS
presented a more uniform particle size distribution and greater size stability when
incubated at 37 °C. The improved particle stability could be attributed to two reasons.
First, POPS has a higher phase transition temperature of 14 °C compared to -9 °C of
POPC. Thus, with the increasing POPS content, the fluidity of the lipid membrane of
sHDLs decreases, which prevents the aggregation of particles [145]. Second, negatively
charged POPS creates electrostatic repulsion between particles, which is expected to
increase the colloidal stability of sHDLs.

Regarding anti-inflammatory effects, a recent study by Darabi et al. showed that
PS incorporation into recombinant HDL particles led to more potent anti-inflammatory
effects by modulating Akt1/2/3- and p38 MAPK signaling pathways [172]. Consistent

with the previous results, in the present study, POPS/POPC-sHDLs showed increased
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anti-inflammatory effects on LPS-activated macrophages and endothelial cells in a
POPS-content-dependent manner [172]. The results suggest that POPS incorporation
would be an effective strategy to enhance the anti-inflammatory effects of sHDLs.

Efferocytosis, a process where apoptotic cells are cleared by macrophages and
other phagocytes in a non-inflammatory manner, is essential for the maintenance of
homeostasis and inflammation resolution [174]. Impaired efferocytosis causes the
secondary necrosis of apoptotic cells, which contributes to unresolved inflammation in
various chronic inflammatory diseases [174-176]. Serving as an ‘eat me’ signal, PS is
essential for the recognition and phagocytosis of apoptotic cells in efferocytosis [177].
Activating PS receptors by administrating PS-containing liposomes has been shown to
restore the efferocytosis capacity of macrophages in several in vivo studies [178]. In the
present study, when macrophages were co-incubated with sHDLs and apoptotic cells,
increasing POPS percentages led to decreased efferocytosis of bait cells, which may be
attributed to the competition of PS receptors [172]. However, when macrophages were
pre-treated with sHDLs, slightly higher efferocytosis efficiency was shown on
macrophages treated with 25%- or 50%-POPS/POPC-sHDLs. The net effects of POPS-
containing sHDLs on efferocytosis in vivo may depend on various factors such as dose
and pharmacokinetic profiles.

Recognition of apoptosis cells by PS receptors has been shown to lead to a rapid
increase in ABCA-1 expression and enhanced cholesterol efflux [179, 180]. Thus, the
hypothesis that increasing PS exposure may enhance cholesterol efflux was tested
[170]. However, in vitro studies showed little difference in cholesterol efflux capacity

between POPC-sHDLs and POPS/POPC-sHDLSs. This result is consistent with previous
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studies by Darabi et al., where PS containing recombinant HDLs did not increase
ABCA-1 expression or in vitro cholesterol efflux [172]. Interestingly, in the in vivo
pharmacodynamic study, POPS-containing sHDLs showed a lightly higher cholesterol
mobilization capacity while presenting similar pharmacokinetic profiles to POPC-sHDLs.
The difference between in vivo and in vitro results would warrant further investigation.
It was reported that incorporating PS into liposomes could accelerate the
elimination of liposomes due to the increased uptake of liposomes in the liver [181]. As
the liver is the major elimination organ for sHDLsS, there was a concern that introducing
PS may negatively affect the pharmacokinetic profiles of sHDLs. However, there was
little difference in serum phospholipid levels between the POPC-sHDL group and the
two POPS/POPC-sHDL groups, suggesting a limited impact of PS to sHDL
pharmacokinetic profiles. The different effects of PS may be explained by different
elimination mechanisms of liposomes and sHDLs. Typically, liposomes are mainly
eliminated by the reticuloendothelial system such as Kupffer cells in an opsonization-
dependent manner [182]. However, with HDL-mimicking structures and small particle
sizes, sHDLs are generally considered to be able to evade the reticuloendothelial
system [28, 183]. Such difference was exemplified in an early pharmacokinetic study of
PS-containing liposomes in rats. Following an initial rapid elimination attributed to
elimination by the reticuloendothelial system, PS component in liposomes was found to
be incorporated into HDL and eliminated at a slower rate with a similar half-life as rat
HDL [184]. Such observation may reconcile the discrepancy in the effects of PS on

pharmacokinetic properties between liposomes and sHDLSs.
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3.6 Conclusion

In this study, a series of sHDLs were prepared with ApoA-1 mimetic peptide,
POPC, and POPS. Increasing PS content in SHDL particles improved particle stability
and significantly increased the anti-inflammatory effects of sHDLs. Limited impacts were
found on cholesterol efflux capacity and pharmacokinetic profiles of sHDLs. Such
results suggest the therapeutic potential of PS-containing sHDLs on inflammation

resolution in atherosclerosis and other inflammatory diseases.
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Chapter 4 Predicting Drug Release Kinetics from Nanocarriers inside Dialysis
Bags

4.1 Abstract

Dialysis methods are frequently used to determine the in vitro drug release
kinetics of nanoparticle drug delivery systems. However, the need for the released drug
to diffuse through the dialysis membrane delays its appearance in the sampling
compartment. Thus, the apparent drug release data outside the dialysis bag typically
does not match the desired release kinetics inside the bag adjacent to the nanocarriers.
To address this issue, here we describe a simple approach to determine the actual drug
release kinetics from nano drug carriers inside the dialysis bag from the experimental
data measured from the sampling compartment. First, a calibration experiment is
carried out to determine the diffusion barrier properties of the dialysis membranes. The
apparent drug release profile of the nanocarrier is then determined using the dialysis
method, and a mathematical model is applied to determine the actual drug release
kinetics from the experimental data. The model was tested on DOXIL® (doxorubicin
liposomes), and an excellent agreement was found between the predicted and
measured drug concentration inside the dialysis membranes. By taking the barrier
effects of dialysis membranes into consideration, our model independent of drug carrier
not only enables the proper interpretation of the data from dialysis studies but also helps

to evaluate the dialysis methodology applied to in vitro drug release assays.
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4.2 Introduction

Dialysis methods are frequently used to determine the in vitro drug release
profiles of nanoparticle drug delivery systems. The drug release profile generated from
dialysis-based assays has been widely used to guide formulation development, facilitate
quality control and regulatory filing, and, in the best-case scenario, establish the in vitro-
in vivo correlation (IVIVC) of the nanoparticle formulation [102, 103, 185].

However, the validity of the dialysis method as well as the reliability of the
release data generated from dialysis assays have long been questioned [186-188]. For
conventional dialysis settings (Figure 4.1), the drug that is released from the
nanocatrriers first enters the solution inside the dialysis bag (donor compartment) and
then permeates through the dialysis membrane to reach the bulk solution outside the
dialysis bag (receiver compartment). Thus, the apparent drug release kinetics, which is
measured by sampling the receiver compartment, is determined by both the actual drug
release kinetics and drug permeation kinetics. In practice, it is usually assumed that the
membrane permeation process is rapid (i.e., not rate limiting) and can be neglected. As
a result, the apparent drug release kinetics is often interpreted as the actual drug
release kinetics without further processing. However, accumulating evidence suggests
that dialysis membranes can significantly delay the translocation of the released drug, in
which case the apparent drug release profile will not properly describe the actual drug
release kinetics [104, 187, 189-191]. For example, Zambito et al. [186] compared the
drug release data of diclofenac-loaded nanoparticles using dialysis and an
ultracentrifugation method. It was found that in the dialysis method, the membrane

permeation process, instead of the actual drug release kinetics, dominated the rate by
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which the drug appeared in the receiver compartment where samples are taken [186].
Under this circumstance, even though the drug is rapidly released from the nanocarrier,
the apparent drug release rate remains low, which may be wrongly attributed to the

sustained-release of the carriers if not carefully interpreted.

Donor Compartment Receiver Compartment
\/in VOUt
r(t)
in > Cout
Release Permeation
Sample

|

Actual Drug _ Mathematical Model Apparent Drug

Release Kinetics Release Kinetics

Figure 4.1 The relationship between apparent and actual release kinetics occurring
during release testing by the dialysis method. The drug molecules are released from
the carrier with the actual rate of r(t) in the solution inside the dialysis membrane
(the donor compartment). Then the released drug diffuses through the dialysis
membrane to reach the bulk solution outside the dialysis membranes (the receiver
compartment). The samples are taken from the receiver compartment to calculate
the apparent drug release fraction from the carrier. Vin is the volume inside the
dialysis donor compartment, Ci» is the concentration of the released drug in the
donor compartment, Vout is the volume of the receiver compartment, and Cout is the
concentration of the released drug in the receiver compartment.

Some studies that discuss the pitfalls of dialysis methods conducted a parallel
release assay using different methods such as ultracentrifugation, ultrafiltration, and the

drug-selective electrode to determine the actual drug release kinetics for comparison
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[186, 192]. However, the external forces used in alternative methods such as
centrifugation force may also alter the drug release profile, leading to an improper
comparison. Also, such strategies typically only allow for the qualitative, but not
guantitative, methodological analysis of dialysis methods. Thus, simple mathematical
methods which differentiate the actual drug release kinetics and the effects of dialysis
membranes from the apparent drug release data could be very useful for the proper
data interpretation and methodology evaluation.

Several mathematical methodologies have been described to determine the
exact drug release kinetics by taking the effects of dialysis membranes into
consideration [188, 192-194]. For example, Anderson et al. developed a series of
mechanism-based mathematic models to determine the drug release constant of
liposomes using the apparent release profiles derived from the dialysis assays [192,
193]. However, most models have focused on certain drug delivery systems and
required drug-specific parameters such as solubility, pKa, particle sizes and distribution
coefficients, which complicates their general application in determining actual drug
release kinetics for drug delivery systems. In the present study, we do not seek to
explain the release of a specific nanocarrier nor the effect of the release set-up on drug
release kinetics. Instead, we propose a general approach, which determines the actual
drug release kinetics inside the dialysis bag and enables quantitative methodological
analysis. In the approach, calibration experiments are performed first to determine the
barrier property of dialysis membranes. The apparent drug release kinetic data is then
collected by the conventional dialysis assay while determining any volume changes in

the bag. The apparent release data outside the bag is suitably fit to allow an estimation
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of its time derivative before a mathematical model is applied to calculate the actual drug
release kinetics. The free drug concentration inside the dialysis bag can also be
predicted and analyzed for methodology evaluation purposes. The proposed model,
which is independent of the drug carrier, not only enables the proper interpretation of
the data of dialysis assays, but also could become a valuable tool to evaluate the
appropriateness of the dialysis methodology used for in vitro drug release testing of

nanoparticle drug delivery carriers.

4.3 Materials and Methods

4.3.1 Materials

DOXIL® (doxorubicin HCI liposome injection) was purchased from the University
of Michigan Hospital Pharmacy. The mean particle size of DOXIL liposomes is reported
to be 87 nm by our previous manuscript [195]. Doxorubicin hydrochloride (DOX<HCI)
was purchased from SHINJ Pharmatech (Shanghai, China). 2-Hydroxypropyl-beta-
cyclodextrin (HP-CD) was purchased from SHINJ Pharmatech (Shanghai, China).
Sucrose was purchased from Fisher Chemical. Dialysis bags from regenerated
cellulose (RC) membranes with molecular weight cut-off (MWCO) of 10 kD and 20 kD
and Float-A-lyzer® cellulose ester (CE) dialysis tubes with MWCO of 8-10 kD, 20 kD, 50
kD, 100 kD and 300 kD were purchased from Spectrum Laboratories (Rancho
Dominguez, CA). ZebaTM spin desalting columns (0.5 mL, 7 kD MWCO) were
purchased from Thermo Fisher Scientific. All other reagents were of analytical grade

and purchased from Sigma.
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4.3.2 Invitro drug release kinetic experiments

The USP-4 (flow-through cell apparatus) drug dissolution method, where the
nanoparticle formulation is trapped in dialysis bags and dialyzed against the circulating
release media flowing through the cells, is selected to represent the typical experiment
set-up of dialysis-based nanoparticle drug release assays. A rapid, discriminatory, and
robust USP-4 drug release assay for DOXIL was developed previously in our lab and
used to perform the calibration and drug release kinetics experiments [195]. Briefly, 0.4
mL DOX<HCI stock solution (2 mg/mL, in 10 mM Histidine*HCI, 10% sucrose (w/v), pH
6.5) or 0.4 mL DOXIL® formulation (2 mg/mL in DOX+HCI) was added to the dialysis
bags for calibration experiments or drug release experiments respectively, together with
1.2 mL release media composed of 100 mM NH4HCO3, 5% sucrose (w/v), 75 mM MES,
5% HP-CD (w/v), and 0.02% NaNs (pH 6.0). The dialysis tubes were inserted into the
flow-through cells of the USP-4 apparatus. 78.4 mL release media was added into the
media reservoir to achieve the total volume of 80 mL. The experiment temperature was
set to 45 °C to achieve the accelerated release of DOXIL. The flow rate was 16 mL/min
[15]. The absorbance of the released doxorubicin was detected using Specord 200 plus
Spectrophotometer at 480 nm. A linear relationship between free doxorubicin
concentration and UV absorbance (R? > 0.999) was confirmed by the standard curve.
To determine the UV absorbance of doxorubicin once completely released from the
carriers, a free DOX control was set by directly placing 0.4 mL DOX<HCI stock solution
and 79.6 mL release media in the media reservoir. The apparent cumulative drug

release fraction (fapp) is calculated with the following formula:
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A —A
(Released DOX) (Background) ¢ 100%

f app =
A(Free DOX control) ~— A(Background)

Where Areleased DOX) IS the UV absorbance of the released DOX in bulk solution
outside the dialysis membrane, Aree box control) iS the UV absorbance of the control DOX

solution, and Agackground) IS the UV absorbance of blank release media.

4.3.3 Quantification of doxorubicin

Zeba™ spin desalting columns (7 kD MWCO) were used to separate liposomal
doxorubicin and released free doxorubicin. To confirm the capacity of desalting columns
to remove free DOX, 100 uL DOX stock solution (2 mg/mL) was passed through Zeba™
spin desalting columns (7 kD MWCO). The eluted solution was adjusted to 1 mL using
0.1% Triton X-100 solution. Another 100 uL DOX solution without desalting process was
also diluted to 1 mL using 0.1% Triton X-100 solution. The UV absorbance of both
samples was measured at UV 480. To test the liposomal recovery, the DOXIL®
liposome formulation was passed through Zeba™ spin desalting columns (7 kD MWCO)
to remove the unencapsulated DOX and the eluted DOX liposomes were collected. 100
uL collected DOX liposomes were diluted to 1 mL using 0.1% Triton X-100 solution.
Another 100 uL collected DOX liposomes were passed through the desalting column
again, and the eluted solution was adjusted to 1 mL using 0.1% Triton X-100 solution.
The DOX concentrations were quantified at UV 480 nm via a microplate-reader. The

liposomal recovery % was calculated with the following formula:

A(Before desalting) — A(Background)

Recovery % = *100%

A(After desalting) — A(Background)
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AtO0h,1h,3h, 6 h, and 20 h after the start of the release assay, the experiment
was stopped, and the dialysis devices (bags or tubes) were removed from the USP-4
apparatus. The solution inside the dialysis bags or tubes was carefully collected after
gentle centrifuge (500 g x 2 min, room temperature), and the volume of the solution was
determined. For sample processing, 100 uL solution was passed through the desalting
columns at 1500 g for 1 min at the room temperature. The volume of the collected
liposome was adjusted to 1 mL using 1% Triton X-100 water solution for liposomal DOX
concentration quantification. To determine the total amount of doxorubicin, another 100
puL sample was withdrawn from the dialysis bags and diluted with 1% Triton X-100 to the
final volume of 1 mL. The DOX concentrations were quantified at UV 480 nm via
microplate-reader. The free DOX concentration in the sample was calculated with the

following formula:

Cliposmal
Liposomal Recovery %

Cfree = Crotal —

where Crree is the concentration of free DOX in the sample, Ciota is the concentration of
the total DOX in the sample, Ciiposomal IS the concentration of liposomal encapsulated
DOX after passing through the desalting columns, and Liposomal Recovery % is the

recovery of DOX liposomes from the desalting columns.

4.3.4 Model development

As seen in Figure 4.1, we denote the volume of the donor compartment as Vin,
the volume of the receiver compartment as Vou, and the concentration of the released
drug in the donor compartment and the receiver compartment as Cin and Cout,
respectively. A is the surface area of the dialysis bags where diffusion occurs, and P is
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the permeability or mass transfer coefficient of the drug passing through the dialysis
membranes. To generate the mathematical model considering mass transport during
dialysis, we assume that the drug concentration in each compartment is homogeneous
for each of the models below.

4.3.4.1 Model 1: Dialysis with large receiver reservoir with constant volumes

For simplification, in this model, we assume that Vin and Vout are maintained
constant during both the calibration and drug release experiments. We also assume that
the volume of the receiver reservoir is much larger than that inside the bag, i.e., Vout >>
Vin, and in most cases Cin >> Cou, holds during the dialysis process. Thus Cout is
neglected in the driving force for diffusion across the dialysis membrane.

First, we consider the drug transport during the calibration experiment where
drug translocates through the dialysis membranes in the absence of any drug carrier. A
simple mass balance about the donor compartment accounting for the drug loss due to

diffusion may be written as follows:

dCin
dt

VL' = —APCin (1)

Integrating (1) between times 0 and t gives:

A pt

Cin = Coe Vin (2)

where Co is the initial drug concentration in the dialysis bags. Therefore, there is a
simple first-order decay of drug expected as the drug leaves the bag by simple diffusion.
In practice, it is most convenient to sample outside the bag. Therefore, the

second mass balance is about drug transport to the receiver compartment, which may

be written as follows:
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dCoy
Vout Tt = APCiy (3)

Inserting (2) into (3), gives

A

Lout — ApCye” Vin | (4)

dat

Vout

Multiplying by Vout and dt on both sides, and integrating (4) from t = O to time t gives

_ CoVin
Cout - 1%
out

A
(1—e 7u') (5)
Since Vout >> Vin (in our experiment, Vout = 49 X Vin), the final drug concentration in the
receiver compartment (Cs) can be written as:
Cf = CoVin/Vour (6)
Inserting (6) into (5) gives the drug fraction released into the receiver compartment (fapp)
as follows:

_ Cout __ —Viipt
fapp_ C_f_l_e n (7)

If the calibration and the drug release experiments are performed following the same
protocol, which is the case for our study, A and Vi are kept the same in the two

experiments, making AP/Vi, as a constant denoted as kca. Thus,

— @ =1-= e_kcal‘t (8)

fapp cs

where Kcal is a calibration constant for a specific drug/bag combination determined by

the slope of the linear decay of In(1-fapp) vs. time.
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Then, we consider the scenario where the nanocarriers are placed in the dialysis
bag and the dialysis assay is performed under the same conditions as the calibration

experiment. A mass balance around the solution in the bag may be written as follows:

Lin — 1 () — APCy, (9)

dt

Vi

where r(t) is the mass release rate of the drug from the nanoparticle dosage form as a

function of time. Rearranging and integrating (9) from t = 0 to time t gives:

[ r(©)dt = Vi [, dCiy + AP [ Cindt (10)

Normalizing the released mass of drug (fotr(t)dt) by the total drug mass, Mo, gives and

initial expression for the actual drug release fraction from the formulation in the bag:

t
fo T(t)dt — VinCin
My

f©) = + 2 Jo Cndlt (11)

Next, we consider the mass balance in the receiver compartment. As is the case without
the nanocarrier, the mass balance in the receiver compartment is from (3). Rearranging
(3) gives Cin as a function of the rate of change in concentration with time in the receiver

compartment as follows:

dCout

Vou

Cin = A_Pt T (12)
Integrating (12) from t = O to time t gives

Cou Vou t

—jP £ = fO Cindt (13)
Inserting (12) and (13) into (11):

t
f(t) — fo T(t)dt — VinVout dCout(t) + Cout Vout (14)

Mg APM,  dt My
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Noting the apparent fraction drug released (fapp) assuming the negligible resistance of

the dialysis bag is

Cou Vou
fapp = —— (15)

My
Taking the derivative of both side of equation (15) with respect to t gives:

df, Voue dC
Yapp _ Vout ACout (16)
dt My, dt

Then (14) may be written as a function of fapp in @ simple form after using (15) and (16)

Vin dfa
f(t) = AP dtpp +fapp (17)

Finally noting the definition for Keai (=AP/Vin), (17) becomes:

1 dfapp

f=r——a 1w (18)

and from (12), (16) and the expression for Kcai, the free drug concentration in the donor

compartment is

= Mo | app
Cln - Vin Kcal dt (19)

Hence, from the calibration constant, kca, and the measured and fitted apparent
fraction release kinetics fapp, the actual release kinetics of the formulation (i.e., f vs. t)
may be readily determined from (18). Moreover, the value of Cin, the concentration of
drug inside the bag, may be also predicted from (19).
4.3.4.2 Model 2: Dialysis under conditions with constant volumes and where the

concentration of drug in the receiver media cannot be ignored
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In the derivation of the Model 1, we assume that the Cin >> Cout during the entire
release experiment. However, depending on the setup of the dialysis assays, this
assumption may not always be met. To address this limitation, we revise the Model 1 by
considering the presence of Cout in the driving force for diffusion. The volume of the
donor compartment is still assumed to keep constant during dialysis.

In the calibration experiment, no drug carrier is present, and all drug molecules
are dissolved in the media inside the dialysis bag. Since Vin << Vout, Cout may still be
negligible in the early phase of the translocation. For example, Vou is 49-fold larger than
Vin in our experimental setup. In this case, Cin remains ten times higher than Cou before
83% drug is translocated in the receiver compartment. Thus, eq (1) — (8) still holds true
in the early stages of the calibration experiments.

For drug release assays with a nanocarrier, under the assumptions of Model 2,

the mass balance in the donor compartment is revised from Model 1 as follows:

dCin

Vin ar = T(t) - AP(Cin - Cout) (20)

The new mass balance in the receiver compartment is:

dCoy
Vout dt L= AP(Cin — Cout) (21)

Solving (20) and (21) yields the actual drug release fraction as follows (the complete

derivation process is provided in the Supplementary Materials):

_ VinCout | 1  dfapp
fototu 1 Yoy p 22)

With the time-dependent Ci, as

M, dfq
Cin = Cout + Vin Igcal ) Tpp (23)
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4.3.4.3 Model 3: Dialysis with volume changes and appreciable receiver drug

concentration

During the dialysis process, the volume of the donor compartment and the
receiver compartment may be subject to change due to osmotic pressure and
membrane swelling. To account for the volume change of the donor compartment, the

mass balance in the donor and the receiver compartment can be rewritten as:

d(CinVin
LEmin) = 1 (£) — AP(Cin — Cout) (24)

O = AP (Cin ~ Cour) (25)
Note that for conventional dialysis bags, the surface area A typically remains the
same when Vi, changes. For dialysis tubes such as the Float-A-Lyzer apparatus, since
the bottom area is fixed, A changes with Vin, with the fixed ratio of A/Vin = 2/R, where the
R is the radius of dialysis tubes. Thus, the two conditions should be solved respectively

(see Supplementary Materials), which summarized below.

For conventional dialysis bags:

Vin(o) Cou 1 dfa
f:fapp‘l'FV(%‘l'a'Tpp) (26)
M, 1 dfa
Cin = Cour + . — . —EE (27)

Vin(o) kcai dt

For dialysis tubes with fixed bottom areas:

— L . dfapp Vin(o) Cout
f - fapp + Keal dt + FV M, (28)
d
Cin:Cout_FL.ﬂ.L.M (29)

Fy Vin(o) kcal dt

Vin

where the volume correction factor F, = o Vin(o) is the initial volume of the donor

in (0)

compartment and Vin is the time-dependent volume of the donor compartment.
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4.3.5 Data analysis

For the calibration experiment, three parallel runs were made for each dialysis
membrane and the apparent drug release fraction (fapp) Was recorded. For each run,
In(1-fapp) was plotted against time (t) using the data of the first 4 h. Simple linear
regression was used to fit each scatter plot. The negative slope of the linear regression
was used for Kca Of this dialysis membrane according to (8).

For the drug release experiment, three parallel runs were made for each dialysis
membrane. The time-dependent apparent drug release fraction (fapp) was recorded as
described above and plotted against time (t). The fapp VS t scatter plots were fitted with

the Weibull function
fapp = 1 — 79" (30)

where a is the scale parameter while b is the shape parameter. Specifically,
when Weibull function could not fit the data well, which was the case for 20kD CE
release data (owing to constrained diffusion), the data were fitted by a linear function
(fapp = ct + d). After the parameters were determined using nonlinear fitting in R
(version 3.4.3), the time derivative function dfapp/dt was calculated. Then, the fraction of
drug release from nanocarriers (f) and drug concentration within the bag (Cin) were
calculated by the equations derived by Model 1, 2 or 3.

For data simulation, based on the assumption that all parameters are normally
distributed, at each defined time points from time zero to 20 hours, 100 values of
parameters including a, b, and kcai were simulated by random sampling from the
respective normal distribution with mean and standard error estimated from previous

model fitting. Fraction of drug release from nanocarriers (f) and drug concentration
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within the bag (Cin) were calculated together with mean and 95% confidence interval by
the equations derived by Model 3. To simplify the simulation process, a fixed value of
Vin, Which was the average value of Vi at 24 h time point of all runs, was used when

needed.

4.4 Results and Discussion

4.4.1 Calibration of doxorubicin diffusion through dialysis membranes

In the calibration experiments, doxorubicin solution was placed in different
dialysis bags to determine the membrane permeation kinetics. Only data during the first
4 h were fitted, since the assumption of Cin >> Cout Only holds true when less than 85%
drug has been translocated to the receiver compartment. As seen in Figure 4.2, a linear
relationship was found between In(1-fapp) and time for every dialysis membrane,
confirming first-order diffusion kinetics of free doxorubicin molecules through dialysis
membranes as described by eq (8). The calibration constant (kca), Which is the negative
of the slope of these kinetic curves, was calculated and listed in Table 4.1. As expected,
for the dialysis membranes of the same type, kca increased with the increase in MWCO,
indicating that the barrier effects of dialysis membranes decreased as MWCO
increased. When comparing dialysis membranes of different materials, CE membranes
have significantly lower kca compared to RC membranes with the same MWCO,
indicating that CE membranes have a higher resistance to doxorubicin diffusion
compared to RC membranes. Such results suggested that both MWCO and the
membrane type affect the barrier properties of the dialysis membranes, and choosing

dialysis membranes solely based on MWCO may not be reliable. For example, it has
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been suggested that the dialysis membrane for drug release assays should have an
MWCO which is at least 100 times higher than the molecular weight of the drug
molecule[196]. The molecular weight of DOX is 543.5 g/mol, requiring dialysis
membranes to have an MWCO of > 50 kD to meet the criteria. However, the CE
membrane with 50 kD exhibited medium permeation, whereas the RC membrane with
MWCO of 20 kD was associated with a faster translocation of DOX. The different
permeation kinetics of membranes made by different materials may be related to the
porosity of the dialysis membranes or the interactions between drug molecules and
membrane materials. However, few research articles have been published so far to

address the impact of the dialysis material on translocation rate of drugs.

Table 4.1 Calibration constant kca of different membranes for free DOX
from Figure 4.2(B).

Membrane Kear (h1)2
8-10 kD CE 0.019 £ 0.003
20 kD CE 0.055 + 0.004
50 kD CE 0.534 £ 0.067
100 kD CE 0.690 + 0.013
300 kD CE 0.862 + 0.164
8-10 kD RC 0.733 £ 0.009
20 kD RC 0.812 £ 0.074

2 The results are presented as mean+SEM (n = 3). Least squares linear regression
resulted in r? > 0.98.
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Figure 4.2 DOX diffusion kinetics through different dialysis membranes. (A) Cumulative
release of DOX from nanocarrier-free drug solution through different dialysis
membranes (lines drawn through data). (B) The kcal was calculated from the linear
regression of the first 4 h free DOX release of the plot according to (8). Dashed lines

1 2
Time (h)

8-10kD RC
20kD RC
8-10kD CE
20kD CE
50kD CE
100kD CE
300kD CE

8-10kD RC
20kD RC
8-10kD CE
20kD CE
50kD CE
100kD CE
300kD CE

are least squares linear regression lines with kcal listed in Table 4.1

Based on the kca determined in this section, two dialysis membranes with rapid
and medium permeation rates to DOX, the RC membrane with MWCO 20 kD and the
CE membrane with MWCO 50 kD, were selected for evaluation of DOXIL® release and

evaluation of the mathematical methods to determine release on the nanoparticle side

of the membrane.

4.4.2 Fitting apparent release data
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In order to obtain the time derivative of the apparent drug release fraction curve

(dfapp/dt), the fapp vs. time curve were fitted by Weibull function except for 20kD CE

membranes where a linear regression is used.. It is worth noting that while the Weibull
function has been commonly used to fit drug release kinetics data [197], the choice of
the function used for model fitting is made on the case-by-case basis. The following
criteria are applied to choose the proper function to fit the apparent drug release data.
First, there must be a good agreement between the experimental data and the fitted
line. When such agreement can be achieved by several functions, the function with
fewer parameters and least standard errors for the estimates of the parameters is more
favorable for the simulation process. For example, when developing our approach we
initially fitted the data with 4" and 5" order polynomial functions. However, use of the
polynomial fits resulted in poor predictions of the initial release data, which resulted in
inaccurate predictions of Ci, in early time points. Furthermore, we observed large
standard errors of the parameter estimates when fitting data with polynomial functions,
which, when introduced to the simulation process, produced a wide confidence interval
of the predicted values and weakened the usefulness of the model. On the other hand,

the Weibull functions fits did not have this issue and were therefore preferred.

4.4.3 Applying mathematical models to predict actual DOXIL® release kinetics

In dialysis assays, the actual fraction of drug released (f) occurring inside the

dialysis bag can be written as follows:

M;,
= forp + —2
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As seen above, fapp represents the apparent fraction of drug released (i.e., the
fraction of free drug that has accumulated in the receiver compartment), Min is the
amount of free drug in the donor compartment, and Mo is the total amount of drug in the
formulation. In practice, Min /Mg is often neglected due to difficulty in monitoring the free
drug concentration in the dialysis bags and the assumption that the released drug is
rapidly transported to the receiver compartment and/or the amount of drug in the bag is
small compared to that outside the bag. However, determining Mi, is important if it is
desired to know accurately the actual drug release fraction f.

By applying the kca determined in the calibration experiments and fitting the fapp
release kinetics to the Weibull function, three models developed with different
assumptions were used to calculate the time-dependent free drug concentration in the
donor compartment. The calculated values are compared with the experimental data.
As seen in Figure 4.3, Model 1 predicted drug concentration inside the bag with a good
agreement to the experimental data in the first few hours, but failed to predict well the
data at later stages of the release. This discrepancy can be attributed to the fact that the
assumption Cin >> Cout Is compromised at the late stage of the release. When taking the
diminishing concentration gradient into consideration, Model 2 presented better Cin
predictions of the experimental data. The Model 2 was further revised to account for the
volume change in dialysis tubes during the experiment. As seen in Figure 4.4, there
was a small yet significant decrease in the volume inside the dialysis bags during the
first 3 h of dialysis, after which the volume kept constant. While it is possible to
mathematically describe the volume change and incorporate it into the general model,

for simplification purposes, we used the equilibrium volume to calculate the volume

87



correction factor Fy in our calculation. The kinetics of Ci, predicted by Model 3
demonstrated the closest agreement with the experimental data.

Model 3 was then applied to calculate the actual drug release kinetics from the
apparent drug release data. As seen in Figure 4.5, while the apparent drug release
data significantly underestimated the actual drug release fraction, a good agreement
between the predicted value and the experimental value of actual drug release fraction
was found in both assays performed in 20 kD RC membranes and 50 kD CE

membranes. Thus, Model 3 served as a reliable tool to determine the actual drug
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Figure 4.3 Predicted and observed free DOX concentrations in the donor
compartment (Cin) during release from DOXIL® in (A) 20 kD RC membrane
dialysis bags and (B) 50 kD CE membrane dialysis tubes. The experimental
data are presented as mean £+ SD (n = 3). Error bars not shown when smaller
than symbols.
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release kinetics from apparent drug release data of dialysis methods, allowing for a

more proper data interpretation.
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Figure 4.4 Volumes of donor compartments (Vin) during the release process. Lines
drawn through data. The results are presented as mean = SD (n = 3).
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Figure 4.5 Predicted actual (f) and apparent (fapp) cumulative release kinetics of DOX
from DOXIL®. Analysis and experiments were performed using (A) 20 kD RC
membrane dialysis bags and (B) 50 kD CE membrane dialysis tubes. The predicted
actual release was performed with Model 3 and fitted apparent release curve were
performed with Weibull functions. The results are presented as mean = SD (n = 3).
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4.4.4 The impact of dialysis membrane on drug release

Model 2 was further used to calculate the free drug concentration in the donor
compartment (Cin) as well as the actual drug release kinetics (f) from the apparent drug
release profiles derived from dialysis assays using different membranes. As seen in
Figure 4.6B, increased Ci, was observed in the early few hours of dialysis in each
dialysis membrane. The accumulation of the free drug in the dialysis bags indicates that
the drug release rate from the liposomes exceeded the drug permeation rate through
the dialysis membranes. Over this period, dialysis membrane diffusion kinetics, rather
than the actual drug release kinetics from the nanocarrier, was the largest determinant
of the drug translocation to the receiver compartment (that is, the apparent drug release
kinetics). For dialysis membranes with higher barrier effects like the MWCO 20 kD CE
membrane, the membrane diffusion remained as the rate-limiting factor throughout the
dialysis process, as evidenced by the high free drug concentration in the donor
compartment. In addition, we noticed that there was a large variance in apparent drug
release in 3 repeated runs using the 20 kD CE tubes, which led to a more scattered
simulation result compared to those of other membranes. Since the apparent drug
release profile is predominately controlled by membrane diffusion, such large variance
can be attributed to the variability between different 20 kD CE dialysis tubes. For
dialysis membranes with faster drug permeation rates such as the MWCO 20 kD RC
membrane and the MWCO 300 kD CE membrane, while they have a shorter
membrane-dominating phase and a lower drug accumulation inside the dialysis bags,

the membrane diffusion was still the largest rate-limiting factor in the first 4 hours.
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Figure 4.6 (A) Predicted liposome cumulative release kinetics of DOX from DOXIL®
from different dialysis devices and (B) Predicted free drug concentration in the donor
compartment (Cin). The shade indicates 95% confidence interval (Cl) generated by
data simulation.

The actual drug release kinetics was also predicted for additional dialysis bags.
As shown in Figure 4.6A, the actual drug release rate inside the dialysis bags was
negatively correlated with the kca of the membrane. This can be attributed to the
accumulation of free drug inside the dialysis bags, which violates an effective sink
conditions for the drug releasing liposome. In dialysis settings, the sink condition is

assumed to be achieved by having a large volume of release media in the receiver
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compartment which is 10 — 20 times higher than the volume required for the saturated
drug solution [198]. The underlying assumption of this practice is that the free drug can
quickly equilibrate across the dialysis membrane, and thus maintaining a low free drug
concentration inside the dialysis bag. However, this assumption may not always be true
due to the barrier effects of dialysis membranes. As seen in Figure 4.6B, the free drug
concentration during the dialysis was 2 — 8 times higher than the final equilibrium
concentration of doxorubicin outside the bag, which was 10 ug/ml. This effect is more
prominent for dialysis membranes with low permeability coefficients. For example, for
the CE membrane with MWCO of 20 kD, the actual drug release was much slower
compared to other dialysis membranes, and approximately followed zero-order kinetics.
In this case, the barrier effects of the dialysis membrane not only delayed the apparent
drug release profile but also hindered the 'actual’ drug release, indicating the membrane
was unsuitable to evaluate drug release kinetics under these conditions. Analyzing the
free drug concentration inside the dialysis bags using the models developed in the
present paper may serve as a useful tool for the methodological evaluation of dialysis

assays.

4.5 Conclusion

Despite the common use of dialysis methods for in vitro drug release kinetics
studies, several common issues associated with their use such as barrier effects of
dialysis membranes and violated sink conditions decrease assay accuracy. These
limitations often lead to underestimated drug release rate, which may be wrongly
attributed to the sustained release of drug from the nanoparticles without proper

methodology evaluation and data interpretation. In the present study, a straightforward
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strategy to manage these effects is proposed independent of the drug carrier in the bag.
First, the dialysis membrane is calibrated by a diffusion experiment across the dialysis
membrane without the nanocarrier. After fitting a suitable mathematical expression to
the apparent drug release data from the nanocarrier obtained from the conventional
dialysis assays, a mathematical model can be used to predict that actual drug release
kinetics. In the cases where the volume changes in the dialysis bags, a volume
correction factor can be added to the mathematical model to enable a better prediction.
An excellent agreement is observed between the predicted actual release kinetics and
concentration in the bag and the experimentally determined values. Our model not only
enables the proper interpretation of the data from dialysis studies but also helps to

evaluate the dialysis methodology applied to in vitro drug release assays.

93



4.6 Supplementary Materials

4.6.1 Materials and Method
4.6.1.1. Permeation kinetics of DOX in different buffers

DOX solution was prepared with the concentration of 2 mg/mL either in the same
buffer as DOXIL® formulation (10 mM Histidine*HCI, 10% sucrose (w/v), pH 6.5) or in
the release media (100 mM NH4HCOs3s, 5% sucrose (w/v), 75 mM MES, 5% HP-CD
(w/v), and 0.02% NaNs. pH 6.0). A volume of 0.4 mL DOX solution was added to the
dialysis bags together with 1.2 mL release media. The dialysis tubes were inserted to
the flow-through cells of the USP-4 apparatus. 78.4 mL release media was added into
the media reservoir to achieve the total volume of ~80 mL. To determine the UV
absorbance of doxorubicin once completely released from the carriers, a free DOX
control was set by directly placing 0.4 mL DOX<HCI stock solution and 79.6 mL release
media in the media reservoir. The apparent cumulative drug release was calculated with
the following formula:

A(Released DOX) — A(Background)

Cumulative release % = ¢« 100%

(Free DOX control) — A(Background)

Where A(released DOx) IS the UV absorbance of the released DOX in bulk solution
outside the dialysis membrane, Aree box control) iS the UV absorbance of the control DOX
solution, and Aackground) IS the UV absorbance of blank release media.

4.6.1.2 Determination of the recovery of desalting columns

To test the capacity of desalting columns to remove free DOX, 100 uL DOX stock
solution (2 mg/mL) was passed through Zeba™ spin desalting columns (7 kD MWCO).

The eluted solution was adjusted to 1 mL using 0.1% Triton X-100 solution. Another 100
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uL DOX solution without desalting process was also diluted to 1 mL using 0.1% Triton
X-100 solution. The UV absorbance of the both samples was measured at UV 480.

To test the liposomal recovery, the DOXIL® liposome formulation was passed
through Zeba™ spin desalting columns (7 kD MWCO) to remove the unencapsulated
DOX and the eluted DOX liposomes were collected. 100 uL collected DOX liposomes
were diluted to 1 mL using 0.1% Triton X-100 solution. Another 100 uL collected DOX
liposomes were passed through the desalting column again, and the eluted solution was
adjusted to 1 mL using 0.1% Triton X-100 solution. The DOX concentrations were
guantified at UV 480 nm via a microplate-reader. The liposomal recovery % was
calculated with the following formula:

A(Before desalting) — A(Background) ¢ 100%

Recovery % =
(After desalting) ~— A(Background)

4.6.1.3. Model 2: Dialysis under conditions with constant volumes and where the

concentration of drug in the receiver media cannot be ignored

For drug release assays with nanoparticles, in the non-sink conditions, the mass

balance in the donor compartment is revised from the Model 1 as follows:

dCin
L T

Vi =71(t) — AP(Cin, — Cout) (S1)
where A is the surface area of the dialysis membrane, P is permeation coefficient, Cin
and Coyt are the free drug concentration of the donor and the receiver compartments

respectively, Vin is the volume of the donor compartment, and r(t) is the mass release

rate of the drug from the nanocarriers.
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Rearranging and integrating (S1) gives:
Jy T(©)dt = Vg [ dCin + AP [y (Cin = Cous) it (52)
Nnormalizing the released mass of drug (fotr(t)dt) by the total drug mass, Mo, gives an

initial expression for fractional drug release from the formulation in the bag as follows:

t t
fo r(t)dt _ VinCin+AP Io(cin_cout) dat

f=0 e (S3)
Similarly, the mass balance in the receiver compartment can be written as follows:
dCoy
Vout dt : AP(CLTL out) (84)

Rearranging (S4) gives Cin as a function of the concentration in the outside media and

its time derivative as follows:

dcaut

Vou
Cin = A_Pt + Coue (S5)
And integrating (S4) gives
Vou Cou
T f (Cin — Coye)dt (S6)
Inserting (S5) and (S6) into (S3):
— VinVout ° dCout CoutVin VoutCout
f= APM,  dt + Mo + Mo (S7)

Noting the apparent fraction drug released from the dialysis bag is

Vou CO‘LL
fapp = # (S8)
and from the related rate of (S8),
dfapp _ @ . dCout (Sg)
ac My dt

Then (S7) may be written as a function of fapp as follows after using (S8) and (S9)

f= Vin , app | CoutVin n

AP dt M, f app (510)

Noting again that k., = ;1_.;)’ (S10) can be re-written as
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d .
f — 1 ° fapp _I_CoutVLn_I_

kcal dt M, f app

(S11)
Since f represents the total free drug fraction, and fapp is the fraction of free drug in the
receiver compartment, the amount of free drug in the donor compartment, Min, can be

written as:

1 dfa CoutVin
M, = Mo(f - fapp) = Mo(a ° Tpp + M;o) (S12)
The free drug concentration in the donor chamber during the dialysis release

experiment can be written as:

Min M, 1 dfg
Cin=rm=ﬁ'a7pp+cout (S13)
4.6.1.4. Model 3: Dialysis with volume changes and appreciable receiver drug

concentration

During the dialysis process, the volume of the donor compartment may change
due to swelling of the dialysis bags or osmotic pressure differences between donor and
receiver solutions. We denote the initial volume of the donor chamber, which is the
same in the calibration experiment and drug release experiment, as Vin). The time-
dependent donor chamber volume is denoted as Ving. The volume of the receiver
chamber is denoted as Vout. As Vout >> Ving and the change of the Vi is very small,
Vout can be treated as a constant during the dialysis process.

Two kinds of dialysis devices are considered. For conventional dialysis bags,
their surface area typically keeps constant despite the slight changes of volume inside
the dialysis bags. For pre-made dialysis tubes with fixed bottom area such as Float-A-
Lyzer devices, the area of the dialysis membranes where the diffusion occurs changes
proportionally with the volume inside the dialysis tubes. These two conditions are

discussed separately below.
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4.6.1.4.1 For dialysis devices with fixed A.

For drug release assays with nanoparticles, the mass balance in the donor

compartment is revised from the Model 2 as follows:

L = 1(t) — AP (Cin — Cour) (S14)
where Min is the free drug mass inside the dialysis bags.

Rearranging and integrating (S14) gives:
Jy r(®ydt = " dMyy + AP [ (Cin = Coue) dt (S15)
Normalizing the released mass of drug (fotr(t)dt) by the total drug mass, Mo, gives an

initial expression for drug release fraction from the formulation in the bag:

t t
_ Jor@®dt M +AP [ (Cin—Cout) dt
My M

f

(S16)
Noting Min = Cin Vin@), Where Ving) is the time-dependent volume in the dialysis bags,
(S16) can be rewriten as:

t
Cin Vin(t)+AP fo (Cin—Cour) At
My

f= (S17)

Again, the mass balance in the receiver compartment can be written as (S4) — (S6).
Inserting (S5) and (S6) into (S17) gives:

f — Vin(t)Vout . dCout + Vin(t)cout + VoutCout (818)
APM, dt M, My

Again, note the apparent fraction drug released assuming the negligible resistance of

the dialysis bag is

Vou Cou
fapp = # (56)
and from (S8):
Adfapp _ Vout o dCout (89)
dc M, dt
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Noting that k., = (818) may be simplified as follows:

= M L dfapp ln(O)Cout
f B Vin(O) (kcal dt + ) + fapp (819)

We denote the volume correction factor F, = Vin® , and then (S19) can be rewritten as

in(0)

dfa ln Cou
f= By e =gl + 0 + fp (S20)

The free drug concentration in the donor chamber during the dialysis process can be

written as:

Mo(f_fapp)= My ol 1 dfapp_l_C
Vin Vino) Kcal dt

Cin = out (821)

4.6.1.4.2 For dialysis devices with fixed Ving /A.

For dialysis devices with fixed bottom area, such as Float-A-Lyzer tubes, the
area of the dialysis membrane changes as the volume inside the dialysis bags change.
The time-dependent dialysis membrane area is denoted as A(t). For a dialysis tube, the

ratio of Ving to A(t) is a constant.

Vinw _ mR?%h _ 5

A(t) ~ 2mRh 2 (522)
where R is the radius of the tube and h is the height of the solution inside the tube.
With A(t) as a variable, in the drug release assay, the mass balance in the donor
compartment is expressed as (S23):
2 = 1 (t) = A()P(Cin — Cour) (S23)
where Min is the free drug mass inside the dialysis bag.
Rearranging and integrating (S23) gives:
[yr@®)dt = ["™ dMiy + [ PAC) (Cin = Coue) dt (S24)
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Normalizing the released mass of drug (fotr(t)dt) by the total drug mass, Mo, gives an

initial expression for drug release fraction from the formulation in the bag:

t t
fo r(t)dt Min"'fo PA()(Cin—Cout) dt
Mo My

f= (S25)

Rearranging (S4) gives Cin as a function of the concentration in the outside media and

its time derivative as follows:

_ Vout .dcout
Cin - A(t)P dt + Cout (826)

and multiplying by Vin/Mo gives the first part on the right-hand-side of (S25)

Min _ Vin)Vout . dCoyt + CoutVin(t) (827)
M, A(t)PM,  dt M,

At the same time, the mass balance in the receiver compartment can be written as

follows:
dCout
Vout dc AP (Cin — Cout) (S28)
And integrating (S28) gives
t
VoutCout = fo AP (Cin — Coyr)dt (829)

Inserting (S27) and (S28) into (S25) gives:

f — VinVout . dCoyt + CoutVin(t) + VoutCout (330)
A(t)PM, dt M, Mo

Again, note the apparent fraction drug released assuming the negligible resistance of
the dialysis bag is

faop = YoutCout (S8)

My
and again with the related rate from (S8),

daf, 1% dac
app _ Yout o out (89)
dt My dt

Then, from (S22), (S30) may be simplified as follows:
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_ R A fapp CoutVin(o)
f=o"a th—g  tfaw (S31)

. . Vi
where F, is the volume correction factor F, = —2&

in(0)
It is worth noting that for the calibration experiment using the same dialysis tubes, the

volume/area ratio (Vin/A) also equals R/2. Thus,

AP 2P
kea = Ty (S32)
Inserting (S32) to (S31) gives
_ 1 . dfapp CoutVin(o)
= T RO g (S33)

The free drug concentration in the donor chamber during the dialysis process can be

written as:

Co =0 o) Mo, L Daw o, (S33)

Vin) Vino) v Kcal dt

4.6.1.5 Data processing
The apparent drug release data (fapp) Of three parallel runs for each dialysis

membrane were recorded. The fapp VS t scatter plots were fitted with Weibull function
Japp =1 — e~%" where a is the scale parameter while b is the shape parameter.

Specifically, when Weibull function cannot fit the data well, which is the case for 20kD

CE release data, the data were fitted by a linear function f;,,,, = ct + d to get a better fit.

After the parameters were determined using nonlinear fitting in R (version 3.4.3),

4.6.2 Results
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4.6.2.1 Permeation kinetics of DOX in different buffers
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Figure 4.S1. Permeation kinetics of DOX solutions in 20 kD RC (A) and 300
kD CE (B) dialysis membranes for different media inside the dialysis tubes.

DOX liposomes in DOXIL® formulation were dispersed in a different buffer
solution from the release media. During the dialysis, different buffers in both sides of
dialysis membranes exchanged their components to reach equilibrium, resulting in a
changing buffer environment inside the dialysis bags. This causes a concern that the
permeation coefficient of DOX across the membrane may change as the solute
components change inside the membrane, making it a variable in the mathematical
model. To investigate whether DOX presented different permeation kinetics in the

different buffers, we performed calibration experiments with DOX solutions in the two
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different buffers. As seen in Figure 4.S1, no significant difference was found in the
permeation kinetics of two DOX solutions in 20 kD RC and 300 kD CE membranes.
Thus, the changing buffer has little effect on the permeation coefficient of DOX.

4.6.2.2 Determination of the recovery of desalting columns

The desalting columns are found to completely remove free DOX from the
solution. The liposomal recovery of the desalting columns was 95.3% + 0.6% (mean +
SEM, n = 3).

4.6.2.3 Fitting apparent fraction release kinetics

The apparent drug release data of DOXIL® from 20kD RC dialysis bags, 50kD
CE, and 300kD CE dialysis tubes were fitted with the Weibull function. The release data
of 20kD CE dialysis tube was fitted with a linear function. As shown in Figure 4.S2, a

good fitting was achieved for each dialysis membrane.
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Figure 4.S2 Data fitting of the apparent release data of DOXIL® from 20kD
RC (A, r? = 0.960), 20kD CE (B, r? = 0.997), 50kD CE (C, r? = 0.915), and
300kD CE (D, r? = 0.938) dialysis devices.
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Chapter 5 Product Characterization and Development of In Vitro Drug Release
Test Method of Exparel Bupivacaine Multivesicular Liposomes

5.1 Abstract

Exparel is a bupivacaine multivesicular liposomes (MVLs) formulation developed
based on the DepoFoam technology. The complex composition and the unique
structure of MVLs pose challenges to the development and assessment of generic
versions. In the present work, we developed a panel of analytical methods to
characterize Exparel in particle size, drug and lipid contents, residual solvents, and pH.
We further developed an in vitro drug release assay for formulation comparison and
quality control purposes by optimizing the experimental setup, dilution factors, and
release media. The batch-to-batch variability of Exparel was examined by the
established analytical methods. Four different batches of Exparel showed good batch-
to-batch consistency in particle size, pH, and in vitro drug release kinetics. Variance in
lipid and drug contents was found across different batches, suggesting possible product
variability of Exparel. These analytical methods could benefit the development of
generic products by facilitating the in vitro equivalency evaluation between generic

products and the reference listed drug (RLD).
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5.2 Introduction

Exparel is a liposomal bupivacaine formulation, which can locally release
bupivacaine over an extended period of 48-72 h [199-201]. Exparel was first approved
by FDA in 2011 for single infiltration to provide postsurgical local analgesia. In 2018,
Exparel was approved with an additional indication for interscalene brachial plexus
nerve block to provide postsurgical regional analgesia [200]. Due to the growing
demand for non-opioid postoperative analgesics, the sales of Exparel have been
increasing, with full-year sales reaching $413.3 million in 2020 [202]. As key patents of
Exparel either have expired or will expire in near future [203-206], Exparel is expected
to be an appealing target for generic developers.

Exparel is developed based on DepoFoam technology, where bupivacaine is
encapsulated in micron-sized multivesicular liposomes (MVLs) [207]. Unlike traditional
unilamellar and multilamellar liposomes with a single aqueous chamber, MVLs present
a honeycomb-like structure, with numerous non-centric aqueous chambers separated
by a network of lipid membranes [207, 208]. The unique structure of MVLs results in a
high aqueous-volume-to-lipid ratio and a high drug encapsulation capacity. In addition to
Exparel, DepoFoam technology is also utilized in two other approved but currently
discontinued products, DepoCyt (cytarabine liposome injection) and DepoDur (morphine
sulfate extended-release liposome injection) [208, 209].

Exparel MVLs are manufactured by a double-emulsion process [210]. First,
bupivacaine free base and lipids dissolved in organic solvent are mixed with the first
aqueous phase containing phosphoric acid to form water-in-oil (w/o) primary emulsion,

where ionized bupivacaine is encapsulated in the inner aqueous phase. The w/o
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emulsion is then mixed with the secondary agueous phase to form a water-in-oil-in-
water (w/o/w) emulsion. The organic solvent is removed through evaporation, which
results in formation of solidified microparticles. The microparticles are subsequently
subject to tangential flow filtration to remove the unencapsulated drug and lipids,
exchange the aqueous dispersion media to 0.9% saline, and adjust the drug
concentration. The resulting MVLs present complex particle structures with a number of
critical quality attributes that potentially can impact the quality and performance of the
final product. Some known patrticle attributes affecting the drug encapsulation and
release behavior of Exparel MVLs include particle size, inner structures, pH, and
osmolarity of the inner water phase [211, 212]. The complex compositions,
manufacturing process, and complicated particle structure of Exparel bupivacaine MVLs
pose challenges for generic development and assessment.

In 2018, the FDA issued a product-specific draft guidance for liposomal
bupivacaine [113]. According to the draft guidance, generic bupivacaine liposomes
should present equivalent product characteristics to the reference product, including
free and encapsulated drug content, lipid content, particle morphology and structures,
internal aqueous environment, as well as the in vitro drug release kinetics [113]. Such
evaluations necessitate the analytical methods for formulation characterization of
bupivacaine MVLs. Particularly, there has been no compendial in vitro release test
(IVRT) method of MVLs. Previously reported in vitro drug release methods for MVLs
usually take several days to weeks, making them unsuitable for a quick determination of
in vitro drug release profiles [213, 214]. Recently, Manna et al. developed a novel IVRT

method for bupivacaine MVLs by modified USP-2 with a reverse-dialysis setup [215].
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This method proved extremely valuable to investigate the drug release mechanisms of
MVLs, but the relatively long release period (48 — 72 h for >80% drug release) and the
need for in-situ fiber optic probes may pose challenges for some generic developers. In
addition to the unmet demand for IVRT methods, there is a lack of information on the
batch-to-batch variability of Exparel.

To address the above problems, we developed a series of analytical methods to
characterize Exparel in terms of particle size distribution, drug and lipids contents,
formulation pH, and residue solvents. 4 different lots of Exparel RLD were analyzed,
and the lot-to-lot variability was analyzed. We further developed an accelerated IVRT
method for quality control and comparison purposes by optimizing the experimental
setups and release parameters. The methods developed in the present study would be

valuable for developing generic bupivacaine MVLs and other MVLs-based products.

5.3 Materials and Method

5.3.1 Materials

Four batches of bupivacaine liposome injectable suspension, Exparel, with batch
numbers 17-3110, 17-4046, 17-4161, and 17-4216, were purchased from the Research
Pharmacy of the University of Michigan Health System. Another batch of Exparel, 21-
P080, was later purchased from the same source for imaging studies described in 5.3.3.
1,2-dipalmitoyl-sn-glycero-3-phosphoglycerol sodium salt (DPPG-Na) and 1,2-dierucoyl-
sn-glycero-3-phosphocholine (DEPC) were purchased from NOF. Tricaprylin was
purchased from Sigma. US Pharmacopeia (USP) grade bupivacaine hydrochloride
hydrate was purchased from Fisher Scientific. Ropivacaine hydrochloride hydrate was

purchased from Cayman Chemical.
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5.3.2 Particle size distribution

The particle size distribution was determined using Malvern Mastersizer 2000
(Malvern Instruments Ltd., Worcestershire, UK). Undiluted Exparel MVLs were added to
0.9% saline in a dispersion unit under 850 rpm stirring until the obscuration limit (10%)

was reached. Three measurements were conducted for each sample.

5.3.3 Inner structure of Exparel MVLs

The inner structure of Exparel MVLs was observed using cryogenic-scanning
electron microscopy (cryo-SEM) and confocal microscopy as described previously
[215]. Briefly, for cryo-SEM observation, diluted Exparel MVLs were sandwiched
between two freezer hats and fast-frozen in liquid ethane. The frozen samples were
then fractured on a pre-cooled Leica EM ACEG600. After being sputter-coated with 5 nm
of gold, the samples were imaged using a pre-cooled TESCAN Mira 3 FE-SEM
operated at 5 kV. For confocal microscopy studies, Exparel MVLs were incubated with
lipophilic dye BODIPY 500/510 (C4, C9 (5-Butyl-4,4-Difluoro-4-Bora-3a,4a-Diaza-s-
Indacene-3-Nonanoic Acid), Thermo Fisher Scientific) with a DEPC: BODIPY molar
ratio of 1: 0.024 at room temperature for 1 h in dark. Then the samples were diluted with

PBS, loaded onto glass slides, and observed by confocal microscopy at 505-515 nm.

5.3.4 Quantification of bupivacaine

The bupivacaine content was quantified using ultra performance liquid
chromatography (UPLC) by Waters ACQUITY UPLC-H Class System with UV detection
at 265 nm. For total bupivacaine content quantification, 1 volume of the formulation was

first diluted with 3 volumes of water, followed by a further dilution to 40 volumes using
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methanol supplemented with 0.1% formic acid (FA). The samples were further diluted
with mixture of acetonitrile and methanol (V:V = 2:1) with 0.1% FA to 400 volumes. To
isolate unencapsulated bupivacaine, the formulation was firstly centrifuged at 400 rcf for
10 min to remove intact MVLs. The supernatant was then transferred to Amicon Ultra-
0.5 mL centrifugal tubes with a 30 kD molecular weight cut-off (MWCO) and centrifuged
at 1500 rcf for 15 min. The filtrate containing free bupivacaine was diluted 20 times with
mixture of acetonitrile and methanol (V:V = 2:1) containing 0.1% FA. Bupivacaine
standard solutions were prepared using USP bupivacaine hydrochloride hydrate in the
same solvent. 3 pL sample was injected to a Waters ACQUITY UPLC BEH HILIC
column (2.1 x 50 mm). The mobile phase consisted of (A) water with 0.1% FA, (B)
acetonitrile with 0.1% FA, (C) methanol with 0.1% FA, and (D) 100 mM ammonium
formate water solution (solvent D). The flow rate was 0.65 mL/min. The gradient elution

procedure is shown in Table 5.1.

Table 5.1 Gradient elution procedure for bupivacaine quantification.

Time/min A% B% C% D%
0 0 90 5 5
2 0 90 5 5
2.8 20 70 5 5
2.81 20 70 5 5

5.3.5 Quantification of lipid components

Cholesterol was quantified by Free Cholesterol Detection Kit (Wako Diagnostics)
following instructions from the manufacturer. DEPC, DPPG-Na, and tricaprylin were
quantified by ultra-performance liquid chromatography-mass spectrometry (UPLC-MS)

using Waters ACQUITY UPLC-H Class System equipped with a QdaTM detector. 1
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volume of the formulation was firstly diluted with 3 volumes of water, followed by a
further dilution to 8000 volumes using methanol with 0.1% FA. The samples were
separated using an ACQUITY UPLC BEH300 C4 column. The mobile phase consisted
of (A) water with 0.1% FA, (B) acetonitrile with 0.1% FA, (C) methanol with 0.1% FA,
and (D) 100 mM ammonium formate water solution. The flow rate was 0.3 mL/min. The
gradient elution procedure is shown in Table 5.2. Lipids were detected at M/z of 899.00

(+) for DEPC, 721.79 (-) for DPPG-Na, and 488.50 (+) for tricaprylin, respectively.

Table 5.2. Gradient elution procedure for lipids quantification.

Time/min A% B% C% D%
0 50 30 15 5
1 5 60 30 5
4 5 60 30 5
4.5 50 30 15 5

5.3.6 Residual solvent measurement

Residual solvents in the formulation were identified and quantified by gas
chromatography (GC) on a Trace 1310 gas chromatograph (Thermo Fisher Scientific
Inc., USA). Nitrogen was used as the carrier gas with a flow rate of 25 mL/min. Airflow
was 350 mL/min, and hydrogen flow was 35 mL/min. The front detector was 240 °C,
and the front inlet pressure was a constant flow of 2 mL/min. For quantification, 0.2 mL
of formulation was added to 0.8 mL DMSO in the GC headspace vials, and the caps
were immediately sealed. Each sample was agitated for 20 min at 80 °C. Then 1 mL of
headspace sample was injected into the front inlet with a temperature of 140 °C, split
flow of 40 mL/min, and split ratio of 20. The initial GC column temperature was set to 40

°C for 15 min, followed by an increase to 240 °C at 10 °C /min over 20 min and holding
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at 240 °C for 2 min. Standard samples were prepared by dissolving individual organic

solvents in 0.9% saline:DMSO = 1:4 (V:V).

5.3.7 pH of internal and external agueous phase of MVLs

The pH of both internal and external aqueous environment was measured by 430
pH Meter (Corning, USA) with MI-410 microelectrodes (Microelectrodes Inc., USA). To
rupture MVLs and release the inner water phase, 1 mL formulation was subject to probe

sonication (3W, room temperature) for 2 min and 6 min, followed by pH measurement.

5.3.8 In vitro drug release test (IVRT)
5.3.8.1 Selection of IVRT methods

Three experimental setups, which are respectively facilitated by a rotator, a
shaker, or mesh tubes, were tested to develop the in vitro drug release assay (Figure
5.1). For the rotator-facilitated method, Exaprel formulation was diluted by 50 times
using PBS (pH 7.4) containing 0.02% NaNs. 1.8 mL diluted formulation was put in each
2 mL round-bottom Eppendorf tube. The tubes were fixed on a vertical rotator with a
speed of 15 rpm and were incubated at 37 °C. At the predetermined time points, three
tubes were taken for further analysis.

For the shaker-facilitated method, Exaprel formulation was diluted by 50 times
using PBS (pH 7.4) containing 0.02% NaNs. 1.8 mL diluted formulation was put in each
mL round-bottom Eppendorf tube. The tubes were put on a horizontal shaker with a
speed of 80 rpm incubated at 37 °C. At the predetermined time points, three tubes were

taken for further analysis.

111



For the mesh-tube facilitated method, 5 mL formulation was put into a nylon
monofilament mesh tube with 1 um membrane pore size (size 1x6 inch, Midwest, LLC,
SKU NMO1SBF). The mesh tube was then inserted into a 500 mL glass bottle filled with
245 mL PBS (pH 7.4) containing 0.02% NaNs. The depth of the tube immersed in the
media was adjusted so that the liquid volume inside the mesh tube remained 5 mL to
avoid extra dilution of the formulation. The release bottle was put in an incubating
shaker at a shaking speed of 80 rpm at 37 °C. At the predetermined time points, 0.5 mL
release media was removed outside the bag, and another 0.5 mL fresh blank media

was added back.

Shaker Rotator Mesh Tube

. gmemem
| o8eofele

1.8 mL diluted * 1.8 mL diluted *+ 5 mL MVLs in mesh
formulation in 2 mL formulation in 2 mL tube (pore size 1 ym)
Eppendorf tube. Eppendorf tube. + 245 mL release media
37 °C, 80 rpm. »+ 37°C,15rpm. « 37°C, 80 rpm.

Figure 5.1 Different experimental setups for in vitro drug release assays.

The size distribution of MVLs during the release process was analyzed by
MasterSizer as described in 5.3.2. The morphology of the particles was visualized by a
microscope. To quantify the released bupivacaine, the samples were centrifuged for
600 g to remove liposome particles. Then 200 pL supernatant was taken and mixed with
50 pL ropivacaine solution (500 ug/mL in PBS with 0.02% NaNs, pH = 6), which served

as an internal standard. The mixture was diluted with 250 uL methanol, followed by
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vigorous vortexing. Then 500 pL acetonitrile was added, followed by vigorous vortexing.
The final mixture was centrifuged at 10000 rpm for 10 min at room temperature to
remove aggregates. The supernatant was injected into Waters ACQUITY UPLC H-
Class System equipped with a Waters ACQUITY UPLC BEH C18 column (2.1 x 50
mm). The mobile phase was composed of 70% (A) water with 0.1% FA; 15% (B)
acetonitrile with 0.1% FA; and 15% (C) methanol with 0.1% FA. The flow rate was 0.4
mL/min. The UV detection wavelength was 220 nm.

5.3.8.2 In vitro drug release kinetics of intact and compromised Exparel®

products

The optimized rotator-based, sample-and-separate IVRT method was selected to
assess the in vitro drug release from Exparel MVLs. Briefly, Exparel MVLs formulation
was diluted 50 times with PBS (pH 7.4) containing 0.02% NaNs. 1.8 mL of the diluted
formulation was put in each 2 mL round bottom Eppendorf tube. The tubes were fixed
on a vertical rotator with a speed of 15 rpm at 37 °C. At the predetermined time points,
three tubes were taken out. The released bupivacaine content was quantified as
described above. To test the discriminative capacity of the IVRT method, compromised
Exparel samples were prepared by being subject to 20 s vortexing or 1 freeze-thaw
cycle. The in vitro drug release profiles of compromised formulations were determined
and compared with intact Exparel formulation. For batch-to-batch comparison, the in
vitro drug release profiles of 4 batches of Exparel products were determined using the
method described above. The release profiles were compared using f2 similarity test

with the following equation:
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f2=501 100 ]
= Og
l 1+ Z?:l(Rt — Tt)ZJ
n
where n is the number of time points, Riand T are the cumulative release value of the

reference and test formulation at time t, respectively. A test formulation with a similarity

factor f2 > 50 is considered similar to the reference formulation.

5.4 Results

5.4.1 Particle size distribution

The particle size distribution of four batches of Exparel MVLs was measured by
laser diffraction. As shown in Figure 5.2 and Table 5.3, Exparel MVLs have a narrow
particle size distribution with a median volume particle diameter (d0.5) around 26 ym,
which is consistent with the reported median particle size of 24 to 31 um [200]. Patrticles
from four batches of products showed almost identical particle size distribution profiles,

with no significant statistical difference (One-way ANOVA, p > 0.05).

Volume (%)

1 10 100 1000
Particle Size (um)

Figure 5.2 Particle size distribution of Exparel bupivacaine multivesicular liposomes.
Data are presented as mean + SD of four batches of product each measured 3 times
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Table 5.3 Size distribution of four batches of Exparel formulation measured by laser

diffraction. Data are presented as mean + SD (n = 3).

Lot No. d0.1 (um) d0.5 (um) d0.9 (um)

17-3110 13.12+0.13 26.07 £ 0.19 52.64 £ 0.17
17-4046 13.08 £ 0.10 25.73 £ 0.17 51.47 £0.29
17-4161 13.02 £ 0.19 25.62 +0.31 51.46 £ 0.54
17-4216 12.99 £ 0.16 25.60 £ 0.25 51.37 £ 0.47

5.4.2 Inner structure of Exparel MLVs

Figure 5.3 Representative cryo-SEM (A, B) and confocal fluorescent microscopy
images (C, D) showing inner structure of Exparel MVLs.

The non-centric aqueous compartments within Exparel MLVs were imaged by
cryo-SEM and confocal microscope (Figure 5.3), respectively. Cryo-SEM images
showed a close packing of the internal chambers with polyhedral structures. The
diameters of inner structure are within a range of 1-2 ym, which is consistent to previous
reports [215, 216]. As a less-disruptive method, confocal microscopy was used to

visualize the fluorescently labeled lipid layers within MVLs in aqueous environment.
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Similar to SEM images, confocal microscopy images showed spherical inner
compartments within MVLs. Lipid droplets formed by tricaprylin were also observed as

dense green dots within MVLs.

5.4.3 Drug and lipids contents

The total and unencapsulated bupivacaine, as well as the lipid contents, of four
batches of Exparel were quantified using UPLC. To isolate the unencapsulated
bupivacaine, a two-step isolation method was established. First, MVLs and supernatant
consisting of the unencapsulated drug were separated by centrifugation at 400 rcf
centrifuge force. For reference, 600 rcf is the commonly used centrifugation force for
particle isolation and purification of drug-loading MVLs [217, 218]. No difference in
particle size distribution was observed before and after centrifugation, suggesting the
centrifuge process did not disrupt the particle structure (data not shown). The
supernatant was subsequently subject to ultracentrifugation to further isolate
unencapsulated bupivacaine from possible lipid nanoparticles. As shown in Table 5.4,
the total bupivacaine contents were consistent with the labeled drug content except for
batch 17-4046, which is lower than the labeled value. The free drug percentages ranged
from 4 to 8%. Variance in lipid contents was found among four batches of Exparel
products (Table 5.5). It is also worth noting that the ratio of different lipid species also
varies among different batches, as one lipid component might be slightly higher than the

labeled value while another one was slightly lower.
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Table 5.4 Total bupivacaine and unencapsulated bupivacaine contents in four batches

of Exparel formulation. All values are presented as mean + SD (n=3).

Lot No.

Total bupivacaine

Free bupivacaine

Free bupivacaine

(mg/mL) (mg/mL) fraction (%)
Published Values 13.3 - -
17-3110 13.67 £ 0.62 0.54 £ 0.05 41104
17-4046 1243 +0.28 0.73+ 0.06 55+04
17-4161 13.23 £ 0.11 1.09 £ 0.01 8.2+0.1
17-4216 13.10 £ 0.32 0.62 £ 0.03 46+0.3

Table 5.5 Lipid contents in four batches of Exparel formulation. All values are presented as

Mean £ SD (n=3).

Lot No. DEPC DPPG Tricaprylin Cholesterol
(mg/mL) (mg/mL) (mg/mL) (mg/mL)
Published Values 8.2 0.9 2.0 4.7
17-3110 8.17 £ 0.26 0.82 £ 0.02 2.19+0.20 4.54 +0.07
17-4046 7.19+0.36 0.73+0.04 1.92 £ 0.08 4.04 £0.02
17-4161 7.68 £ 0.33 0.92 + 0.07 1.75+£0.09 442 +0.02
17-4216 7.81+0.21 0.78 £ 0.07 212+0.12 4.26 £ 0.06

5.4.4 Residual organic solvents

Different manufacturing methods have been described in various patents

concerning Exparel. In earlier patents, it was described that in the first emulsification

step, bupivacaine salt is dissolved in the first aqueous solution, and chloroform is used

as the organic solvent [203, 219]. However, the manufacturing process was later

modified, where methylene chloride is used to dissolve lipids and bupivacaine free base

in the first emulsification process [220]. To identify the species and level of residual

organic solvents in commercial Exparel product, the formulation was tested by GC

along with standard samples of three commonly used organic solvents, including

chloroform, methylene chloride, and diethyl ether. As seen in Table 5.6, only methylene

chloride was detected in the samples, which is consistent with the organic solvent
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disclosed in the latest patents. The methylene chloride contents of four batches of

Exparel are well below the limit of 600 ppm set by ICH guideline Q3C (R8).

Table 5.6 Residual organic solvents quantified in four batches of Exparel formulation. All
values are presented as Mean + SD (n=3).

Lot No. Methylene Chloride (ppm) Chloroform (ppm) Diethyl Ether
17-3110 62.2+59 Not detected Not detected
17-4046 73.5+45 Not detected Not detected
17-4161 135.6 £ 3.6 Not detected Not detected
17-4216 65.5+4.6 Not detected Not detected

5.4.5 pH of internal and external agueous phases

7.0 = Lot 17-3110
-+ Lot 17-4046

6.5 Lot 17-4161
T g0 - Lot 17-4216

o

5.5- B
= |

5.0 : : :

0 2 4 6

Sonication Time (min)

Figure 5.4 Formulation pH of four batches of Exparel before and after
probe sonication. All values are presented as Mean + SD (n=3).

Exparel MVLs have distinct external and inner water phases. As a weak basic
drug, bupivacaine is mostly ionized in the acidic inner agueous chambers, which
reduces its diffusion through lipid membranes. To facilitate drug encapsulation and
sustained release of bupivacaine, the external aqueous phase of Exparel MVLs is 0.9%
saline with a reported pH of 5.8-7.4, while the inner aqueous phase is more acidic [200,

203, 205]. To investigate the pH of the external and inner aqueous phase of Exparel
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MVLs, the formulation pH before and after particle rupture was measured. As shown in
Figure 5.4, prior to probe sonication, all four batches of Exparel had a pH of 6.5-7,
which agreed with the reported pH of 5.8-7.4 in the package insert. A drastic pH drop
was observed after probe sonication, which corresponds to the release of the acidic

inner aqueous phase upon particle rupture.

5.4.6 In vitro drug release assay
5.4.6.1 Experimental setups

As shown in Figure 5.5 and 5.6, The release assay performed on a horizontal
shaker resulted in limited drug release and little change in particle size. In comparison,
the rotator-facilitated method resulted in a rapid drug release within 24 h accompanied
by a steady decrease of particle sizes. Such results are consistent with the previous
study of Manna et al., where increased mechanical stress was found to increase the
drug release rate through surface erosion [215]. Interestingly, minimal drug release and

particle size change were observed in the mesh-tube-facilitated method. With the
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Figure 5.5 In vitro drug release profile of Exparel determined by different experimental
setups. All values are presented as Mean = SD (n=3).
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relatively rapid drug release, the rotator-facilitated method is selected for further

optimizations.

A
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<13 = 24 = 45
= ™) )
S 12 S 22 S 40
° 1 . 20- © 36
O % & 12 16 20 24 "0 4 8 12 16 20 24 0 4 8 12 16 20 24
Time /h Time /h Time /h
B Rotator Shaker Mesh Tube
Oh
24 h

Figure 5.6. Particle size distribution (A) and morphology (B) of Exparel liposomes
before and after different drug release assays. Scale bar represents 50 pm. All
values are presented as Mean + SD (n=3).

5.4.6.2 Effects of formulation dilution and release media

As shown in Figure 5.7 and Figure 5.8, more diluted formulations presented
quicker drug release and a more significant decrease in particle size. On the other
hand, less diluted formulation aggregated during the release process, possibly

explaining the slower drug release. In terms of the effects of release media pH on drug

120



release kinetics, as shown in Figure 5.9 and Figure 5.10, drug release was accelerated
at lower pH. Meanwhile, drug release was slowed when supplementing BSA to the
release media. Reduction of particle size was observed in PBS groups, but

supplementing BSA abolished such changes.
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Figure 5.7 In vitro drug release profile of Exparel determined by the rotator method
with different dilution factors. All values are presented as Mean + SD (n=3).
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Figure 5.8 Particle size distribution (A) and morphology (B) of Exparel liposomes
before and after drug release assays with different dilutions. Scale bar represents 50
pum. All values are presented as Mean + SD (n=3).
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Figure 5.9 In vitro drug release profile of Exparel determined by the rotator method with
different release media. All values are presented as Mean + SD (n=3).
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Figure 5.10 Particle size distribution (A) and morphology change (B) of Exparel
liposomes during release experiment with different release media. Scale bar
represents 50 ym. All values are presented as Mean £ SD (n=3).
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5.4.6.3 In vitro drug release kinetics intact and compromised Exparel products

The rotator-facilitated method, with 50x dilution and PBS (pH 7.4) as the release
media, was chosen as the optimized IVRT method. The discriminative ability of the
optimized IVRT was further tested by comparing in vitro drug release kinetics of intact
and compromised Exparel samples. As shown in Figure 5.11, mechanical agitated
Exparel MVLs showed a faster drug release, while the freeze-thaw formulation

completely lost the sustained-release function.
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Figure 5.11 In vitro drug release profile of intact and compromised
Exparel MVLs. All values are presented as Mean * SD (n=3).

The batch-to-batch comparison of Exparel was conducted using the optimized
IVRT. As shown in Figure 5.12, four batches of Exparel showed similar drug release
profiles. The results of the f2 release similarity comparison were all above 50%,

suggesting no statistical difference in release profiles across different batches.
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Figure 5.12 In vitro drug release profile of four different Exparel batches. All values
are presented as Mean = SD (n=3).

5.5 Discussion

In the present study, analytical methods were developed to quantify the particle
size distribution, drug and lipids contents, formulation pH, residual solvents, and in vitro
drug release of Exparel bupivacaine MVLs. Four different batches of Exparel product
showed good batch-to-batch consistency in particle size, pH, and in vitro drug release
kinetics. At the same time, variance in lipid and drug contents was found across
different batches. Moreover, there was a noticeable difference in the ratio of lipid
components across different batches, implying potential variability in lipid recoveries
during the manufacturing process. While we acknowledge that the results were obtained
from limited samples and the quantification method was not rigorously validated under
GLP requirements, it is worth noting that there could be some batch-to-batch variability
of Exparel based on the current results. This observation supports the need for testing
multiple batches of the reference product, when possible. The inherent product
variability can pose a significant challenge for generic drug developers working on
complex injectable products. In a recent industry survey presented in GDUFA Science
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and Research Initiatives Public Workshop, 10 out of 18 respondents voiced concerns
related to highly variable and old reference products [221]. Some highlighted issues
include “reference listed drugs do not pass in vitro comparability when compared to
itself”, and “discrepancies between label and actual product” [221]. The survey results,
which resonated our findings on batch-to-batch variability of Exparel, suggested the
need for further research to address challenges in demonstrating equivalence to
reference products with possible high inherent variability.

MVLs are characterized by a honeycomb-like structure where the inner aqueous
phase is separated into multiple non-centric chambers. According to the FDA draft
product specific guidance on bupivacaine MVLs, generic bupivacaine MVLs are
recommended to present similar inner chamber morphology compared to the reference
product. In the present study, cryo-SEM and confocal microscopy are used to
characterize the inner structure of Exparel MVLs with different emphases. Cryo-SEM
revealed the polyhedral structure of inner chambers packed in a similar way to gas-
liquid foams, which is consistent with previous topology studies [222]. In terms of the
distribution of lipid components in MVLs, a previous **C nuclear magnetic resonance
(NMR) study has suggested that the inner chambers were separated by phospholipid
bilayers, while triglyceride mainly resides at bilayer intersection spaces or forms
droplets dispersed in MVLs [223]. Both the lipid membrane separation and tricaprylin olil
droplets were observed using confocal microscopy with the lipophilic BODIPY dye in the
present study. Cryo-SEM and confocal microscopy would be valuable tools to determine

the similarity of inner structures between generic candidates and the reference product.

125



The complex sustained-release mechanisms of Exparel and other MVLs have
not been fully revealed. Various mechanisms have been suggested to be involved,
including drug permeation through lipid membranes, lipid rearrangement, and particle
erosion [208, 209, 224]. In a recent study by Manna et al., using a reverse dialysis
method adapted with the USP-2 apparatus, a tri-phasic release profile of bupivacaine
from MVLs was observed [215]. The first stage is an initial burst release stage, possibly
caused by unencapsulated or surface-bound bupivacaine. The initial burst release is
followed by a lag phase where the drug slowly diffuses through lipid membranes,
possibly accompanied by lipid rearrangement. The MVLs subsequently undergo a
secondary release phase, mainly attributed to particle erosion [215].

In the present study, we intended to design an accelerated and discriminatory
IVRT method for assessing potential physicochemical differences in product
formulation. Instead, we intended to design a quick and discriminatory IVRT method
that can achieve ~80% release within 24 h for quality control and comparison purposes.
Mechanical stress was found to be the main driving force for accelerated drug release
from MVLs. In the shaker-facilitated method and mesh-bag-facilitated method,
insufficient mixing and limited mechanical stress led to minimal drug release within 24 h.
On the contrary, vertical rotation resulted in an accelerated drug release. A significant
reduction in particle size was observed only during the rotator-facilitated, suggesting
particle erosion is the main mechanism driving the accelerated drug release. Such
observation is consistent with the earlier study by Manna et al. [215]. The impacts of
sample dilution, release media pH, and BSA supplementation were further determined.

More diluted samples presented faster drug release in the rotator-based assay,
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whereas insufficient dilution led to slow drug release with significant particle
aggregation. Acidic release media accelerated drug release, which can be explained by
increased sink condition as bupivacaine is more ionized thus more water-soluble in
acidic pH. Supplementing BSA to release media led to slow drug release with minimal
change in particle size. Such results were surprising, as BSA was expected to increase
drug release by disrupting liposome membranes and binding released bupivacaine
molecules [225]. One possible explanation is that BSA increased the viscosity of
release media, which altered the mechanical stress on liposomal particles.

A rotator-based IVRT method with release media of PBS pH 7.4 was selected to
evaluate the in vitro release kinetics of Exparel. The discriminatory ability of the
established IVRT was tested by comparing release profiles of the intact formulation and
formulation compromised by mechanical stress and freeze-thaw. As shown in Figure
5.11, mechanical agitation greatly increased the free-drug content and drug release rate
from bupivacaine liposomes. Freeze-thaw cycle completely abolished the sustained
release of the drug, indicating complete destruction of liposome structures during
freeze-thaw. The sensitivity of Exparel MVLs to mechanical force indicates that well-
controlled transportation and storage conditions are of vital importance to assure the
quality of Exparel MVLs during the supply chain.

The present study has several limitations. With the observed batch-to-batch
variability, the number of batches of Exparel analyzed in the study was considered
limited. The rotator-based IVRT method relied on mechanical stress to accelerate drug
release from MVLs, which does not represent physiological conditions. Thus, while this

IVRT method may be used for quality control or comparison purposes as part of the
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totality evidence approach, other assay setups which more closely mimic physiological
conditions would be more desirable when developing in vitro-in vivo correlations to

predict in vivo behavior of bupivacaine MVLs.

5.6 Conclusion

A series of analytical methods were developed to analyze various key quality
attributes of liposomal bupivacaine formulation Exparel including particle size
distribution, drug and lipids contents, formulation pH, and residual solvents. An
accelerated in vitro drug release assay was developed. Exparel MVLs presented a
median volume particle diameter (d0.5) around 26 um, with a honeycomb-like inner
structure which could be observed by confocal microscopy and cryo-SEM. Methylene
chloride was identified as a residual solvent. A good consistency in particle size, pH,
and in vitro drug release kinetics was found in four batches of Exparel product.
Differences in lipid and drug contents was observed across different batches,

suggesting possible batch-to-batch variability of Exparel.
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Chapter 6 Conclusion and Perspectives

The recent advances in the understanding of the physiological functions of HDLs
have led to a paradigm shift for sHDL therapies from focusing on elevating HDL
cholesterol levels to enhancing sHDLs functionalities. The first section of the thesis,
consisting of Chapters 2 and 3, focuses on optimizing sHDL components to achieve
superior endothelial protective and anti-inflammatory effects. In Chapter 2, an activated
endothelium targeted sHDL was developed by conjugating VCAM-1 specific peptide
ligand. The active targeting sHDLs showed enhanced binding on activated endothelium,
inhibited inflammatory responses, and reduced leukocyte adhesion on inflamed
endothelium. Based on the results of this proof-of-concept study, VHPK-sHDLs hold the
potential to be further optimized to fully exert therapeutic potential to inflammatory
disease either as a stand-alone therapy or drug delivery carrier.

In Chapter 3, a bioactive phospholipid, phosphatidylserine (PS), was introduced
to sHDL nanopatrticles. Incorporating PS into sHDLs improved the particle stability and
anti-inflammatory effects on LPS-activated macrophages without impairing the
cholesterol efflux capacity and pharmacokinetic profiles of sHDLs. With enhanced anti-
inflammatory effects, PS-containing sHDLs may be promising therapeutic agents in
suppressing overactive immune responses involved in varieties of diseases such as
sepsis, autoimmune diseases, and COVID-19-associated hyperinflammatory syndrome,

which will be investigated in future studies. Overall, the knowledge provided in Chapters

129



2 and 3 increased the understanding of the structure-function relationship of sHDLsS,
which we hope would facilitate the further optimization of sSHDL functionalities for
expanded therapeutic applications of sHDL therapies.

The second section of the thesis, consisting of Chapters 4 and 5, focuses on the
analytical characterization of liposomal drug products, with a special focus on
developing in vitro drug release test (IVRT) methods. Chapter 4 is focused on the
dialysis-based method, which is a commonly used IVRT method for liposomal drug
carriers. The mass transfer analysis demonstrated that the barrier effects produced by
dialysis membranes could delay the appearance of drug molecules in the sampling
compartment, leading to underestimated drug release. A two-step approach was
proposed to address this problem. First, the barrier effect of the dialysis membrane was
determined by a calibration experiment. Then, a mathematical model was applied to find
the actual drug release kinetics from the apparent drug release data. The model was
tested on Doxil® (doxorubicin liposomes), and a good agreement was found between
the experimental data and the predicted value. The proposed model would help the
proper interpretation of the data from dialysis studies. Moreover, it enables the
methodological evaluation of dialysis-based in vitro drug release assays, which will
facilitate the development of reliable, reproducible, and discriminatory IVRT methods for
liposome and other nanoparticle drug delivery systems.

Chapter 5 focused on characterizing the physicochemical properties of a
commercial multivesicular liposomal product, Exparel. The critical quality attributes of
Exparel, including particle size, inner structure, drug and lipid contents, residual

solvents, and pH, were characterized, and batch-to-batch variability of Exparel was
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examined. Moreover, an in vitro drug release assay was developed for formulation
comparison and quality control for multivesicular liposomes. The data derived from
Chapter 5 will provide generic drug developers with valuable information on CQAs of
bupivacaine multivesicular liposomes. The next step of the research will involve
investigating the relationship between critical process parameters (CPPs), CQASs, and in
vivo performance, as well as establishing IVIVC for bupivacaine liposomes. Overall, we
expect the analytical methods developed in Chapter 4 and Chapter 5 could provide
useful information to liposomal product developers as well as regulatory agencies on
the analytical characterization of liposomal drug products. Such collaborations with
industry and regulatory agencies will be continued in the future to fill the current

scientific and regulatory gaps in the development of liposomal drug products.
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