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This work expands upon the use of the polyanhydride NP platform for targeted drug

called (3-carboxypropyl) triphenylphosphonium (CPTP) using a novel method that
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ized both nonfunctionalized and functionalized NPs was tested. Next, the efficacy of

the same cell line was evaluated using a novel neuroprotective drug, mito-metformin.
CPTP functionalization significantly improved NP internalization by neuronal cells.
This was correlated with significant protection by CPTP-functionalized, mito-
metformin encapsulated NPs against rotenone-induced mitochondrial dysfunction.
However, nonfunctionalized, mito-metformin encapsulated NPs and soluble mito-
metformin administered at the same dose did not significantly protect cells from
rotenone-induced toxicity. These results indicate that the targeted NP platform can
provide enhanced dose-sparing and potentially reduce the occurrence of systemic

side-effects for PD therapeutics.
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SCHLICHTMANN ET AL

1 | INTRODUCTION

Parkinson's disease (PD) is the world's second most common neurode-
generative disease, with as many as 10 million people living with the
disease worldwide and associated direct and indirect costs of PD
nearing $25 billion in the United States alone.! PD is caused by a
combination of environmental and genetic factors, with toxic
chemicals like pesticides being a key factor in environmental causes.?
Currently approved therapeutics used to treat PD only alleviate the
motor symptoms to the disease. However, to slow disease progres-
sion, it is imperative to develop therapeutics that target the underly-
ing disease mechanisms induced by these factors.®

One of the signature mechanisms in PD is mitochondrial dysfunc-
tion.# Inactivation of complex | of the mitochondrial transport chain is pri-
mary contributor to this pathological characteristic.* Some challenge
models for assessment of PD-associated toxicity therefore use toxic
chemicals, often pesticides, to induce mitochondrial dysfunction. One
such chemical is rotenone, which is highly toxic to most cells, and acts by
impeding complex | of the mitochondrial respiratory chain, leading to sub-
sequent oxidative stress in the brain.*> This model has been shown to
induce mitochondrial dysfunction and oxidative stress both in vitro,> and
in vivo, as previous work with a mouse model has shown that intragastric
administration of rotenone can lead to PD-associated degeneration.®

Protein kinase C delta activation plays a role in dopaminergic neu-
ronal atrophy by contributing to oxidative stress and mitochondrial dys-
function.” In the process, adenosine monophosphate-activated protein
kinase (AMPK), an important protein in maintaining cellular metabolism,
is downregulated.® Furthermore, inhibition of AMPK is closely associ-
ated with dopaminergic cell death.” Recently, the Type 2 diabetic drug
metformin has been proposed as a therapeutic for PD because it acti-
vates AMPK.1° and counteracts the dopaminergic-specific neurodegen-
erative effects of 3,4-methylenedioxymethamphetamine.*® Activation
of AMPK by metformin stems from the mitochondrial respiration-
inhibiting properties of this drug.** Therefore, for use of drugs like met-
formin in treating mitochondrial dysfunction, efficient mitochondrial
targeting is essential.

To enhance mitochondrial targeting, the cationic and lipophilic
cation, triphenylphosphonium (TPP), has been conjugated to metformin
(i.e., Mito—Met).12 At lower concentrations, Mito-Met is not toxic and
induces cell-cycle arrest.}* Mito-Met induces mitophagy through the
activation of AMPK.*® Neuronal cells conserve energy via this
mechanism.'* A 10-carbon chain derivative of Mito-Met has shown
protection against the mitochondria-targeted toxins rotenone and
1-methyl-4-phenylpyridinium in dopaminergic cells.}? TPP has also
been conjugated to apocynin, that is, Mito-Apo to more effectively
combat oxidative stress.?>® These studies indicate that Mito-Apo and
Mito-Met elicit other neuroprotective mechanisms as well. A key differ-
ence between such mitochondrially-targeted drugs and rotenone is that
rotenone does not induce the energy sensing signaling mechanism
provided by Mito-Apo or Mito-Met. Therefore, the neuroprotective
mechanisms of metformin outweigh the neurotoxic effects of rotenone,
providing a basis for the use of a rotenone-based challenge model for

direct assessment of the neuroprotective mechanisms of Mito-Met.*>
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However, therapeutics are still systemically administered in a
bolus dose, which means frequent administrations are required for
treating dopaminergic degeneration. Therefore, the therapeutic fre-
quency and dose can be further minimized using nanoparticles (NPs).
NPs can encapsulate therapeutics, protect them from degradation,
and release them upon reaching the targeted area to optimize thera-
peutic efficacy.2”?” Biodegradable polyanhydride NPs represent a
platform with capabilities for sustained release of therapeutics.2%?”
Polyanhydrides are biocompatible and safe, 283! they are components
of U.S. FDA-approved formulations as exemplified by the Gliadel®
wafer,3? and their hydrophobic nature enables predictable NP-drug
release profiles that can be precisely tuned,?*3*%7 compared to less
controllable release profiles from the more commonly used and FDA-
approved bulk-eroding poly(lactic-co-glycolic acid) (PLGA). These
attributes of polyanhydride NPs can further result in dose-sparing
effects.26-38:37

Polyanhydride chemistries rich in sebacic acid (SA) have recently
shown significantly higher levels of cellular internalization by macro-
phages, primarily by phagocytosis.*® Our previous work showed that a
polyanhydride NP formulation of 20 mol% 1,6-bis (p-carboxyphenoxy)
hexane (CPH) and 80 mol% SA (i.e., 20:80 CPH:SA) significantly
lowered the dose of mito-apocynin required to protect against oxida-
tive stress in dopaminergic cells in vitro.2® Importantly, this formulation
was internalized by monocytes and human brain microvascular endo-
thelial cells (HBMECs), and NP transfer between monocytes and
HBMECs was observed in vitro in a blood-brain barrier (BBB) model.
This indicates that both cell-mediated and adsorptive-mediated trans-
cytosis mechanisms may be exhibited by SA-rich chemistries, which can
improve local bioavailability of therapeutics.** Therefore, SA-rich NPs
may represent a promising nanomedicine carrier for brain delivery.

While TPP has been conjugated to drugs, it has also been conju-
gated to NPs to improve brain localization and mitochondrial
targeting.#>*” Polyanhydride NPs have been surface functionalized
with targeting ligands to improve protection against oxidative stress
in vitro,2® but the surface-eroding nature of polyanhydride NPs typically
results in short ligand retention times that may limit the duration of
improved targeting in vivo. Therefore, a novel functionalization method
was developed in this work that conjugates the copolymer to the mole-
cule (3-carboxypropyl)triphenyl-phosphonium (CPTP), a derivative of
TPP, prior to NP synthesis so that CPTP is retained on the NPs for lon-
ger periods of time. Overall, the goal of this work was to test the extent
by which CPTP functionalization improves the internalization of the
associated NPs into neurons, and whether this is correlated with the
ability to improve protection provided by nano-formulated Mito-Met

against rotenone-induced mitochondrial dysfunction.

2 | MATERIALS AND METHODS
21 | Materials

MitoTracker® Red, Sytox™ Green, Hoechst 33258, Roswell Park
Memorial Institute medium (RPMI 1640), Dulbecco's Modified Eagle's
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Medium, methylene chloride, methanol, pentane and hexanes were
purchased from ThermoFisher Scientific (Waltham, MA). Fetal bovine
serum, trypsin/ethylene diamine tetra acedic acid, paraformaldehyde,
L-glutamine, penicillin, and streptomycin were purchased from Invi-
trogen (Carlsbad, CA). CPTP bromide was purchased from Sigma
Aldrich (St. Louis, MO). 20:80 CPH:SA copolymer, Mito-Met and cad-
mium selenide core-shell quantum dots (QDs) were synthesized as

described previously.*!

2.2 | Polyanhydride bulk functionalization and
purification

Polyanhydrides were functionalized with CPTP using a bulk func-
tionalization process (Figure 1a). Specifically, CPTP was acetylated by
stirring 200 mg CPTP in 25 mL acetic anhydride under nitrogen (N5)

CPTP Acetylation
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for 60 min at 150°C. Excess acetic anhydride was evaporated, and
CPTP was added to 1 g of 20:80 CPH:SA copolymer at 0.5 Torr for
30 min at 180°C. The functionalized copolymer was dissolved in
20 mL methylene chloride overnight, precipitated into hexanes at
1:25 methylene chloride: hexanes and vacuum filtered.

The dried, functionalized polymer was suspended in 30 mL
methanol, vortexed for 30s, and centrifuged at 10,000 rpm for
5 min, removing supernatant. Remaining purified polymer was dried
under vacuum. Percentage end-group functionalization was quanti-
fied by dissolving in deuterated chloroform and analyzing using *H
nuclear magnetic resonance end-group analysis with an MR400
instrument (Varian, Palo Alto, CA). Fourier transform infrared
spectroscopy—attenuated total reflectance was used to confirm
polymer functionalization using a Nicolet™ iS50 instrument with the
Nicolet™  Smart iTX
Waltham, MA).
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(a) Schematic describing the synthesis of functionalized polyanhydrides. The targeting ligand, CPTP, is first acetylated and then

reacted with copolymer (“P”) at standard polymer synthesis conditions. (b) NPs are synthesized by a flash nanoprecipitation method, resulting in
the formation of NPs with either COOH (i.e., nonfunctionalized) or CPTP (i.e., functionalized) end-group moieties. Schematic of Mito-Met
structure, encapsulated by NPs for efficacy studies and tested versus soluble dose. Mito-Met C10 (n = 9) was used for the study. (d) *H nuclear
magnetic resonance spectra of functionalized, purified polymer showing a CPTP phenyl group CH peak (5 7.70-8.00, multiplet) alongside polymer
CPH phenyl group CH peaks (5 8.02, doublet; § 8.12, doublet), and (e) Fourier transform infrared spectroscopy—attenuated total reflectance
spectra of functionalized, purified polymer showing a CPTP a-CH, bending peak (1450 cm™?). Controls included CPTP only (not shown) and

nonfunctionalized polymer only (shown)
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2.3 | Nanoparticle synthesis and characterization
QD or Mito-Met (Figure 1c) at 1% (w/w) or 0.2% (w/w), respectively,
were encapsulated by NPs using an anti-solvent nano-encapsulation
method, described previously (Figure 1b).** Briefly, QD or Mito-Met
was added to nonfunctionalized 20:80 CPH:SA copolymer dissolved
in methylene chloride at 20 mg/mL while sonicating at 30% for 30s
and immediately precipitated into pentane (Thermo Fisher Scientific)
at room temperature at a 1:250 methylene chloride: pentane ratio.
Non- and CPTP-functionalized NPs (NF-NPs and CPTP-NPs, respec-
tively) were made at room temperature and 4°C, respectively. NP
morphology and size were determined using a 250 field-emission gun
scanning electron microscope (Quanta, Hillsboro, OR). Image) 1.43u
software (National Institutes of Health, Bethesda, MD) was utilized to
quantify NP size. NP surface zeta potential was quantified using a
Zetasizer Nano ZS (Malvern Instruments Ltd., Malvern, UK) at
0.1 mg/mL in nanopure water.

To evaluate drug release kinetics, Mito-Met-loaded NF-NPs and
CPTP-NPs (M:NF-NPs or M:CPTP-NPs, respectively) were suspended
in 1x phosphate-buffered saline, pH 7.4, sonicated for 30 s, and incu-
bated in a 37°C rotator. To maintain perfect sink conditions,
phosphate-buffered saline was replaced at 0.5, 1, 2, 4, and 8 h, and at
1, 2, 3, 5 and 7 days by centrifugation, supernatant collection and
resuspension in 1x phosphate-buffered saline. After 7 days, the
degraded NPs were suspended in 100 mM sodium hydroxide to
ensure complete extraction of Mito-Met. Each sample was concen-
trated 10x by lyophilization and resuspension in water, and the
amount of drug was quantified using high-performance liquid chroma-
tography instrument (Agilent 1200 system, Agilent, Santa Clara, CA).
The poroshell 120 hydrophilic interaction liquid chromatographic col-
umn, dimensions 150 mm x 2.1 mm, 4 um (Agilent, Santa Clara, CA)
was used with a mobile phase of nanopure water + 0.1%
trifluoroacetic acid (solvent A), acetonitrile (solvent B), and methanol
(solvent C). A gradient from 0.1% A, 94.9% B, and 5% C at O min to
45% A, 50% B and 5% C at 7 min with a flow rate of 1 mL/min was
used. Samples were compared to a standard curve of soluble Mito-
Met in nanopure water from 2 to 200 pg/mL.

24 | N27 cell culture and NP safety

A rat mesencephalic neuronal cell line (N27) was used for cytotoxicity,
efficacy and localization experiments.*>#8>! Cells were thawed from
liquid nitrogen and grown in RPMI media supplemented with 10%
(v/v) fetal bovine serum, 2 mM L-glutamine, 100 U/mL penicillin, and
streptomycin (10% RPMI). Upon reaching 70-90% confluence, cells
were passaged by trypsinization. For 96, 24, or 6-well plates,
cells were added at 5,000, 20,000 cells/well, or 80,000 cells/well in
100, 500 or 2000 pL of 10% RPMI, respectively.

To determine safe NP concentrations in N27 cells, NF-NPs and
CPTP-NPs were sonicated in 2% RPMI for 30s using a probe
sonicator at 50%, diluted to 10, 30 or 100 pg/mL and added to cells at
70% confluence in a 96-well plate for 24 h. Sytox™ Green and

Y sk WILEY-_L_%2

Hoechst 33258 were diluted 1:5000 in 0% RPMI and added to each
well 30 min before measuring the fluorescence on a spectrophotome-

ter (SpectraMax 190, Molecular Devices, San Jose, CA).

2.5 | NP internalization by neuronal cells

To test cellular internalization of NPs, QD-loaded NF-NPs and CPTP-
NPs (QD:NF-NPs and QD:CPTP-NPs, respectively) were added to
N27 cells in a 6-well plate for 24 h. Cells were collected by
trypsinization and centrifuged at 1,000 rpm for 7 min. The cells were
rinsed once with ice-cold 1x phosphate-buffered saline, and then
suspended in ice-cold 4% paraformaldehyde and stored at 4°C in the
dark overnight. The next day, cell suspensions were added to plastic
tubes and analyzed by a flow cytometer (FACSCanto, BD Biosciences,
San Jose, CA) at 488 nm. Controls included cells not treated with QD:
NPs and cells treated with a degraded NP control. For degraded NP
control, QD:NPs were suspended in 2% RPMI at 30 pg/mL and incu-
bated in a 37°C rotator for 24 h before adding to cells. After 24 h,
released QDs were collected by centrifugating NPs and retaining
supernatant. This supernatant was added to cells to confirm that fluo-
rescence observed in QD:NP groups was due to NP internalization
and not by QD release and subsequent internalization.

To confirm NP internalization in N27 cells, QD:NF-NPs or QD:
CPTP-NPs were added to cells in a 24-well plate with coverslips
treated with poly-p-lysine for 12 h. After 24 h, the media was aspi-
rated and the cells were washed in prewarmed 0% Dulbecco's Modi-
fied Eagle's Medium. Next, cells were incubated with 0% Dulbecco's
Modified Eagle's Medium containing 1:5,000 MitoTracker® Red and
1:10,000 Hoechst 33258 for 10 min. Cells were washed four times
with pre-warmed phosphate-buffered saline and fixed with 4% para-
formaldehyde. Coverslips were mounted onto SuperFrost® slides
(ThermoFisher Scientific) and imaged using a confocal microscope
(SP5 X MP confocal/multiphoton microscope, Leica Biosystems, Wet-

zlar, Germany). Controls included cells not treated with QD:NPs.

2.6 | NP efficacy against mitochondrial
dysfunction

NP efficacy in protecting against rotenone-induced mitochondrial dys-
function was performed similarly to previous rotenone toxicity experi-
ments, with some modifications.> Specifically, after cells reached 70%
confluence and display healthy morphology, M:NF-NPs, M:CPTP-NPs
or soluble Mito-Met in 2% RPMI were added to cells in a 96-well plate
24 h before reading. The administered concentration of Mito-Met in
all treated groups was 30 nM. Negative controls included cells incu-
bated with 2% RPMI only. All media, with or without treatment
groups, was replaced with fresh 0% RPMI 7 h before reading. 6 h
before reading, 1 pM rotenone was added to each well, except for
negative controls. Positive controls included untreated cells incubated
with rotenone. Next, Sytox™ and Hoechst staining experiments were

performed as previously described.>*%°! Specifically, Sytox™ Green
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TABLE 1

NP formulation Encapsulated payload

NF-NP None 310+13
0.2% Mito-Met 430+ 14
1% QD 260+ 1.5
CPTP-NP None 330+1.3
0.2% Mito-Met 370+ 1.3
1% QD 250+ 14

Geometric diameter (nm), avg + SD

NP size, morphology and surface zeta potential of all formulations

Zeta potential (mV), arithmetic avg + SE
—21+2
—26+0.2
—26+0.5
40+0.2
—-6.2+0.9
0.25+0.3

Abbreviations: CPTP-NP, (3-carboxypropyl)triphenylphosphonium-functionalized nanoparticles; Mito-Met, triphenylphosphonium-functionalized

metformin; NF-NP, nonfunctionalized nanoparticles; QD, quantum dots.
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FIGURE 2 (a) Release kinetics of mito-metformin from M:CPTP-NPs and M:NF-NPs in 0.5 mL 1x PBS at 37°C, showing a large (~70%) burst
release in the first few hours accompanied by sustained release for 2 weeks. The EE of M:CPTP-NPs and M:NF-NPs was 56% and 54%,
respectively. n = 3 for M:NF-NPs and M:CPTP-NPs across one experiment. (b) and (c) Representative SEM images of NF-NPs and CPTP-NPs,
respectively. Scale bars: 0.5 pm. (d) NF-NP and CPTP-NP biocompatibility in N27 cells. Cells were incubated with NPs in 2% RPMI added at 24 h,
and again at 7 h before assessing cell viability using a Sytox™ Green live/dead assay. NF-NPs were found to be nontoxic at all concentrations
tested, however CPTP-NPs were cytotoxic at 100 pg/mL. Control is cells in 2% RPMI only. n = 3 for control and for each concentration of
M:NF-NPs and M:CPTP-NPs across one experiment. ****p < 0.0001 versus Control

(ex/em: 504/523 nm) and Hoechst 33258 (ex/em: 352/461 nm) were
added 30 min before reading the plate and taking images.

2.7 | Statistical analysis

NP toxicity, internalization, and efficacy data were analyzed using a
one-way ANOVA with multiple comparisons on GraphPad Prism®
software (San Diego, CA). Comparisons were marked for significance
at p-values less than 0.05, 0.01 and 0.001, and 0.0001. All error bars

represent the standard error of the mean.
3 | RESULTS
31 |

Characterization of functionalized copolymer

The synthesized 20:80 CPH:SA copolymer (Figure 1c) was in the
appropriate molecular weight range (M, = 13,100-21,500 Da) for

synthesizing NPs, consistent with previous work.>? After CPTP func-
tionalization, the molecular weight of the copolymer decreased
slightly (M, = 11,700-13,000 Da), however this decrease did not sig-
nificantly impact NP size and morphology (Table 1 and Figure 2b,c).
Proton nuclear magnetic resonance end-group analysis of purified
polymer showed functionalization with the appearance of phenyl
group peaks representing CPTP (Figure 1d) and an estimated percent
end-group functionalization of 45%. ATR-FTIR analysis of purified
polymer confirmed functionalization with the appearance of a CH,
bending peak that is associated with CPTP (Figure 1e).

3.2 | Nanoparticle characterization and drug
release kinetics

All NF-NP and CPTP-NP formulations were spherical and discrete,
ca. 300-400 nm in diameter, and well-suspended (Table 1). However,
QD-encapsulated NPs resulted in slightly lower size NPs, ca. 250 nm,
which may be due to the QDs providing more nucleation sites for
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FIGURE 3 (a) QD:NP internalization in N27 cells. Cells were incubated with NPs for 24 h before fixing with 4% paraformaldehyde. Cells were
sorted at 488 nm using a flow cytometer. Controls included cells treated with QDs released from NPs in 2% RPMI in a 24 h period, which were
subtracted from the respective NP groups, as wells as cells in 2% RPMI only (shown). Cells incubated with QD:NF-NPs and QD:CPTP-NPs
displayed significant fluorescence above background, and cells incubated with QD:CPTP-NPs displayed significantly more fluorescence than QD:
NF-NPs. n = 3 for control, M:NF-NPs and M:CPTP-NPs across two experiments. ****p < 0.0001 versus control, #### p < 0.0001 versus QD:NF-
NP. (b) Confocal microscopy of QD:NF-NPs or QD:CPTP-NPs incubated with N27 cells for 24 h. Cells were treated with MitoTracker® Red and
Hoechst. In the image: red represents mitochondria, blue represents nuclei, and yellow-green represents NPs. White circles are drawn around
NPs to show their location more clearly. Controls included cells not treated with NPs (not shown). n = 3 for control, QD:NF-NPs and
QD:CPTP-NPs across one experiment. Scale bars: 10 pm. Inset scale bar: 5 pm
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FIGURE 4 (a) Safety/efficacy study of Mito-Met. N27 cells were challenged with rotenone after being treated with Mito-Met. Controls
included cells only challenged with rotenone, and cells not treated with Mito-Met. Sytox and Hoechst fluorescence was measured on a
spectrophotometer. n = 6 across two experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 versus control, ## p < 0.01 versus
rotenone. (b) N27 cells were challenged with rotenone after being treated with Mito-Met, M:NF-NP, or M:CPTP-NP. Controls included cells only
challenged with rotenone, and cells not treated with Mito-Met, NPs or rotenone. Cell viability was assessed using a Sytox™ Green live/dead
assay. Rotenone induced a significant level of toxicity above control, however M:CPTP-NP pretreatment significantly protected cells against
rotenone-induced toxicity. n = 6 for control, M:NF-NPs and M:CPTP-NPs across three experiments. ****p < 0.0001 versus control, ## p < 0.01
versus rotenone. (c) representative images from efficacy study in (b)
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nanoparticle formation. The NF-NP formulations were negatively
charged (as measured by zeta potential) which is consistent with pre-
vious work.?® However, CPTP functionalization of NPs led to near-
zero zeta potentials (Table 1, Figure S1), consistent with the cationic
nature of triphenylphosphonium.45 Additionally, both NF-NPs and
CPTP-NPs displayed similar release kinetics (Figure 2a) and encapsula-
tion efficiency (EE) of Mito-Met, with 54% and 56% EE of the drug
for M:NF-NPs and M:CPTP-NPs, respectively. Both nano-
formulations showed a large burst release of Mito-Met, followed by

sustained release of the drug for up to 1 week.

3.3 | NF-NPs and CPTP-NPs internalization and
efficacy in N27 cells

Both NF-NPs and CPTP-NPs were well-tolerated by the cells up to
NP concentrations of 30 pg/mL for 24 h (Figure 2d) as indicated by
cytotoxicity studies with the Sytox™ assay. The NF-NPs did not
induce any toxicity at a concentration of 100 pg/mL, while the CPTP-
NPs displayed toxicity at this concentration. Based on these results, a
30 pg/mL NP concentration was used in the subsequent studies. After
incubating N27 cells with 30 pg/mL QD:NF-NPs and QD:CPTP-NPs
for 24 h, it was found that QD:CPTP-NPs are internalized by a signifi-
cantly larger percent of N27 cells than QD:NF-NPs, with 31% and
18% of cells internalizing QD:CPTP-NPs and QD:NF-NPs, respectively
(Figure 3a). Confocal microscopy experiments confirmed these results
and determined that the NPs are internalized, and not just associating
with the cell membrane (Figure 3b).

A Mito-Met safety and efficacy study was performed in N27 cells
to identify the optimal concentration of soluble drug in this assay
(Figure 4a). It was observed that Mito-Met concentrations above
300 nM appear to be increasingly toxic to neuronal cells. Additionally,
Mito-Met concentrations below 300 nM Mito-Met were observed to
be ineffective in protecting against rotenone (Figure 4a). However,
after treating N27 cells with M:NF-NPs, M:CPTP-NPs or soluble
Mito-Met followed by challenging with rotenone, only M:CPTP-NPs
protected cells against rotenone-induced mitochondrial dysfunction
(Figure 4b,c). Notably, the concentration of Mito-Met in these formu-
lations was 30 nM, an order of magnitude less than the effective solu-
ble dose of Mito-Met.

4 | DISCUSSION

Mitochondrial dysfunction is a signature mechanism that contributes
to the progression of neurodegenerative disease.?® Mitochondrial
dysfunction induces oxidative stress in the brain through the forma-
tion of reactive oxygen species and reactive nitrogen species.?%>3
Specifically, a deficiency in complex | of the mitochondrial transport
chain plays a key role in mitochondrial dysfunction and ensuing pro-
cesses in PD.>% Therefore, the discovery and optimization of
mitochondrial-targeted therapeutics could significantly improve PD

treatment.

Rotenone-based challenge models, both in vitro and in vivo, of
PD are used due to the ability to recapitulate primary pathological
mechanisms like mitochondrial dysfunction and subsequent oxidative
stress of dopaminergic neurons.*® For example, a rotenone toxicology
model has been used to induce mitochondrial dysfunction N27 cells.®
In previous work, Mito-Met has shown neuroprotective capabilities in
protecting cells from rotenone-induced mitochondrial dysfunction by
AMPK activation and other associated neuroprotective mechanisms
at a much lower dose compared to metformin alone.*? However,
while lower, therapeutic doses are neuroprotective, higher doses can
become cytotoxic (Figure 4a), and so minimizing therapeutic dose
would be beneficial for slow down neurodegeneration. By providing
both sustained and targeted release, CPTP-functionalized pol-
yanhydride NPs could alleviate this issue and further optimize treat-
ment regimen.

A recent review elucidates the importance of nano-carrier
targeting strategies for neurodegenerative applications.® The need to
overcome multiscale hurdles to brain delivery for PD, including cross-
ing the BBB, reaching dopaminergic neurons, and in many cases,
targeting the mitochondria, makes optimization of targeting strategies
challenging.'® The selection of the right targeting ligand, or set of
targeting ligands, if applicable, such that it improves targeting at all
three scales is critical for optimizing a NP platform-based treatment
regimen.'® The targeting ligand TPP has improved both brain localiza-
tion and mitochondrial targeting for different types of
NPs. 4446475457 However, the ability of TPP-based ligands such as
CPTP to improve targeting and cellular internalization of NPs in dopa-
minergic neurons has not yet been investigated.

SA-rich polyanhydride chemistries, due to their lipophilic nature,
show higher levels of cellular internalization compared to other pol-
yanhydride chemistries.*® The 20:80 CPH:SA NP chemistry used in
this study has been surface functionalized with targeting ligands to
further improve targeting and cellular internalization,?® and has also
shown high levels of cellular internalization in an in vitro BBB model.*
However, the combination of polyanhydride NP surface erosion as
well as the extended length of time that NPs would be exposed to
aqueous degradation conditions before reaching neurons in vivo pre-
sent limitations for NP surface functionalization methods.

To address this limitation, a unique functionalization method was
developed in this work that enabled a longer persistence time for the
targeting ligand on polyanhydride NPs. Specifically, CPTP was conju-
gated to 20:80 CPH:SA copolymer by an anhydride interchange
mechanism, which is the same mechanism used to polymerize poly-
anhydrides. By tuning the reaction conditions, further polymerization
did not take place and instead the polymer was functionalized with
CPTP. Confirmation of successful functionalization using this tech-
nique was verified by *H nuclear magnetic resonance, with the exis-
tence of CPTP phenyl group peaks (Figure 1d), and by Fourier
transform infrared spectroscopy—attenuated total reflectance, with
the presence of CPTP CH, bending peaks (Figure 1€) in the polymer.

An additional limitation of surface-functionalizing polyanhydride
NPs using techniques such as carbodiimide crosslinking chemistry is

that the polyanhydride NPs surfaces erode and may prematurely

1pu0D) pue suLd | Ay S *[€20T/40/10] U0 Areiqry auiuQ Adip ‘Areiqr] AsioAtup) 1elg eMO] Aq TZ6HE Q' Wql/z00 10 1/10p/wod Kajim Areiqijaut[uoy/:sdny woiy papeojumo(] ‘T ‘TTOT ‘186¥TSST

isdug)

PUB-SULIS) WO K[ 1M

ASULII suowo)) daneal) ajqeorjdde ayy Aq pauroAos ale sa[d1IE Y ‘asn Jo sanl 10J KIeIqi] auljuQ L9[Ipy UO (Suonip



SCHLICHTMANN ET AL

release encapsulated payloads during the functionalization. In con-
trast, bulk functionalization of the polymer eliminates this shortcom-
ing because the NPs are not exposed to degradation conditions
before treatment. Consistent with this argument, drug release kinetics
profiles from both functionalized and nonfunctionalized NPs were
unchanged (Figure 2a), as were their EEs (54% and 56% for NF-NPs
and CPTP-NPs, respectively).

It is possible that increased cytotoxicity seen with
triphenylphosphonium-conjugated compounds may be associated
with the cationic nature of triphenylphosphonium.*® Therefore, it was
necessary to determine a safely tolerated concentration of NF-NPs
and CPTP-NPs in N27 cells. At an NP concentration of 30 pg/mL,
neither NF-NPs nor CPTP-NPs were cytotoxic, on the other hand
CPTP-NPs at 100 pg/mL were cytotoxic, indicating that CPTP
functionalization did not impact CPTP-NP biocompatibility up to
30 pg/mL (Figure 2d). Therefore, this NP concentration was used for
subsequent studies with both formulations.

The high levels of neuronal internalization observed with com-
pounds conjugated to TPP and its derivatives are related to its cat-
jonic and lipophilic properties.*>*” Therefore, conjugating CPTP to
20:80 CPH:SA copolymer may further improve targeting and there-
fore cellular internalization of therapeutic-encapsulated NPs. After
incubating the QD:NPs with N27 cells, it was found that QD:CPTP-
NPs were internalized by significantly more cells than QD:NF-NPs
(Figure 3a). Importantly, CPTP-NPs showed significantly less negative
surface zeta potentials, and in some cases even positive zeta poten-
tials. The cationic nature of CPTP is a likely cause for this shift in zeta
potential across all formulations.*® The correlation with higher CPTP-
NP internalization by N27 cells suggests that CPTP-NPs have a
stronger nonspecific interaction with the negatively charged cell
membrane, which may explain the higher cellular internalization
efficiency.>®

After showing that CPTP significantly enhanced cellular internali-
zation of this NP formulation, the ability of this formulation to trans-
late into better protection of Mito-Met against environmental toxins
was tested. Rotenone is a widely used pesticide that is toxic to dopa-
minergic neurons.* The neuroprotective drug Mito-Met acts to reduce
the extent of mitochondrial dysfunction associated with rotenone
exposure to cells through AMPK activation and subsequent restora-
tion of neuronal energy balance.'* Low dose Mito-Met (300 nM) has
been shown to protect against rotenone-induced mitochondrial dys-
function in a dopaminergic cell line.!? However, at higher concentra-
tions, Mito-Met can be cytotoxic to the targeted cells (see Figure 4a)
by inhibiting complex | of the electron transport chain, which while

beneficial for cancer treatment,®

is detrimental when treating neuro-
nal cells against rotenone-induced toxicity. Therefore, minimizing the
effective therapeutic dose of Mito-Met could be beneficial for anti-
neurodegenerative applications.

In this study, a 30 nM soluble Mito-Met dose, which is an order
of magnitude lower than the previously reported optimal dose for
treatment of rotenone-induced mitochondrial dysfunction in N27
cells, did not protect against rotenone, as shown in Figure 4. Cells

treated with M:NF-NPs containing 30 nM Mito-Met lowered

Y sk WILEY-_L_%7

rotenone-induced toxicity but did not significantly reduce cell death
(Figure 4b). However, the use of M:CPTP-NPs containing 30 nM
Mito-Met led to significantly better protection against rotenone chal-
lenge (Figure 4b). Due to the potentially cytotoxic nature of cationic
molecules like Mito-Met at high concentrations, the dose-sparing and
sustained release of Mito-Met provided by the functionalized pol-
yanhydride NPs can minimize systemic toxicity while still protecting
against mitochondrial dysfunction.

Considering the significance of mitochondrial dysfunction in PD,
the optimization of treatment regimen to deliver mitochondrial-
targeted drugs such as Mito-Met could lead to more effective thera-
pies for PD. The success of the mitochondria-targeted nanomedicine
treatment regimen in ameliorating rotenone-induced damage dis-
cussed in this work warrants further investigation into the mechanism
by which the CPTP-NPs improve mitochondrial function, both in vitro

and in vivo.

5 | CONCLUSIONS

There is a need to discover therapeutics that treat the underlying
mechanisms to PD. Of these, mitochondrial dysfunction plays a major
role in contributing to the death of dopaminergic cells. Due to the low
cellular internalization efficiency of approved anti-neurodegenerative
therapeutics, effective doses are often too high and too frequent,
resulting in systemic toxicity. Drug-encapsulated targeted pol-
yanhydride NPs can minimize the dose by improving targeting effi-
ciency to mitochondria and providing sustained release of
therapeutics. In this work, enhanced cellular internalization of a
targeted polyanhydride NP formulation, CPTP-NPs, was correlated
with protection of N27 cells against rotenone-induced cytotoxicity
with significant dose-sparing of the drug Mito-Met. The demonstrated
success in using the novel polyanhydride NP functionalization method
to improve therapeutic efficacy in vitro lays the foundation for the
development of nanomedicine therapies for PD and other neurode-
generative conditions.
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