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Abstract

Nerve Growth Factor (NGF) is one of the members of the neurotrophin family with multifaceted
functions. However, clinic application of NGF is hurdled by the challenge on formulation
development. The objective of this study was to develop novel high-density lipoproteins (HDL)-
mimicking nanoparticles (NPs) coated with a-tocopherol to incorporate NGF by a self-assembly
approach. The NPs were prepared by an optimized self-assembly method that is simple and
scalable. The composition of HDL-mimicking NPs was optimized. The prototype of the HDL-
mimicking a-tocopherol-coated NPs contained phosphatidylserine (a negative charged
phospholipid) and D- a-Tocopheryl polyethylene glycol succinate (a source of vitamin E) to
enhance the entrapment efficiency of apolipoprotein A-I in the NPs. The entrapment efficiency of
apolipoprotein A—I was about 30%. The NPs had particle size about 200 nm with a relatively
narrow size distribution. Finally, cationic ion-pair agents were optimized to form ion-pairs with
NGF to facilitate the incorporation of NGF into the NPs. Protamine sodium salt USP formed an
optimal ion-pair complex with NGF. The results showed that the novel HDL-mimicking a-
tocopherol-coated NPs successfully encapsulated NGF with over 65% entrapment efficiency by
using this ion-pair strategy. In vitro release studies demonstrated a slow release of NGF from NGF
NPs in PBS containing 5% BSA at 37°C for 72 hours. Further biodistribution studies showed that
intravenously injected NGF NPs significantly increased NGF concentration in plasma and
decreased the uptake in liver, spleen and kidney, compared to free NGF in mice.
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Nerve Growth Factor (NGF) is well known for its role in survival, maintenance and
differentiating actions on sympathetic and sensory neurons of peripheral nervous system,
and maintenance of functional integrity of cholinergic neurons in the central nervous system
[1]. Beneficial effects of NGF in peripheral neuropathies, diabetes, skin ulcers, human
immune deficiency virus, and ophthalmology make it a potential therapeutic protein [2].
However, NGF administration through various routes like intravenous, subcutaneous or
intra-cerebro ventricular infusions caused a variety of undesirable and unwanted effects in
patients [3-5]. Other approaches, such as CERE-110 [6] and NsG0202 [7], are invasive
requiring brain surgery procedures to incorporate NGF into certain locations of the brain.
Therefore, a novel delivery strategy with convenient administration is required for NGF.

The applications of proteins in medications has been limited by their poor stability due to
proteolytic and hydrolytic degradation, low permeability across the barriers, and short
biologic half-life in the circulatory system [8,9]. Indeed, the half-life of NGF was about 5.4
min by intravenous injection in adult rats [10]. Nanoparticles (NPs) are promising delivery
systems for NGF. When encapsulated and delivered by a NP system, the physiochemical
properties of the NPs rather than those of NGF will determine the in vivo fate of NGF. Thus,
NPs could offer improved transport properties, modified release characteristics and
pharmacokinetic profiles after systemic administration [11]. So far, poly(butyl
cyanoacrylate) (PBCA) NPs coated with polysorbate 80 [12], a liposome delivery system
coated with RMP-7 targeting B2 receptor on brain microvascular endothelial cells [14], and
the NGF conjugate with an antibody of the transferrin receptor [15] have been studied to
deliver NGF to cross the blood-brain barrier (BBB). However, low NGF loading, low
entrapment efficiency (EE) and degradation were significant issues associated with these
formulations.

Formulating macromolecules like proteins is challenging because of their hydrophilic
properties, charges and big sizes [8]. lon-pair strategies are promising methods to
incorporate macromolecules, such as DNA, siRNA and proteins, into NP systems through
charge-charge interaction [16—18]. By neutralizing the charges on proteins and improving
lipophilicity, the ion-pair agents can facilitate the encapsulation of the proteins into lipid-
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based NPs. Protamines and poly-I-lysine (PLL) are the polycationic carriers used to form
complex with macromolecules [19-21]. The complexation helped condense macromolecules
and protect them from enzymatic degradation. Previous study also demonstrated that the
type of protamines affected the formation of the ion-pair complex [20]. Thus, it is important
to select an optimal ion-pair agent for protein formulation development.

High-density lipoproteins (HDLs) are natural NPs with the potential to escape the
reticuloendothelial system, leading to a long circulation in blood. HDL-mimicking NPs have
been developed as drug delivery cargos to target various diseases like atherosclerosis [23],
angiogenesis [24], lymphoma [25], Alzheimer’s disease [26], and cancers [27]. HDLs are
composed of various components that include triglycerides (3—7%, w/w%) and cholesteryl
ester (15-21%, w/w%) in the lipid core, and cholesterol (2-6%, w/w%), phospholipids (20—
26%, w/w%), and apolipoproteins (43-58%, w/w%) on the surface [28]. Among
phospholipids in HDLs, phosphatidylcholine (PC) is about 70%, sphingomyelin (SM) is
about 15% and the rest of phospholipids is about 15%. Apolipoprotein A-I (Apo A-I)
(molecular weight 28 kDa) is the major structural HDL apolipoprotein and accounts for
about 70% of total HDL proteins. Different approaches were used to prepare HDL-
mimicking or recombinant HDL NPs including dialysis method [27], sonication [26], self-
assembly [29] and microfluidics [23]. However, all of these methods involved the steps, such
as dialysis, gel filtration chromatography and density gradient ultracentrifugation, leading to
difficulties in formulation manufacturing and scale-up. Another major limitation of
previously methods was very low EE of Apo A-I, resulting in great extra Apo A-I added in
NP preparation. These issues limit the use of HDL NPs for pharmaceutical formulations
[30]. A new preparation method for HDL-mimicking NPs needs to be developed, which is
scalable, reproducible and processable.

Vitamin E is an important nutrient in neurocognitive development [31]. It is not synthesized
in vivo, and thus must be consumed through diet and transported to the brain. In vitamin E
family, a-tocopherol is the most abundant form found in nature and has the most potent
biological activity [32]. The studies showed that a-tocopherol is associated with HDLs in
plasma and transported by scavenger receptor class B, type | (SR-BI) across the BBB [33,
34]. D-a-Tocopheryl polyethylene glycol succinate (vitamin E TPGS referred hereon as
TPGS) is a water soluble source of vitamin E with extended half-life and enhanced cellular
uptake of the drug due to the combination of PEG and vitamin E. Previously, we developed
lipid-based NPs using TPGS as a surfactant [35]. In this study, we coated TPGS on the
surface of HDL-mimicking NPs to potentially enhance the NPs to cross the BBB. To the
best of our knowledge, this is the first report to develop this kind of HDL-mimicking NPs.

The objective of this study is to develop novel HDL-mimicking NPs coated with a.-
tocopherol to incorporate NGF by a self-assembly approach. Prototype NP composition was
optimized. Different ion-pair agents were employed to form an optimal ion-pair with NGF in
order to facilitate the encapsulation of NGF. The novel HDL-mimicking a-tocopherol-
coated NGF NPs were fully characterized in terms of particle size, EE of Apo A-l and NGF,
and loading of Apo A-l and NGF.
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Materials and Methods

Materials and Cell culture

Animal

Protamine from salmon, protamine grade X, protamine sodium salt USP, poly-lysine and
cholesteryl oleate (CO), Sodium chloride, sodium acetate, Triton X-100, bovine serum
albumin (BSA), phosphate buffer saline (PBS), phenylmethylsulfonyl fluoride (PMSF) and
benzethonium chloride were purchased from Sigma (St. Louis, MO). Sephadex G-50,
Sephadex G-100, Sephacryl S-100 and Sepharose CL-4B were also purchased from Sigma-
Aldrich (St.Louis, MO). PC, SM, and phosphatidylserine (PS) were purchased from Avanti
polar lipids (Alabaster, Alabama). TPGS was provided by BASF as a gift. Apo A-Il was
purchased from Athens research and technology (Athens, GA). Recombinant human NGF
was purchased from Creative Biomart (Shirley, NY). Bradford reagent was obtained from
thermo scientific (Rockford, IL). Amicon ultra centrifugal filters (0.5ml) were obtained from
Merk Millipore (Germany). Float-A-Lyzer G2 Dialysis device (MWCO 300 kDa) was
purchased from Spectrum Laboratories (Rancho Dominguez, CA). Human beta-NGF
DuoSet ELISA kit was purchased from R&D Systems (Minneapolis, MN).

Bcel mice (adult males, 25~30g) were purchased from Charles River Laboratories
(Wilmington, MA). All animal experiments were carried out under an approved protocol by
the Institutional Animal Care and Use Committee at the University of North Texas Health
Science Center.

Optimization of preparation procedure for prototype HDL-mimicking NPs

Blank HDL-mimicking NPs were prepared by a self-assembly method. To maintain NGF
bioactivity after NP preparation, we chose low temperature (50°C) or room temperature for
preparation. All excipients were dissolved in ethanol to prepare stock solutions. PC (43.1%),
SM (8.1%), PS (2.7%), CO (7.7%) and TPGS (38.4%) (percentages based on w/w) were
added into a glass vial to form a thin film after removing ethanol by nitrogen. And then 1 ml
of milliq water was added into the vial. Five different procedures were evaluated to hydrate
the film to form NPs, including: 1) adding water at 50°;C and stirring at 50°;C for 30 min at
600 rpm, 2) adding water at 50°;C and stirring at room temperature (RT) for 30 min at 600
rpm, 3) adding water at RT and stirring at RT for 30 min at 600 rpm, and 4) adding water at
50°;C and homogenizing 5 min using a homogenizer at 8600 rpm, and 5) adding water at RT
and homogenizing 5 min using a homogenizer at 8600 rpm. To further evaluate the influence
of homogenization time on NP formation, the mixtures were homogenized for 0, 1, 2, 3, 4,
5, and 6 min after adding water at RT. After preparation, particle size and polydispersity
index (P.I.) of NPs were measured using a Delsa Nano HC particle analyzer (Beckman
Coulter, CA) at 90° light scattering at 25°C.

Development of prototype HDL-mimicking NPs

Nanoparticles without Apo A—I—PC, SM and PS were selected as phospholipid
components and CO was selected as the lipid component to develop the HDL-mimicking
NPs. To simplify the design and quickly find the optimal compositions, we considered
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phospholipids as one variable that include PC, SM and PS. The percentage of each
phospholipid in the total phospholipids excluding CO was fixed as PC (76%), SM (14%) and
PS (10%), which is close to the composition of phospholipids, but doubled the amount of
PS, compared to the composition of natural HDLs. To evaluate different ratios of
phospholipids and CO, we designed two arrays. In the array #1 (Table 2A and 2B), the ratios
of total phospholipids and CO were controlled in a range of 0.6 to 1.6 (total
phospholipids/CO, w/w). This array for 3 levels 2 variables (phospholipids and CO) was
used to give three different concentrations for each excipient. The array #2 (Table 2C and
2D), an array for 2 levels 2 variables, was used to give the different ratios of total
phospholipids and CO in the range of 4.9 to 14 (total phospholipids/CO, w/w). In the array
#2, the percentage of each phospholipid in the total phospholipids excluding CO was fixed
as PC (80%), SM (15%) and PS (5%). NPs were prepared as described above. After forming
the thin film, 1 ml of millig water at RT was added into the vial and homogenized for 5 min
at 8600 rpm to form NPs. To make TPGS-coated NPs, certain amounts of TPGS were added
into the compositions in Table 2B and 2D to give a total surfactant (phospholipids + TPGS)
in a range of 60 pg/ml to 120 pg/ml. Particle size and P.I. were measured as described above.

Optimization of loading Apo A-l in the prototype HDL-mimicking NPs—Based
on the particle size and size distribution, the optimal compositions were selected to load Apo
A-1, which are highlighted in Table 2. After homogenization for 5 min as described above, a
certain amount of Apo A-I was added into each composition (Table 3). Four different
conditions, including 2-hour stirring at RT, 4-hour stirring at RT, 4-hour stirring at RT
followed with incubation at 4°C overnight, and 4-hour stirring at RT followed with stirring
at 4°C overnight, were evaluated to load Apo A-I. Particle size and size distribution were
measured as described above. EE of Apo A-I was analyzed by ultrafiltration. Briefly, 0.2 ml
of the NPs were added into Amicon Ultra (Molecular cutoff 100 KDa) and centrifuged at
14000 rpm at 4°C for 3 min. After this, 400 pl water were added into the insert of Amicon to
wash the membrane with the same centrifugation condition. Apo A-I was passed through
the membrane and washed with the same approach as described above to measure the
recovery of Apo A-I in this separation method. The concentration of unloaded (free) Apo A-
I in the filtrate was measured by Bradford assay. Loading and EE of Apo A-l were
calculated as follows:

Jloading=(drug added into NP)/(total weight of excipients+drug)x100% Eq. (1)

%EE=(1 — unloaded drug/total drug added into NP) x 100% Eq, (2)

Further optimization on Apo A-I loading was studied based on the composition of the batch
4-2. To optimize Apo A-I loading, different amounts of Apo A—I were added into the NPs
(Table 4) by changing the amount of PC, but keeping the same amounts of SM, PS, CO and
TPGS in the batch 4-2. Loading and EE of Apo A-I were measured and calculated as
described above.
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Particle size stability of prototype HDL-mimicking NPs at 4°C—The physical
stability of the prototype HDL-mimicking NPs was assessed over time at 4°C. Prior to
particle size measurement, NPs were allowed to equilibrate to RT. One milliliter of NPs was
used to measure the particle size and P.I as described above.

Development of NGF-loaded HDL-mimicking NPs

Optimization of ion-pair complex for NGF—To efficiently load NGF into the NPs,
poly-lysine and three types of protamines were tested to form an ion-pair complex with
NGF. Protamines included protamine from salmon, protamine grade X and protamine
sodium salt USP. Poly-lysine, protamines and NGF were dissolved in water at the
concentration of 1 mg/ml. NGF was added into poly-lysine or protamine solutions at 0.8:1,
1:1, and 1:1.2 ratios (NGF : polymer, w/w). The complex was allowed to stand at RT for 10
min, and then diluted with 1 ml of water or PBS to measure particle size as described above
and also to measure zeta potential using the particle analyzer. The optimal ratio of the
complex was determined according to particle size and zeta potential.

Preparation of NGF-loaded HDL-mimicking NPs—Poly-lysine and protamine USP
were selected to prepare NGF-loaded NPs. Briefly, 10 pg of NGF was mixed with 10 ug
poly-lysine or protamine USP (1:1, NGF : polymer, w/w) and kept for 10 min at RT to form
the complex. PC, SM, PS, CO and TPGS ethanol solutions (Table 6) were mixed and then
ethanol was removed by nitrogen to form the thin film as described above. Two procedures
were tested to add the NGF complex into NPs. In the first procedure, the NGF complex was
added into the thin film, and then 1 ml of water at RT was added and homogenized for 5 min
to incorporate NGF. In the second procedure, 1 ml of water at RT was first added into the
thin film and homogenized for 5 min, and then the NGF complex was added into the
solution. After the addition of NGF complex, the solution was incubated at 37°C for 30 min,
and then stirred at RT for 30 min until cooling in order to incorporate NGF. The defined
amount of Apo A-I was added into each solution and stirred at RT overnight to form the
final NGF-loaded HDL-mimicking a-tocopherol-coated NPs. Particle size and zeta potential
were measured as described above.

Determination of NGF entrapment efficiency in NGF-loaded HDL-mimicking
NPs—Gel filtration chromatography was used to separate unloaded NGF from NGF NPs.
To determine the fractions containing NGF, 200 ul of NGF solution (10 ug/ml) were added
on a Sepharose 4B—CL column and eluted with PBS. Twelve fractions (about 1 ml for each)
were collected and measured for the concentrations of NGF using a Sandwich ELISA
method developed based on a Sandwich ELISA kit for NGF. In a separate experiment, 200
pl of NGF HDL-mimicking NPs were eluted from the same column. The intensity in each
fraction was measured using the particle analyzer to determine fractions containing NPs.
The concentrations of NGF in fraction 5 to fraction 10 were measured and added together to
calculate the amount of unloaded NGF. Loading and EE of NGF were calculated using
equation (1) and (2) as described above.

In vitro release study—The release of NGF from NGF NPs (n=4) was studied using a
dialysis method. The release medium was PBS (pH 7) containing 5% BSA to mimic the
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physiological condition in blood. Briefly, 200 pl NGF NPs and 400 pl release medium were
loaded into the dialysis tube (MWCO 300 kDa). Then the dialysis tube was placed into a 30
ml release medium and shaken at a 37°C at 135 rpm. At the time intervals (1, 2, 4, 6, 8, 24,

48 and 72 hours), 100 pl of the release medium were withdrawn and replaced with an equal
volume of fresh medium. The amounts of released NGF in the medium were analyzed by a

NGF Sandwich ELISA kit. As a control, free NGF (n=4) was studied in parallel.

Tissue distribution of NGF NPs

Mice were randomly divided to three groups (n=3). Saline, free NGF and NGF NPs were
injected, respectively, through tail vein at a dose of 40 ug/kg for each group. After injection,
mice were sacrificed at 30 min, and blood, brain, liver, spleen and kidney were collected.
Blood samples were centrifuged at 3400 rpm at 4°C for 5 min to obtain plasma. Plasma and
tissues were stored at —80°C until analyzed. For tissue samples, 100 mg of tissues were
suspended in a 10-times volume of extraction buffer (0.05M sodium acetate, 1.0 M sodium
chloride, 1% Triton X-100, 1% BSA, 0.2 mM PMSF, and 0.2 mM benzethonium chloride)
and homogenized at 4°C as previously reported [36]. The concentrations of NGF in plasma
and tissues were measured by the Sandwich ELISA Kit.

Statistical Analysis

Statistical analysis of the data including ANOVA and t-test, wherever needed, was
performed using Graph Pad Prism software. Results were considered significant if p < 0.05.

Results and discussion

Optimal procedure for NP preparation

Significant efforts have been devoted to the use of recombinant lipoprotein-like NPs as drug
delivery vehicles and diagnostic agents, because most of these particles resemble natural
lipoprotein structures and are considered highly biocompatible and safe. Given the
limitations of currently available preparation methods for scale-up, we tested five different
procedures to prepare the HDL-mimicking NPs by self-assembly. Table 1 shows the results
for four procedures and Figure 1 shows the effect of different homogenization times on
particle size at RT. Efficient mixing is the key to prepare the NPs less than 200 nm. Increase
of temperature did not help in decreasing the particle size. Since homogenization is a
common technique used to prepare liquid formulations at industrial scales, we enhanced the
mixing efficiency by homogenization. With short-time homogenization, we can produce
particle size at 183.9 nm with a narrow size distribution (P.I. < 0.3). To further evaluate the
influence of homogenization time on particle size, different homogenization times were
studied. As shown in Figure 1, there were no significant differences in particle size among 3-
min, 4-min, 5-min and 6-min homogenization (p > 0.05). Thus, 5-min homogenization was
selected to prepare NPs. The new preparation method developed here is easy to be scaled up
with appropriate reproducibility.

Prototype HDL-mimicking NPs

Accurate amounts of excipients in the NPs are keys to prepare self-assembled NPs. As
mentioned above, natural HDLs are composed of multiple components. Given the

Eur J Pharm Biopharm. Author manuscript; available in PMC 2017 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Prathipati et al.

Page 8

complexity of compositions in nature HDL particles, it is challenging to mimic and
artificially synthesize HDL NPs. An effective experimental design assists designing and
optimizing the study that includes multiple variables and parameters. In this study, we
designed the compositions of HDL-mimicking NPs based on the natural composition of
HDL. Moreover, we optimized the compositions by changing the amounts of total
phospholipids, CO and TPGS. According to the results of two arrays, we selected the
optimal compositions of PC, SM, PS and CO and then add TPGS to further develop our
desired NPs. The detailed rationale to design the arrays is described in the Methods section.
The results are presented in Table 2A and 2B. Without TPGS, particle size was > 250 nm
(Table 2A and 2C). The addition of TPGS decreased particle size (< 200 nm) and also
narrowed size distribution (Table 2B and 2D). However, a high concentration of TPGS
(batch 2-1) did not influence particle size compared to other batches. The ratio of
phospholipids and CO did not influence to particle size as small particle size (< 200 nm) was
obtained in both arrays (Table 2B and 2D). As shown in Table 2B, batch 2-1, 2-4, 2-6 and
2—7 gave smaller particle size compared to other batches. However, the total amount of the
surfactants in batch 2-1 was very high, potentially leading to instability of NPs; thus, batch
2-4, 2-6 and 2—7 were selected to load Apo A-I. In Table 2D, all four batches produced
similar NPs. We chose batch 4-2 and 4-3 to represent batches with different amounts of CO
to load Apo A-I.

Apo A-l entrapment efficiency

HDL NPs have been studied for drug delivery for 25 years. However, there are presently no
lipoprotein-based formulations in clinical use or in clinical trials. The major obstacle in the
development of lipoprotein-based NPs is difficulty in obtaining the apolipoprotein starting
material. Most synthetic HDL NPs reported very low EE and loading for Apo A-I because
of high molecular weight of Apo A-I. In order to solve the problem, some studies tried to
use peptide fragments to replace Apo A-I in synthetic HDL NPs; however, the EE% of Apo
A-I remained low. For example, EE% of Apo A-I mimetic 4F peptide in HDL-mimicking
NPs prepared via self-assembly was less than 10% and the real loading was about 2% [29].
As a result, a great amount of Apo A—I mimetic peptide (1 mg/ml) was added into the HDL
preparation. With high cost of this starting material, it is very challenging to translate HDL
NPs towards pharmaceutical applications.

The study showed that Apo A-I formed stable complex with zwitterionic phospholipids (e.g.
PC) only at temperatures near liquid crystalline transition temperature (Tc) [37]. With small
change of Tc, Apo A-I dissociated from PC. In contrast, complexes of Apo A-I with acidic
phospholipid (e.g. PS) is thermodynamically stable over a wide temperature range > Tc. The
data suggest that the involvement of acidic phospholipids in accelerating the rate of
formation of HDL in vivo at 37°C. Indeed, another study demonstrated that the contents of
negatively charged PS and phosphatidic acid increased progressively with increase in
hydrated density of HDL [38]. Specifically, the content of PS revealed positive correlations
with all metrics of HDL functionality. These results proved the important role of negatively
charged phospholipids, especially PS, in nature HDLs. However, PS has not been used as a
component in previously reported HDL NPs. We hypothesized that including PS in NP
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compositions will increase Apo A-I loading and EE%. According to this hypothesis, we
designed the initial arrays (Table 2A and 2C).

We used membrane separation to measure EE% of Apo A-I. Proteins tend to bind with
separation membranes. Thus, we measured the recovery of Apo A-I from Amicon Ultra.
The result revealed that about 50% Apo A-Il were detected in the filtrate after the initial
centrifugation. After washing the membrane with 400 pl of water, the recovery of Apo A-I
in the filtrate was 84.3% + 4.5, demonstrating that the method was sufficient to collect free
Apo A-I in the filtrate. We loaded Apo A-I into the batches highlighted in Table 2B and 2D
in order to prepare HDL-mimicking NPs. The results from four different preparation
conditions showed that the initial 4-hour stirring at RT was crucial to get homogenous NPs,
and incubation overnight was important to get appropriate EE% of Apo A-I. Thus, we
selected 4-hour stirring at RT followed with incubation at 4°C overnight to load Apo A-I. It
was observed that drug formulations with TPGS resulted in high drug encapsulation
efficiency along with high cellular uptake and therapeutic effects in in vitro and in vivo
respectively [39]. To understand the influence of TPGS on EE% of Apo A-I, we also
selected batch 1-6 from Table 2A and batch 3-3 from Table 2C as representative batches to
load Apo A-I. As shown in Table 3, all of the batches (batch 5-2, 5-3, 5-4, 5-6, and 5-7)
that contained TPGS in the compositions had higher EE% of Apo A-I, compared to the
batches without TPGS (batch 5-1 and 5-5). These results suggested that the addition of
TPGS improved EE% of Apo A-I. The highest EE% of Apo A-I was provided by the batch
5-6. To clearly know the influence of Apo A-I loading on its EE%, we designed another
two batches by only replacing the amount of PC with Apo A-I while keeping the same
amounts of other excipients in the batch 5-6 (Table 4). By this design, we can minimize the
influence from the change of NP composition. The profiles show that increasing Apo A-I
loading did not change EE% of Apo A-I (Figure 2). The EE% of Apo A-I was over 26% -
about 3-fold higher than those reported in literatures [29]. Consequently, the real content of
Apo A-1 in our NPs was over 16% close to the Apo A-I content in natural HDLs. Thus, we
chose the composition of the batch 5-8 to prepare NGF-loaded NPs. The optimal blank
HDL-mimicking NPs had particle size around 150 nm with a narrow and monodispersed
size distribution (Figure 3). In our preparation, we added about 0.14 mg/ml of Apo A-I to
achieve a sufficient Apo A—I content in the NPs, which dramatically decreased the use of
Apo A-I compared to previously reported NPs.

lon-pair complex for NGF

NGF is a 120-amino acid polypeptide homodimer. It exists as monomer with 13 kDa and
forms dimer by a disulfide bond in aqueous condition. Positively charged amino acids
dominate in the NGF monomer chain; however, after folding, the surface potential of the
NGF dimer is negative as positively charged basic groups forms a positive groove at one end
of the dimer that is responsible for the binding affinity of NGF to its receptor [40].
Therefore, we hypothesized that a cationic polymer will be a suitable complex agent to form
an ion-pair complex with NGF to facilitate encapsulation of NGF into the NPs. First, we
tested if cationic polymers could form complexes with NGF. After mixing protamine with
NGF at 1:1 ratio (w/w), we easily visualized formation of white precipitates, directly
indicating the formation of the complex. Next, we measured particle size and zeta potential
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of the complexes that were formed by mixing each cationic polymer with NGF at different
ratios. As we expected, zeta potential changed from positive to negative while decreasing the
concentrations of protamine, protamine sulfate USP and poly-D-lysine (Table 5). The results
confirmed that NGF has negative charge on the surface and using cationic polymers for
complexation is appropriate for NGF. PC and SM are neutral phospholipids and TPGS is a
non-ionic surfactant. PS is negative-charged phospholipids. Thus, our HDL-mimicking NPs
are negatively charged. A desirable complex should not only contain a minimal amount of
the cationic polymer to produce sufficient complexation but also keep the complex slightly
positively charged to be entrapped into the negatively charged HDL-mimicking NPs. As
shown in Table 5, large aggregation was shown at the ratio of 1:1 of NGF to protamine,
suggesting that a complex formed and tended to aggregate. Importantly, at the ratio of 1:1,
the complex had slightly positive charge, which was what we preferred as described above.
Compared with other tested protamines, protamine sulfate USP showed more favorite
properties in terms of particle size and zeta potential. Moreover, protamine sulfate USP is
approved by the Food and Drug Administration for injection. Therefore, we chose protamine
sulfate USP as the ion-pair agent to prepare NGF HDL-mimicking NPs. In contrast to
protamine, we did not observe the same trend on particle size for poly-D-lysine. The ratio of
NGF to poly-D-lysine at 1:1 and 1.2:1 produced similar particle size; however, the zeta
potential was more sensitive for the ratio change compared to protamines. These results
suggested that protamines were superior to poly-D-lysine since the complexation of NGF by
using poly-D-lysine could more difficult to be qualified and controlled than those by using
protamines. We included poly-D-lysine in the following study as a comparison. One concern
while using charge-charge interaction for formulations is instability of the ion-pair complex
because of the competition from other ions in physiological fluid. To verify the stability of
the NGF complexes, we mixed the NGF/protamine USP or NGF/poly-D-lysine complexes
with PBS and then measured particle size. In PBS, particle size of the NGF/protamine
complex and the NGF/poly-D-lysine complex was 725.3 nm and 957.6 nm, respectively,
indicating both complexes were stable.

NGF-loaded HDL-mimicking nanoparticles

To load 10 ug/ml of NGF, we modified the composition of the batch 5-8 (Table 4) by
increasing each excipient for 1.5 times. The final composition of the NGF HDL-mimicking
NPs is shown in Table 6. Theoretically, the NGF loading was 3.2% and the Apo A-I loading
was 50.8%. We evaluated two procedures to add the NGF complex into the NPs. Both
procedures, adding NGF complex before and after homogenization, did not show difference
on particle size and size distribution. To preserve the bioactivity of NGF in the NPs, we
decided to add NGF complex after homogenization. Also, after the addition of Apo A-I,
stirring the NPs at RT overnight provided higher EE% of NGF compared to incubation at
4°C overnight. As a consequence, NGF HDL-mimicking NPs were prepared by stirring at
RT overnight after adding Apo A-I. Incorporation of NGF into the NPs did not influence
particle size and size distribution compared to the blank HDL-mimicking NPs (Figure 3).

To measure the EE% of NGF, we first tried to use Amicon Ultra (molecule cutoff 100 kDa)
to separate free NGF and NGF-loaded NPs. However, free NGF did not pass the membrane,
probably due to the 3-D structure of the NGF dimer (26 kDa) in the aqueous solution. Thus,
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we tested several gel filtration columns including Sephadex G-50, Sephadex G-100,
Sephacryl S-100 and Sepharose CL-4B. Only Sepharose CL-4B completely separated NGF
NPs and free NGF. As shown in Figure 4, fractions of 2 to 4 contained NGF NPs. We
calculated the EE% of NGF based on the concentrations of free NGF from fraction 6 to
fraction 10 after the column separation. Different ELISA methods were evaluated to
quantitatively measure the concentration of NGF. A direct ELISA method worked very well
for NGF standard solution that was in PBS. However, cationic polymers, protamine sulfate
USP and poly-D-lysing, increased the NGF absorbance in the direct ELISA method. Next,
we evaluated a commercial NGF ELISA kit. Protamine sulfate USP and poly-D-lysine did
not interfere with NGF measurement using the sandwich ELISA method. Characterization
of NGF HDL-mimicking NPs is shown in Table 7. Both NGF HDL-mimicking NPs had
relatively narrow size distribution. D90, the size which 90% of the distribution lies below,
was smaller than 550 nm and D10, the size which 10% of the distribution lies below, was
bigger than 75 nm. As we expected, NGF/protamine sulfate USP NPs had higher NGF EE%
than NGF/poly-D-lysine NPs. The variation of zeta potential on NGF/protamine sulfate USP
NPs also was smaller than that of NGF/poly-D-lysine NPs. It could be because the charge
density of poly-D-lysine is relatively high compared to protamine sulfate USP; thus, small
change on poly-D-lysine amounts significantly influenced complex formation and zeta
potential. Also, the NGF/poly-D-lysine complex had negative zeta potential, which may be
not preferable for the negatively charged NPs. To the best of our knowledge, our study is the
first study to encapsulate NGF into HDL-mimicking a-tocopherol-coated NPs. We did not
use hazard organic solvents as previously reported methods (e.g. chloroform), and all
excipients in our NPs are naturally present, minimizing the toxicity of the NPs. In our study,
we used PBS to wash the gel filtration column to separate free NGF and NGF NPs for the
measurement of EE%. Unloaded NGF and loosely bound NGF (on the NP surface) were
separated and washed out as free NGF from fraction 6 to 10. Therefore, the 65.9% of NGF
we measured for the EE% should be entrapped in the core of the NPs so that they did not
dissociate from the NPs during the column separation and elution by PBS. This result
suggests that the HDL-mimicking a-tocopherol-coated NPs could protect NGF from
degradation and systemically deliver NGF to treat diseases.

Physical stability studies of nanoparticles

Stability measurement for optimized HDL-mimicking NPs was performed on basis of
particle size and P.I. The batch 4-2 in Table 2D was stable over six months at 4°C (Figure 5).
Batch 2—-4, 2—-6 and 2-7 in Table 2B were stable over three months at 4°C (Figure 6). The
prototype HDL-mimicking a-tocopherol-coated NPs (batch 5-8 in Table 4) were stable over
two months at 4°C, and the NGF HDL-mimicking NPs were stable over one month at 4°C.
However, considering degradation potentials of both Apo A—l and NGF during long-term
storage in aqueous solutions, we are studying the lyophilization of the NGF NPs to make
them as powders for long-term storage. The stability results demonstrated that the NPs
developed in this study were stable with or without Apo A-I. Thus, we developed not only
the NGF HDL-mimicking a-tocopherol-coated NPs but also the stable lipid NPs that did not
contain Apo A-l. We will further characterize these lipid NPs and evaluate their potential
applications for drug delivery.
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In vitro release study

The release profiles of free NGF and NGF NPs are shown in Figure 7. Free NGF passed
through the membrane readily and reached 83% in the first hour. We observed the tendency
of NGF to bind with the membrane when we tested the entrapment efficiency. In the release
studies, we added 5% BSA to reduce the binding of NGF as well as matching the BSA
concentration in blood. The result indicated that 5% BSA efficiently prevented the binding
of NGF to the membrane. With this advance, we can accurately measure the released NGF
from NGF NPs. NGF NPs showed a slow release without a burst release. Only 5.5% of NGF
was released within 1 hour. The release of NGF reached a plateau at 8 hours (9.9%) and kept
over 72 hours. The release results demonstrated that NGF was entrapped in the core of the
NPs, which aligns with the result of the entrapment efficiency.

Biodistribution

One of our hypotheses was that NPs can protect NGF from degradation and control NGF
release in order to improve the half-life of NGF after intravenous injection. Hence, we
measured the biodistribution of NGF NPs in mice. As shown in Figure 8, NGF NPs
increased the plasma concentration of NGF by 1.7 fold compared to free NGF. For tissues,
NGF NPs decreased the tissue uptake by 3 fold in liver, 2.3 fold in kidney and 1.4 fold in
spleen. The results demonstrated that the NPs prolonged the circulation of NGF in blood. As
shown in the release studies (Figure 7), NGF was entrapped inside the NPs and slowly
released from the NPs. Thus, the NPs protected NGF from degradation in vivo, leading to a
long circulation in blood and reduced uptake in tissues (Figure 8). When the NPs are used to
deliver NGF to brain, the prolonged circulation would provide more opportunity for the
brain uptake compared to free NGF. Therefore, the novel HDL-mimicking NPs are very
promising to deliver NGF through intravenous injection.

Conclusions

The results of this present study demonstrate that appropriate design of NP compositions
efficiently facilitated novel HDL-mimicking a-tocopherol-coated NP development. The
novel NPs prepared by self-assembly are scalable. The usage of Apo A-Il in NP preparation
dramatically decreased because of the remarkable increase of Apo A-I EE%. These
improvements encourage the potential pharmaceutical applications of HDL-mimicking NPs
at an industrial level. The HDL-mimicking a.-tocopherol-coated NPs are able to sufficiently
encapsulate proteins and prolong their circulation in blood after intravenous injection, in
particular NGF. The favorable features of NGF HDL-mimicking a-tocopherol-coated NPs
warrant the further evaluation of their biological activities in vitro and in vivo.
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Figure 1.
Influence of homogenization times on nanoparticle preparation. Excipients were

homogenized for 0, 1, 2, 3, 4, 5 or 6 min to form the nanoparticles. Data are presented as the
mean of particle size £ SD (n=3). # p> 0.05.
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Figure 3.
Particle size and size distribution of blank and NGF HDL-mimicking nanoparticles.
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Figure 4.
Separation of the NGF NPs from free NGF by a gel filtration Sepharose CL-4B column. The

NGF NPs were measured based on particle intensity. Free NGF was measured by a
Sandwich ELISA method.
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5

Long-term stability of the batch 4-2 that did not contain Apo A-I. The batch was monitored
for particle size and P.1. over six months. Data are presented as the mean particle size.
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Figure 6.
Long-term stability of the prototype HDL-mimicking a-tocopherol-coated NPs. Batch 2—4,

2-6, and 2-7 in Table 2B consist of three different compositions. Each batch was prepared in
triplicate and monitored for particle size and P.1. over three months. For all tested NPs, P. I.
< 0.3. Data are presented as the mean particle size of three batches at the certain
composition. # p > 0.05. within the group.
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Figure 7.
In vitro release profiles of free NGF and NGF NPs in 5% BSA-PBS solution (pH 7). Data

are presented as the mean + SD (n=4).
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Figure 8.
Biodistribution of NGF NPs after mice were intravenously injected 40 ug/kg of NGF for 30

min (n=3). NGF NPs resulted in significantly higher NGF concentration in plasma compared
to free NGF (p < 0.05). For other tissues, NGF NPs led to lower NGF concentrations
compared to free NGF (p < 0.05).
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Evaluation of preparation procedures for blank HDL-mimicking nanoparticle formation

Preparation conditions Particle size (nm) P.I.

50°C water + 30 min stirring at 50°C 347.7+£19.4 0.322 +0.0075

50°C water + 30 min stirring at RT 297.7+215 0.296 + 0.0118
RT water + 30 min stirring at RT 335.4+18.7 0.320 £ 0.0125
50°C water + 5 min homogenization 183.9+7.0 0.276 + 0.030

aThe data are presented as the mean of the mean particle size of NPs in different batches + standard deviation (SD) (n=3).

P.I. means polydispersity index that indicates size distribution of NPs. When P.I. < 0.35, NPs present as one single peak in the measurement (n=3).
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Table 7
Characterization of the HDL-mimicking a-tocopherol-coated NGF NPs using protamine

sulfate USP and Poly-D-Lysine as ion-pair agents, respectively (n=3)

NGF HDL-mimicking NPs  Particle size (nm) P.I. EE% of NGF  Zeta potential (mV)
Protamine sulfate USP 1714+6.6 0.239+0.01 65.9+1.4 -125+19
Poly-D-lysine 160.1+11.7 0.282 + 0.005 49.1+17 -249+8.1
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