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Abstract

Poly(lactic-co-glycolic acid) (PLGA) is widely used as a vehicle for delivery of pharmaceutically
relevant payloads. PLGA is readily fabricated as a nano- or microparticle (MP) matrix to load both
hydrophobic and hydrophilic small molecular drugs as well as biomacromolecules such as nucleic
acids and proteins. However, targeting such payloads to the cell cytosol is often limited by MP
entrapment and degradation within acidic endolysosomes. Poly(propylacrylic acid) (PPAA) is a
polyelectrolyte polymer with membrane disruptive capability triggered at low pH. PPAA has been
previously formulated in various carrier configurations to enable cytosolic payload delivery, but
requires sophisticated carrier design. Taking advantage of PPAA functionality, we have
incorporated PPAA into PLGA MPs as a simple polymer mixture to enhance cytosolic delivery of
PLGA-encapsulated payloads. Rhodamine loaded PLGA and PPAA/PLGA blend MPs were
prepared by a modified nanoprecipitation method. Incorporation of PPAA into PLGA MPs had
little to no effect on the size, shape, or loading efficiency, and evidenced no toxicity in Chinese
hamster ovary epithelial cells. Notably, incorporation of PPAA into PLGA MPs enabled pH-
dependent membrane disruption in a hemolysis assay, and a three-fold increased endosomal
escape and cytosolic delivery in dendritic cells after 2 h of MP uptake. These results demonstrate
that a simple PLGA/PPAA polymer blend is readily fabricated into composite MPs, enabling
cytosolic delivery of an encapsulated payload.
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Introduction

Poly (lactic-co-glycolic acid) (PLGA) copolymers of lactic acid and glycolic acid are one of
the most widely studied biocompatible, biodegradable biomaterials. One of the numerous
applications for PLGA is as a vehicle for the intracellular delivery of bioactive agents. Nano-
to micron-sized PLGA particles (MPs) are an attractive system to deliver pharmaceutically
relevant compounds, therapeutic peptides and/or proteins, and nucleic acids for gene therapy
[1]. Depending on the physical and chemical nature of the payload molecule, MPs can
typically be prepared by formation of an oil in water (O/W) single emulsion for loading
hydrophobic drugs or water oil water (W/O/W) double emulsion for loading hydrophilic
drugs. Solvent evaporation is then performed to obtain loaded MPs [2,3]. The size and shape
of the MPs can be tuned by varying the matrix composition, concentration of agents in the
emulsion, and homogenization time and speed [2]. Alternatively, nanoprecipitation methods
incorporating a water miscible organic solvent can also successfully be used for PLGA MP
fabrication and payload encapsulation [4]. Payload release kinetics from PLGA MPs have
been well characterized, and are dependent on inherent factors such as the polymer
molecular weight, composition, and the physiochemical properties of the loaded material.
The pH, temperature, and hydrophilicity of the MP external environment also significantly
affect release kinetics [3,5]. Additional functionality is afforded by available active groups
on the MP surface, where receptor specific ligands and biomacromolecules can be
conjugated for targeted delivery to cells or tissues [6,7]. Several compounds have been
incorporated into PLGA matrices to derive blended formulations with improved stability,
loading, and delivery capacity. These blended matrices consist of PLGA mixtures with
different lactic/glycolic acid ratios [8], as well as other polymers such as poly(e-
caprolactone) (PCL) [9], poly ethylene glycol (PEG), triphenylphosphonium [10], poly(beta-
amino ester) (PBAE) [11], chitin [12], and chitosan [13].

Polymers demonstrating pH-sensitive conformation with membrane destabilizing properties
at acidic pH have been used as carriers for enhanced cytosolic delivery via endolysosomal
escape [14,15]. For example, a number of polyelectrolyte polymers containing either weak
acidic (polyanion) or basic (polycation) moieties belong to this category [15,16], where pH
dictates the degree of ionization of these moieties. This ionized conformation promotes
interactions with the hydrophobic backbone (and pendant hydrophobe, if present), which
destabilize cellular membranes [17,18]. This membrane disruptive activity is analogous to
pathogenic mechanisms employed by proteins such as influenza hemagglutinin and
diphtheria toxin [19,20]. Such polyelectrolyte polymers have been employed for the
intracellular delivery of biologically active molecules either by direct conjugation,
encapsulation within amphiphilic diblock copolymer micelles [21-24] or electrostatic
polyplex formation [25,26].

Poly(propylacrylic acid) (PPAA) is a pH-sensitive polymer with membrane disruptive
capacity that is well-suited for cytosolic delivery of biomolecules. The carboxylic acid
moieties of PPAA possess an acid dissociation constant (pKj) of ~6.7. At pH>pKa, the
polymer deionized and water soluble. However, at pH<pKa, PPAA becomes protonated,
more hydrophobic, and membrane interactive. This hydrophobic transition triggers
disruption of endo-lysosomal compartments and cytosolic release following cellular uptake
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of PPAA-based formulations. PPAA has been primarily leveraged in conjugates and as a
component of copolymer micelles, both of which require specialized and difficult synthesis
methods. This shortcoming has limited broad application and potentially delayed clinical
translation of this attractive delivery approach [27].

In this work, we explore incorporating PPAA in PLGA MPs to develop a cytosolic delivery
vehicle. These PPAA/PLGA blended MPs harness the pH-dependent membrane disruption
capability of PPAA while maintaining the ease of fabrication and broad payload capacity of
PLGA MPs (Figure 1). Thus, various PPAA/PLGA MP blend compositions were fabricated,
characterized, and tested for loading efficiency, payload release, pH-dependent membrane
destabilization capacity, cytotoxicity, and endosomal disruption/cytosolic payload delivery.

Materials and Methods

Reagents

Poly (lactic-co-glycolic) acid (PLGA, a copolymer of D,L-lactide and glycolide at a 50:50
molar ratio; My, ~ 44,000 g/mol) was purchased from Purac Biomaterials (Netherlands).
Poly(vinyl alcohol) (PVA, M, ~ 15,000 g/mol) and the solvents methylene chloride
(dichloromethane-DCM) and N, N-dimethylformamide (DMF) were purchased from Fisher
Scientific (NJ, USA). All other chemicals were purchased from Sigma-Aldrich (St.Louis,
MO, USA) at the highest purity available unless otherwise noted. Nanopure water (purified
through Millipore Lab water systems) was used as the aqueous phase to form the emulsions
while DCM or DMF was used as the organic solvent to dissolve the PLGA and PPAA
polymers.

Synthesis of PPAA

2-propylacrylic acid (2-PAA) was synthesized according to the procedure outlined by Ferrito
et al [28], utilizing diethyl propylmalonate (Alfa Aesar, Ward Hill, MA, USA) as a
precursor. The 4-cyano-4-(ethylsulfanylthiocarbonyl) sulfanylpentanoic acid chain transfer
agent was synthesized as previously described [24]. RAFT polymerization of 2-PAA to yield
a PPAA homopolymer was carried out in bulk under a nitrogen atmosphere at 70°C for 48
hours using 2,2”-azo-bis-isobutyrylnitrile as the free radical initiator. The reaction mixture
was put through three freeze-vacuum-thaw cycles and purged with nitrogen for thirty
minutes prior to polymerization. The molar ratio of chain transfer agent:initiator was 1:1,
and the monomer to chain transfer agent ratio was set so that a degree of polymerization of
190 would be achieved at 100% conversion. Following polymerization, the resultant
polymer was dissolved in DMF and precipitated into ether 5 times before drying overnight
in vacuo. Gel permeation chromatography (GPC, Agilent) was used to determine number
average (Mp) and weight average (M,,) molecular weight of the PPAA homopolymer using
HPLC-grade DMF containing 0.1% Lithium Bromide at 60°C as the mobile phase.
Molecular weight calculations were performed with ASTRA V software (Wyatt Technology)
and were based on experimentally-determined dr/dC (concentration dependent change in
the refractive index, n) values calculated through serial injections of increasing
concentrations of polymer in conjunction with offline monitoring of the change in refractive
index with a refractive index detector (miniDAWN TREOS, Wyatt Technology).
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Polydispersity was calculated as the ratio of weight average to number average molecular
weights (My,/Mp).

Preparation of fluorescent dye loaded MPs

Microparticles loaded with rhodamine were prepared by nanoprecipitation. In a typical MP
preparation, PLGA was combined with 0%, 1%, 3%, or 10% PPAA (w/w) to achieve a total
weight of 100 mg and dissolved in 2.0 mL of DMF to which 0.5 mg of fluorescent dye
rhodamine-6G was added. The resulting solution was homogenized in the presence of 4.0
mL of 5% PVA in water (pH 6.0) using a tissue-miser homogenizer (Dremel Power tools,
Wisconsin, USA.) for 120 s to form a viscous emulsion. This emulsion was subsequently
diluted into 100 mL of 1% PVA solution in nano-pure water and stirred for 24 hours in a
continuous flow hood. The resulting MPs were collected from the solution by centrifuging at
10,000 x g for 10 min. The MPs were washed three times with Nanopure water by repeated
centrifugation and re-suspension in Nanopure water to remove residual organic solvent. The
final MP pellet was then flash-frozen in liquid nitrogen and lyophilized /n vacuo overnight.
Lyophilized MPs were stored at —20°C until use.

Characterization of MP composition and size

PLGA and PPAA/PLGA blend MPs were prepared for NMR analysis by dissolving 5-10 mg
of lyophilized polymer in deuterated dimethyl sulfoxide (DgMSQO). Samples were analyzed
in a 400 MHz spectrometer equipped with a 9.4 Tesla Oxford magnet and 5 mm Z-gradient
broadband inverse (BBFO) probe with automatic tuning and matching capability controlled
by a Bruker AV-400 console. The resulting spectra were analyzed with Bruker TopSpin 3.0
software. The mole % composition of propylacrylic acid (PAA) in the PPAA/PLGA blend
MPs was determined by dividing the area per proton (H) of the peak associated with the
methyl group of the PAA repeat (CH2-CH2-CH3, 6=0.8 ppm) by the area per proton of the
peaks associated with the methyl group of the lactic acid unit of PLGA (C=0-CH(CH3)-0,
6=1.42 ppm), the alkyl group of the glycolic acid unit of PLGA (C=0-CH2-0O, peak a), and
the methyl group of PAA * 100%. The weight fraction of each component of the blended
MPs (i.e., glycolic acid, lactic acid, and propylacrylic acid) was then determined by
multiplying the mole % of each component by the corresponding molecular weight of that
repeat unit (propylacrylic acid repeat = 114 g/mol, glycolic acid repeat = 58 g/mol, lactic
acid repeat = 72 g/mol). The weight % of PPAA in each MP formulation was then
determined by dividing the PAA weight fraction by the total of all weight fractions. The
contribution of the chain transfer agent utilized in the polymerization of PPAA was not
considered in composition calculations as it has a negligible contribution to the total weight
of the blend MPs (i.e., the chain transfer agent is only 1.2% of the total weight of the PPAA
polymer).

Dynamic light scattering measurements were performed using a Microtrac Nanotrac
Dynamic Light Scattering Particle Analyzer (Microtrac, Montgomery, PA) at 25 °C using
Nanopure water as the dispersion medium. Samples were briefly sonicated in a bath
sonicator to disrupt any aggregates and provide uniform sized dispersion as well as to
remove any dissolved air prior to analysis. Each sample was analyzed four times and the
mean volume averaged size was determined employing the manufacturer supplied software.
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A FEI XL-40 Field Emission Scanning Electron Microscope equipped with a Gatan EDAX
system and TEAM Software for EDS analysis was used for imaging and visualization of
MPs. SEM imaging was performed using an accelerating voltage of 8.00 kV. Microparticles
were fixed to metal sample blocks with double sided tape and sputter-coated with gold prior
to imaging. For each MP preparation, 75-100 individual particles in 3 separate SEM scans
were analyzed for MP diameter using Image J software.

Loading and release for PLGA and PPAA/PLGA MP blends

MP preparations were dissolved in DMF, and the amount of rhodamine released from the
MP solutions was quantified through fluorescence spectroscopy by fitting released amounts
to a standard curve of known rhodamine concentrations in DMF. Data are presented as the
ratio (weight %) of rhodamine retained to the amount of rhodamine loaded per mg of MPs.

Known weighed amounts of MPs from each blend were suspended in phosphate buffers of
pH 5.0, and 7.0, containing 0.1% of Tween-20. Solutions were then placed in a shaker
incubator at 37°C. After 4 hours, the tubes were centrifuged and the supernatants were
collected. The pellets were resuspended in the same buffers and returned to the shaker
incubator. This procedure was subsequently repeated at the time points indicated in Figure 5.
The cumulative release of rhodamine was determined as a function of rhodamine
fluorescence intensity per mg MP from each aliquot of supernatant collected.

CHO cell culture

Chinese hamster ovary (CHO-K1) cells were grown in Ham’s F12 medium (Mediatech)
containing 10% fetal bovine serum (FBS, Hyclone), penicillin (100 units/mL), and
streptomycin (100 pg/mL) at 37°C in a humidified incubator with 5 % CO, [29]. Cell
viability was determined via Trypan blue exclusion and was = 97% with each passage.

Cytotoxicity assay

Toxicity of MPs was determined employing CytoTox96 Non-radioactive Cytotoxity Assay
(Promega). CHO cells were plated at a density of 10,000 cells per well in a 96 well tissue
culture plate in 200 uL of cell culture medium. Cells were maintained at 37°C in a
humidified incubator in a 5% CO, atmosphere. MPs were added at a ratio of 5, 10, 20, 30,
40, and 50 particles/cell and incubated at 37°C for 24 h. The culture medium was transferred
into wells of a clear bottom 96 well plate. Cells treated with 0.1% Triton X-100 were used as
a positive control for 100% toxicity and cell culture medium alone was used for background
subtraction for baseline lactate dehydrogenase (LDH) activity (background control). The cell
supernatants were incubated with the developing reagents for 30 min per the manufacturer’s
instructions. The optical density of the developed color was determined by measuring
absorbance at 490 nm. The background was subtracted from each experimental value
(treatment) and normalized to the Triton X-100 value (positive control) in calculating the %
viability as follows: 100% x (treatment — background control)/(positive control —
background control).
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Ex-vivo pH dependent human red blood cell hemolysis (RBC) assay

The pH-dependent endosomal disruptive potential of PLGA-PPAA blend microparticles was
measured using a human red blood cell hemolysis assay. Following approval by Vanderbilt
University Medical Center’s Institutional Review Board, whole human blood was drawn
from an anonymous donor, and the plasma was removed through repeated centrifugation and
saline washes. Briefly, erythrocytes were washed three times with 150 mM NaCl and
resuspended into phosphate buffers corresponding to physiologic (pH 7.4), early endosome
(pH 6.8), late endosome (pH 6.2) and lysosomal (pH 5.6) environments. 20 pl of PPAA/
PLGA blend microparticles or PPAA polymer in DMSO or 1.0% Triton X-100 in DMSO
(positive control) and DMSO alone (negative control) were added into 180 pL of erythrocyte
cell suspension to achieve final MP concentrations of 10, 50, and 100 pug/mL and incubated
at 37° C for 1 hour. Intact erythrocytes were pelleted via centrifugation at 500 x g for 5
minutes and the supernatant was transferred to a new 96-well plate. The haemoglobin
content was then measured via absorbance at 405 nm on a Tecan Pro plate reader. Percent
hemolysis was calculated considering 100% hemolysis with 1.0% Triton X-100 (positive
control) and red blood cell suspensions treated with DMSO alone as the negative control.

Isolation and culture of mouse dendritic cells (DCs)

DCs were isolated from mouse bone marrow tissues [7,30] according to the guidelines set
forth by the University of Florida Institutional Animal Care and Use Committee. Dendritic
cells (DCs) were obtained from 8 — 12 weeks old female C57BL6/j mice. Briefly, mice were
euthanized by CO, asphyxiation followed by cervical dislocation. The marrow cells were
obtained by flushing the shaft of the detached tibias and femurs bones with a 25 g needle
using RPMI medium (MP Biomedicals, OH, USA) containing 1% fetal bovine serum
(Lonza, Walkersville, MD) and 1% penicillin-streptomycin (Hyclone) and mixed by
pipetting to make a homogenous suspension. The suspension was passed through 70 um cell
strainers (Becton Dickinson, NJ, USA) to remove debris. The cells were collected by
centrifugation at 500 x g for 5 minutes. The cell pellet was then suspended in 3 mLs of ACK
lysis buffer (Lonza, Walkersville, MD) and left for 5 minutes at room temperature to remove
red blood cells by lysis, followed by centrifugation at 500 x g for 5 minutes to recover the
leukocyte fraction. Leukocytes were then re-suspended in DC media (DMEM/F-12 with L-
glutamine -Cellgro, Herndon, VA, 10% fetal bovine serum, 1% sodium pyruvate -Lonza,
Walkersville, MD, 1% non-essential amino acids -Lonza, Walkersville, MD, 1% penicillin-
streptomycin and 20 ng/ml GM-CSF -R&D systems, MN, USA) and plated in tissue culture
flasks in order to remove adherent cells. After 2 days of culture, the floating cells were
transferred to low attachment plates and cultured in fresh DC media for expansion of DC
precursor cells. At day 7, cells were transferred to tissue culture plates to allow for DC
adhesion and proliferation. At 10 days, DCs were harvested and used for various MP uptake
studies.

Calcein release from endosomal vesicles

DCs were plated in 35 mm glass bottom culture dishes at a density of 5 x 10 cells in DC
culture medium. DCs were incubated for 2 h at 37°C with cell membrane impermeable
calcein (0.25 mg/ml) alone, calcein with PLGA MPs, or calcein with 10% PPAA blend MPs.
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As a positive control, a portion of DCs were treated with the membrane permeable
Acetoxymethyl ester of calcein (5 uM). Following treatment, cells were washed four times
with phosphate buffered saline. New culture medium was added and the cells were imaged
with a fluorescent microscope (Axiovert 200M microscope (Carl Zeiss, Oberkochen,
Germany) using excitation/emission wavelengths of 495/515 nm at 200-fold magnification.

Image analysis

Images were analyzed by measuring the area of fluorescence per channel (green vs bright
field). The values are reported as % relative fluorescence intensity per cell (RFl/cell).

Statistical analysis

The results reported in the study represent three independent experiments performed in
triplicate unless otherwise noted in the figure legends. Statistical analysis was performed
with a one-way analysis of variance (ANOVA) followed by Tukey’s Post Hoc Test where p-
values < 0.05 were considered significant.

Results and Discussion

Synthesis and characterization of PPAA

While poly(propylacrylic acid) (PPAA) is commercially available, the polydispersity is
relatively high due to the bulky a-alkyl substitution of the propyl moiety. To utilize a well-
defined polymer chain length with minimal polydispersity, reversible addition fragmentation
chain transfer (RAFT) polymer synthesis was performed as previously reported [26]. PPAA
was synthesized from 2-propylacrylic acid utilizing RAFT polymerization from an ethyl
cyanovaleric trithiocarbonate chain transfer agent. Gel permeation chromatography analysis
of the synthesized PPAA showed the degree of polymerization to be 193. The number
average molecular weight calculated using a calculated drn/dC = 0.087 (mL/g) was 22,010 g/
mol. The polydispersity index of PPAA was 1.47, indicating a relatively monodisperse
product.

Synthesis and characterization of the PPAA/PLGA blend MPs

A range of Blended PPAA/PLGA MP compositions were formulated by varying the starting
weight percentage of PPAA to be incorporated within the base PLGA matrix. Blended
PPAA/PLGA MPs were prepared using a nanoprecipitation method. Dimethylformamide
(DMF), a polar, hydrophilic, aprotic solvent that is highly miscible with water was selected
as the solvent. DMF was selected because PPAA is not readily soluble in most of the
halogenated hydrocarbons that are commonly used for PLGA preparations. The aqueous
phase was maintained at pH 6.0 to prevent deprotonation of PPAA and its loss into the
aqueous phase during homogenization of the PPAA/PLGA mixture.

Compositions of the blended MPs were determined by H: NMR analysis, and a
representative spectrum is shown (Figure 2). By comparing the relative areas of the peak
corresponding to the methyl group of the a-alkyl substituted propyl moiety of PPAA (CH2-
CH2-CHS3, - peak g) to the peak areas corresponding to the methyl group of the lactic acid
unit of PLGA (C=0-CH(CH?3)-0, peak c) and the alkyl group of the glycolic acid unit of
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PLGA (C=0-CH2-0, peak a), the weight % PPAA content was calculated for each blended
MP formulation. We found that MPs formulated with starting PPAA amounts of 1.0%;
3.0%; and 10.0% (w/w) had final compositions of 1.2%, 2.3%, and 5.8% (weight % PPAA),
respectively. This result indicates the amount of PPAA incorporated into the MP matrix
correlates with, but may not be linearly proportional to the feed ratio. Reduced PPAA
incorporation at higher starting amounts of PPAA is likely due to loss of PPAA into the
aqueous phase during homogenization and is dependent on the ionization state of the
carboxylate moiety present in the propylacrylic acid repeat unit (i.e., the deprotonated
carboxylate anion is hydrophilic, whereas the protonated carboxylic acid is more
hydrophaobic).

The next set of experiments were designed to evaluate the effects of PPAA incorporation on
the size and shape of the blended MPs, as polymer matrix composition has been shown to
affect these parameters [31-33]. For example, targeting antigen delivery to dendritic cells
using phagocytosable 2 pm MPs, versus soluble release of immunomodulatory proteins
targeted to cell surface receptors via 30 um MPs that are not internalized by cells is readily
achievable [34]. The size and the shape of the MP preparations were assessed by scanning
electron microscopy (SEM) and dynamic light scattering (DLS) techniques. Analysis by
DLS of the PPAA/PLGA MPs yielded the volume average mean diameters for 0% (PLGA
only), 1.0%, 3.0% and 10% PPAA/PLGA MPs to be 540 + 60 nm; 440 £ 50 nm; 520 + 90
nm and 470 + 140 nm respectively (Figure 3, upper panels).

Scanning electron microscopic imaging was carried out to characterize MP morphology and
verify the DLS sizing results. Images demonstrated MPs characterized as generally spherical
and with a smooth surface. The mean diameters for 0%, 1.0%, 3.0% and 10% PPAA/PLGA
MPs determined from analyzing SEM images were 360 + 110 nm; 340 + 100 nm; 390 + 140
nm and 360 + 120 nm, respectively (Figure 3,- associated lower panels). Thus, the size of
the MPs obtained by SEM was 15%-20% smaller than that obtained from DLS
measurements. This difference is anticipated and consistent with prior observations, as SEM
is performed in a dry state whereas the aqueous environment in which DLS is performed
results in hydration and increase in the MP hydrodynamic radius [35]. Both DLS and SEM
analysis revealed that the incorporation of PPAA did not significantly alter the diameter of
the blended PPAA/PLGA MPs.

Loading and release properties of PPAA/PLGA blend MPs

Incorporated rhodamine was solubilized into the solvent phase by dissolving the MPs in
DMF. The fluorescence intensity of the resulting solution was compared to a standard curve
to determine encapsulation efficiency (Figure 4). While there was small shift in average
encapsulation efficiency with higher percentages of PPAA, at 95% confidence level the
values were statistically equivalent. This finding indicates that the addition of PPAA does
not appreciably influence the capacity to load rhodamine within the PLGA matrix. The
efficiency of incorporation is influenced by multiple factors including the interactions of the
MP matrix with the incorporated payload molecules (e.g., hydrophobic, hydrophilic, and
Van der Waal interactions) and MP size. While a substantial portion of the rhodamine
intended for encapsulation was lost during fabrication, others have shown comparable small
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molecule drug encapsulation efficiencies (~60-80%) when similar methods were employed
for MP preparation [36].

Successful application of MPs as an intracellular delivery vehicle depends on the ability to
efficiently release the drug payload into the targeted subcellular environment (e.g., escaping
endolysosomal entrapment for cytosolic delivery of intracellularly acting drugs). The pH of
biological microenvironments varies from an extracellular pH of 7.0-7.4 to more acidic pH
values of 5.0-6.5 encountered in intracellular endosomal/lysosomal compartments. These
differing pH values can significantly influence the rate of release of encapsulated materials
from polymeric MPs. While the rate of PLGA hydrolysis is known to increase in both acidic
and alkaline conditions [37], PPAA is more hydrophobic at acidic than neutral/alkaline
conditions. Therefore, it was unknown how composition of PPAA/PLGA blend MPs would
affect release. In order to examine release kinetics of loaded materials, rhodamine release
kinetics of blended MPs was analyzed at acidic (pH 5.0) and neutral (pH 7.0) conditions
(Figure 5). Cumulative release of rhodamine from MPs with different compositions as a
function of time is presented as the % of the maximum released at pH 5.0 (10% PPAA, 384
h), normalized to allow direct comparison across all groups for both pH values.

At acidic pH, below the pK; of the carboxylate moiety of PPAA (pH ~6.7), all MP blends
demonstrated an initial rapid release phase within 96 hours (Figure 5A). The 10% PPAA/
PLGA blend demonstrated the fastest and highest cumulative rhodamine release at pH 5.0
over the time tested, with the rate and amount of release directly proportional to PPAA
content among the different blends. Although loading efficiency was statistically equivalent,
at the final time point investigated, MPs composed of PLGA alone (0% PPAA) released only
35% of the highest amount measured (the 10% PPAA group), while 1% PPAA MPs released
55% and 3% PPAA released 70% of the highest released amount measured. Because the
carboxyl groups of PPAA will be primarily in a protonated (charge neutral) form at pH 5.0,
the composition-dependent release in acidic conditions may be due to a reduction in
electrostatic forces between positively charged rhodamine and the negatively charged carrier
PLGA (carboxyl pKa ~3.5) [38].

At pH 7.0, introduction of PPAA into the MP blend also demonstrated higher rhodamine
release levels compared to PLGA alone and were relatively linear throughout the time of
analysis (Figure 5B). In this case, at pH above its pK; 6.7, PPAA is in a more deprotonated
and negatively charged form, which may increase intra-particle hydration and swelling, and
could explain the higher release from the PPAA blends compared to PLGA alone. With
increasing PPAA concentration, the amount of rhodamine released also increased. At the
final time point, MPs composed of PLGA alone (0% PPAA) released only ~25% of the 10%
PPAA group at pH 5.0, while 1% PPAA MPs released ~48%, 3% PPAA released ~60%, and
10% PPAA at pH 7.0 released ~84% of the highest released amount measured (10% PPAA
at pH 5.0). Altogether, these results indicate that incorporating PPAA into the PLGA MP
matrix is destabilizing, increasing the rate of release with a modest pH dependent effect.
Environmentally responsive drug delivery vehicles are of broad interest, and these PPAA/
PLGA blend characteristics may prove useful for improved cargo delivery in acidic
environments such as endolysosomes and solid tumor microenvironments [15]. However, the
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primary intent of PPAA incorporation into PLGA blends is to capitalize on the membrane
destabilization properties PPAA, described below.

Cytotoxicity of PPAA/PLGA blend MPs

To investigate the biocompatibility of PPAA/PLGA blend MPs, a widely used method for
determining cell viability was employed, based upon the measurement of release of the
intracellular enzyme lactate dehydrogenase (LDH). LDH is released from non-viable cells
with compromised membrane integrity [39]. Chinese hamster ovary (CHO) epithelial-like
cells were incubated with a MP concentrations ranging from 5-50 MPs/cell for 24 h to
investigate dose dependent toxicities of the MP blends. LDH release from cells treated with
Triton X-100 as a positive control for toxicity was 21-fold higher than the basal background
LDH activity in media without cells. LDH values for all treatment groups were less than
10% of the positive control. The percent cell viability value for each of the MP preparations
was normalized to Triton X-100 treated cells, which represents 0% viable cells (Figure 6).
No significant differences in viability were measured between any of the MP-treated and
untreated control cells (i.e., “0” particles/cell). This finding indicates that the blended MP
formulations do not result in appreciable cell membrane damage and are biocompatible.
Furthermore, examination via phase contrast microscopy indicated that the MP treated cells
were healthy with no apparent membrane blebbing (a distinctive feature of apoptotic cells).
This finding corroborates that PPAA/PLGA blended MPs cause no significant cell toxicity
under these conditions. These results are in agreement with others who have reported that
particulate formulations containing PLGA have negligible toxicity /n vitro [40].

pH-dependent membrane disruption of PPAA/PLGA blend MPs

The functional capability of PPAA/PLGA MPs to disrupt cellular membranes in a pH-
dependent fashion via PPAA release is of primary interest, and was investigated by an ex
vivored blood cell (RBC) hemolysis assay [41]. The assay measures the amount of
hemoglobin released due to RBC membrane disruption by measuring optical density at 405
nm, the peak absorption wavelength of hemoglobin. MPs formulated with PLGA alone
demonstrated no hemolysis at any of the pH values examined, whereas pure PPAA
demonstrated the highest membrane disruptive potential at pH values below pH 7.4 (Figure
7). PPAA/PLGA blends showed dose-dependent significant increases in RBC hemolysis
below the pK of the carboxylate moiety of PPAA (oK, ~ 6.7), with the 10% PPAA
demonstrating the highest amount of hemolysis. At pH 5.6, representing lysosomal pH, the
highest amount of hemoglobin release was observed for each of the three MP blends. Due to
reduction in the immediate availability of PPAA by incorporation into the PLGA matrix, the
apparent membrane disruptive potential was reduced compared to free PPAA polymer, as
seen by the shift in pH dependent hemolysis to more acidic pH values. At physiological pH
of 7.4, hemoglobin release for all MPs was near the background level, indicating that RBC
membrane disruption was minimal. Control data is in agreement with the pH-dependent
membrane disruptive potential of PPAA alone demonstrated previously [25]. Together, these
data successfully demonstrate PLGA MPs as a matrix for the incorporation and release of
PPAA as a pH-dependent membrane-disrupting agent.
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Dendritic cell endosomal disruption by PPAA/PLGA MPs

Conclusion

Using previously described methods [42,43] the ability of PPAA/PLGA MPs to promote
release of encapsulated material from intracellular endolysosomal compartments was
examined in dendritic cells (DCs) (Figure 8). DCs are phagocytic cells in the mammalian
immune system with high endocytic activity. In order to track uptake into and release from
endosomes, DCs were incubated with the membrane impermeable fluorescent calcein with
and without blended MPs. As a positive control for complete cytosolic distribution, the
membrane permeable form of calcein, acetoxy methyl ester of calcein (calcein AM), was
also used. The DCs incubated with calcein AM showed fluorescence distributed throughout
the cell (Figure 8A). DCs incubated with membrane impermeable calcein alone evidenced a
punctate pattern of fluorophore localization within endo-lysosomal compartments (Figure
8B). When membrane impermeable calcein was co-incubated with PLGA MPs, fluorescence
distribution was slightly more diffuse in comparison to membrane impermeable calcein
alone (Figure 8C). In contrast, the extent of cytosolic distribution dramatically increased
with the incorporation of PPAA (10%) into MPs (Figure 8D).

Cytosolic distribution of calcein for each treatment was quantified and plotted (Figure 9).
The positive control (calcein AM, which is membrane permeable) demonstrated ~80%
cytosolic distribution, while DCs incubated with calcein alone (membrane impermeable;
negative control) showed the area of fluorescence spread ~5% of the cell area. When PLGA
MPs were co-incubated with calcein, the average fluorescence distribution within the cytosol
increased to ~20% of the spread area. Notably, when calcein was incubated with 10% PPAA/
PLGA MPs, the cytosolic distribution increased to ~70% of the spread area, amounting to a
greater than three-fold increase in endosomal escape. All groups were significantly different
from each other by ANOVA (P=0.05).

While the mode of endolysosomal escape was not examined here, previous work has
demonstrated the mechanism by which PPAA enables endosomal escape; the protonation of
PPAA carboxylate ions into deionized/hydrophobic carboxylic acid groups at lower pH
values encountered during endolysosomal trafficking causes PPAA to partition into
endosomal membranes, disorganizing their lamellar structure and releasing internalized
material [16,44-46].

We have demonstrated that incorporating PPAA into PPAA/PLGA blend MPs yields a
biocompatible drug delivery platform for the triggered cytosolic delivery of a small molecule
payload. Incorporation of PPAA endowed the blended MPs with pH-dependent membrane
disruptive activity that facilitates escape from endolysosomal compartments following
internalization. Furthermore, PPAA incorporation resulted in a modest pH-dependent drug
release effect. The blended MP formulations were found to be biocompatible across a range
of relevant doses, indicating that they are amenable to non-toxic drug delivery. Unlike drug-
loaded polyplexes formed with PPAA alone, the PPAA/PLGA MPs are colloidally stable. As
a result, blended MPs have a reduced probability of aggregation in the presence of
physiologic salts and serum, thereby opening up the possibility for systemic administration.
The advantages of this blended PPAA/PLGA MP platform include tunable degradation and
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release kinetics, which can be controlled by varying lactide and glycolide content and by
doping in different amounts of PPAA. Furthermore, the cytosolic delivery capability of
PPAA/PLGA MPs is greatly enhanced over that of MPs comprised of PLGA alone.
Therefore, incorporation of the pH-responsive, membrane-disruptive PPAA into a PLGA
MP matrix shows promise as an easily produced and tunable drug delivery vehicle for
cytosolic delivery of intracellular acting therapeutics such as DNA, siRNA, proteins,
peptides, and small molecule drugs.
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Conceptual schematic comparing endocytosis-based delivery of microparticle-loaded
encapsulate via poly(lactid-co-glycolic acid) microparticle (PLGA MPs; left) versus
poly(propylacrylic acid)/poly(lacticco- glycolic acid) blend microparticles (PPAA/PLGA
MPs; right) for pH-dependent endosomal membrane disruption and cytosolic delivery. The

width of the red arrow indicates the released amount.
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Representative HL NMR spectra for 10% polypropylacrylic/polylactic-co-glycolic acid
(PPAA/PLGA) blend MPs in D6MSO.The chemical shift values (8) for the methyl group of
PPAA (CH2-CH2-CH3, -peak g), the methyl group of the lactic acid unit of PLGA (C=0-
CH(CH3)-0, peak c), and the alkyl group of the glycolic acid unit of PLGA (C=0-CH2-0O,
peak a) were integrated to determine MP composition. The 4- cyanopentanoic acid and ethyl
trithiocarbonate moieties pendant to the propylacrylic acid polymer constitute the ethyl
cyanovaleric acid trithiocarbonate chain transfer agent used in RAFT polymerization of

PPAA are also shown in the structural diagram of PPAA.
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Figure 3.
Size distribution of microparticles (MPs) by dynamic light scattering analysis (DLS, upper

panels) and scanning electron microscopy (SEM, lower panels). The data are presented as
the frequency (% volume) as a function of particle size for A.) 0% PPAA; B.) 1.0% PPAA,;
C.) 3.0% PPAA,; D.) 10% PPAA blended MPs. Representative SEM scans for each MP
formulation demonstrating agreement with DLS results. For each MP preparation, at least 75
individual particles in 3 separate SEM scans were analyzed for diameter using Image J
software. Scale bars represents 1 um at a magnification of 1000x.
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Figure 4.
Rhodamine loading efficiency for the PPAA/PLGA MP blends do not vary significantly

(P=0.05). Average and standard deviation values for each sample are plotted.

J Biomed Mater Res A. Author manuscript; available in PMC 2019 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Fernando et al.

% Cumulative Release

--
»N
o

100+

& o 2 ©
o_ __»

»N
o

-@-0% PPAA pH 5.0
-0-1% PPAA
“¥-3% PPAA
-O-10% PPAA

o

120

(=]

4 24 48 96

192 384
Time (Hours)

Figureb.

Page 19

g 8

% Cumulative Release
o= o
S o

~

-@-0% PPAA
-O0-1% PPAA
-“¥-3% PPAA
-O-10% PPAA

pH 7.0

v

48 9% 192 384
Time (Hours)

PPAA/PLGA MP blends demonstrate pH- and composition dependent rhodamine release
kinetics. Cumulative release of rhodamine from MPs with different compositions as a
function of time at A) pH 5.0 (acidic) and B) pH 7.0 (neutral) is presented as the % of the

maximum released at pH 5.0 (10% PPAA, 384h).
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Figure®6.
PPAA/PLGA MPs are not toxic to CHO epithelial cells at 24 h in cell culture media. The

percent cell viability for each of the MP preparation at increasing particle number to cell
ratios are plotted. X-axis labels: 0 (no particles); 0%PPAA; 1%PPAA; 3%PPAA; 10%PPAA.

J Biomed Mater Res A. Author manuscript; available in PMC 2019 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Fernando et al. Page 21
pH values 07.4 0be6.8 me6.2 H5.6
Physiologic Early endosome Late endosome Lysosome
P<0.01
| ]
100%
P < 0.05
]
80% o — —
) P<0.05
& | |
A L —
wn 60%
=
£
g 40% | P<0.05
20% -
PPAA 0% PPAA 2% PPAA 6% PPAA 10% PPAA

PLGA/PPAA blend microparticles

Figure7.
pH-dependent membrane disruptive activity of PPAA/PLGA blended MPs. Incorporation of

PPAA within the PLGA MPs shows dose dependent membrane disruption leading to release
of hemoglobin from human red blood cells. The effect is directly proportional to the amount
of PPAA incorporated into the MPs. The data represent four technical replicates.
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Figure 8.
PPAA/PLGA blended microparticles (MPs) disrupt dendritic cell endolysosomes to a greater

extent than PLGA MPs. Co-incubation of dendritic cells 2 h with PPAA/PLGA MPs and
membrane impermeable calcein leads to wider cytosolic distribution of calcein fluorescence
due to PPAA-mediated release from endosomal compartments. A) Positive control of
membrane permeable fluorescent calcein AM. B) Negative control of calcein alone, without
MPs; C) Calcein and PLGA MPs, D) Calcein and 10% PPAA/PLGA MPs. Scale bars
represent 10 pm.
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Figure.
Quantitative fluorescence microscopic image analysis of calcein released into the cytosol

from vesicular compartments upon co-incubation of dendritic cells 2 h with microparticles
(MPs). Cytosolic localization is greatly increased by the blend, 10% PPAA/PLGA MPs,
compared to PLGA MPs. The ratio of fluorescent area over total cell area is plotted for each
treatment. Symbol * denotes significant difference between all groups (p< 0.05).
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