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Highly selective microglial uptake of
ceria—zirconia nanoparticles for enhanced
analgesic treatment of neuropathic paint
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Neuropathic pain is a chronic and pathological pain caused by injury or dysfunction in the nervous
system. Pro-inflammatory microglial activation with aberrant reactive oxygen species (ROS) generation in
the spinal cord plays a critical role in the development of neuropathic pain. However, the efficacy of
current therapeutic methods for neuropathic pain is limited because only neurons or neural circuits
involved in pain transmission are targeted. Here, an effective strategy to treat pain hypersensitivity
using microglia-targeting ceria—zirconia nanoparticles (CZ NPs) is reported. The CZ NPs are coated with
microglia-specific antibodies to promote their delivery to microglia, and thus to improve their therapeutic
efficacy. The targeted delivery facilitates the elimination of both pro-inflammatory cytokines and ROS in
microglia, enabling the rapid and effective inhibition of microglial activation. As a result, greatly amelio-
rated mechanical allodynia is achieved in a spinal nerve transection (SNT)-induced neuropathic pain
mouse model, proving the potent analgesic effect of the microglia-targeting CZ NPs. Given the generality
of the approach used in this study, the microglia-targeting CZ NPs are expected to be useful for the treat-
ment of not only neuropathic pain but also other neurological diseases associated with the vicious

rsc.li/nanoscale activation of microglia.

Introduction

Neuropathic pain is a type of pathological pain caused by
injury or dysfunction in the nervous system. Clinical symptoms
of this devastating disease are characterized by spontaneous
pain, pain perception against non-noxious stimuli (allodynia),
and exaggerated pain perception against noxious stimuli
(hyperalgesia). It is well-known that pro-inflammatory acti-
vation of spinal cord microglia, innate immune cells in the
central nervous system (CNS), is one of the key etiological
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factors in the pathogenesis of neuropathic pain."* Signals

derived from injured nerves activate microglia at the spinal
dorsal horn and induce subsequent expression of pro-inflam-
matory cytokines such as interleukin 1 beta (IL-1f), interleukin
6 (IL-6), and tumor necrosis factor-alpha (TNF-a). This inflam-
matory milieu, in turn, sensitizes the pain-transmitting neural
circuits, resulting in pain sensitization at the spinal cord level,
the so-called central sensitization.® Given these findings,
modulating neuro-inflammation in the spinal cord after nerve
injury by targeting microglial cells can be an effective strategy
to prevent or resolve the pathological changes that develop
chronic pain. Previous studies have shown that spinal nerve
transection (SNT) injury induces pro-inflammatory microglial
activation in the spinal dorsal horn, which in turn
leads to pain central sensitization and neuropathic pain.°®
Furthermore, nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase 2 (Nox2)-derived reactive oxygen species
(ROS) production plays a critical role in the nerve injury-
induced pro-inflammatory spinal microglial activation and
subsequent pain sensitization.®”® Since Nox2 generates super-
oxide anions which can be converted to other ROS such as
hydrogen peroxide,” reducing the microglial ROS level is
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Scheme 1 Schematic illustration of microglia-targeting ceria—zirconia
nanoparticles as an analgesic agent for neuropathic pain treatment.
Customized 7CZ-Ab NPs can rapidly subdue the rampant activation of
microglia caused by spinal nerve injury, thus demonstrating the potential
as a therapeutic nanomedicine for neuropathic pain treatment.

significant in the intervention against the pathogenesis of
neuropathic pain and other CNS diseases (Scheme 1).5'°7*?

Recently, nanomaterials have been widely used in a variety of
biomedical applications due to their interesting biological
properties.'*>° Despite such achievements, however, promoting
the therapeutic efficacy of nanomaterials has been a major
consideration for successful application since therapeutic nano-
materials are still far from clinical translation. Nevertheless,
endeavors in developing ceria nanoparticles (NPs) as an
effective therapeutic agent have demonstrated the promising
potential for the treatment of diseases associated with abrupt
surges of ROS.”'” Reversible redox switching between Ce®" and
Ce"" jons in ceria NPs enables the NPs to scavenge ROS for a
prolonged period.”®*° Moreover, since it was revealed that Ce**
ions are more important than Ce*" ions in removing ROS and
subsequent amelioration of inflammatory diseases, systems to
sustain higher Ce®" contents in ceria NPs were designed by
inserting dopant ions.*' 3 For example, ceria-zirconia NPs out-
perform ceria NPs in terms of therapeutic efficacy in a sepsis
model by showing a greater activity toward the elimination of
superoxide anions (O,”) and hydroxyl radicals ("OH), which are
the main culprits in the pathogenesis of many inflammatory
diseases.’” Meanwhile, approaches for the targeted delivery of
nano-therapeutics are important to promote the efficacy of
drugs while avoiding side-effects.”®*** The adequate delivery
strategy should accompany the therapeutic ceria-based NPs so
that they are delivered specifically to the target cells or tissues
and contained within the confined area of the disease
only.>****® The rational design of such a strategy would result
in a higher recovery rate for patients.
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Cerium(m) acetylacetonate hydrate, zirconium(v) acetyl-
acetonate hydrate, fluorescein isothiocyanate (FITC),

N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride
(EDCI), N-hydroxysuccinimide (NHS), triethylamine (TEA) and
a superoxide dismutase (SOD) assay kit were purchased from
Sigma-Aldrich Inc. (St Louis, Missouri, USA). Oleylamine
(approximate C18-content of 80-90%) was purchased from
Acros Organics (Geel, Belgium). Acetone (99%) and chloroform
(99%) were purchased from Samchun Chemicals (Seoul,
Korea). 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-
N-[methoxy( polyethylene glycol)-2000] (mPEG(2000)-PE) and
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino
(polyethylene glycol)-2000] (DSPE-PEG(2000)-amine) were pur-
chased from Avanti Polar Lipids Inc. (Alabaster, Alabama,
USA). Purified and FITC anti-mouse/human CD11b antibodies
(Ab and FITC-Ab, respectively) were purchased from BioLegend
(San Diego, California, USA). An Amplex® red hydrogen per-
oxide/peroxidase assay kit was purchased from Molecular
Probes, Inc. (Eugene, Oregon, USA). An OxiSelect™ hydroxyl
radical antioxidant capacity (HORAC) activity assay kit was pur-
chased from Cell Biolabs, Inc. (San Diego, California, USA).

Synthesis of 2 nm Ce, ;Zr, ;0, nanoparticles (7CZ NPs)

In the same synthesis process as previously described,’”
0.36 mg of cerium(m) acetylacetonate hydrate and 0.14 mg of
zirconium(wv) acetylacetonate hydrate were added to 15 mL of
oleylamine. The mixture was first sonicated for 10 min at
20 °C and then heated up to 80 °C with a heating rate of 2 °C
min~'. The mixture was reacted at 80 °C for 1 day and then
cooled down to 20 °C. The product was washed with acetone
(100 mL) and collected by centrifugation at 5000 rpm several
times. The resulting 7CZ NPs were dispersed in chloroform
with a final concentration of 10 mg mL™".

Conjugation of phospholipid-polyethylene glycol-FITC

6 mg of DSPE-PEG(2000)-amine and 0.6 mg of fluorescein iso-
thiocyanate were dispersed in 0.6 ml of chloroform. The
mixture was heated and kept at 40 °C for 4 h under stirring.

After the 4 h reaction, FITC was covalently conjugated to the
amine-group in PEG.

Conjugation of CD11b antibody to NHS-ester

In the reaction of EDC coupling, 1.5 mg of CD11b or
FITC-CD11b antibody was added to the mixed solution of
30 mg of EDCI, 18 mg of NHS-ether, 60 pl of TEA and 9 ml of
deionized (DI) water. The mixture was shaken for 2 h at room
temperature. After the 2 h reaction, the carboxyl acid group of
the CD11b antibody was covalently conjugated to the NHS-
ester as an amine-reactive intermediate.

Synthesis of phospholipid-polyethylene glycol-capped 7CZ,
7CZ-FITC NPs

To make water dispersible 7CZ NPs, 1.5 ml of 7CZ NPs dis-
persed in chloroform (10 mg mL™") was mixed with 4.5 mL of
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a mixture of PEG(2000) in chloroform (10 mg ml~", with a 2:1
ratio of mPEG(2000)-PE to DSPE-PEG(2000)-amine). In the case
of 7CZ-FITC NPs, the same amount of 7CZ NPs dispersed in
chloroform was mixed with 4.5 mL of a mixture of PEG(2000)
and PEG(2000)-FITC as prepared in chloroform (10 mg ml™,
with a 10:3:2 ratio of mPEG(2000)-PE to DSPE-PEG(2000)-
amine to DSPE-PEG(2000)-FITC). Each sample was treated
using a rotary evaporator and a vacuum oven at 70 °C for 2 h to
remove chloroform thoroughly. The resultant mixture was then
dispersed in 5 ml of DI water to form a transparent colloidal
suspension. The residues of phospholipid-PEG were removed
by filtration using a 0.4 pm filter and ultracentrifugation
several times. The purified product of each sample was kept in
DI water.

Conjugation of CD11b antibody to 7CZ or 7CZ-FITC NPs

To conjugate CD11b or FITC-CD11b antibody to 7CZ or
7CZ-FITC NPs, respectively, the prepared amount of the water-
dispersed sample (7CZ or 7CZ-FITC NPs) was added to the
intermediate of the antibody-NHS ester mixture prepared in
DI water. The mixture including both NPs and the antibody
was stirred using a magnetic bar at room temperature for 12 h.
Next, the reaction product was repeatedly washed by removing
the supernatant of the sample after each ultracentrifugation.
The purified sample of 7CZ-Ab or 7CZ-FITC-Ab NPs was finally
dispersed in DI water.

Characterization of 7CZ and/or 7CZ-Ab NPs

Transmission electron microscopy (TEM) and scanning
transmission electron microscopy (STEM) at 200 kv
(JEM-2100f, JEOL, Japan) were used to analyze 7CZ NPs by
releasing a droplet of the sample dispersion onto a carbon-
coated copper grid. The diffusion time and diffusion coeffi-
cient of the samples were analyzed using a fluorescence cor-
relation spectrometer equipped with a confocal microscope
(LSM 780 NLO, Carl Zeiss, Germany). Hydrodynamic dia-
meters and zeta potentials of the samples were obtained by
dynamic light scattering (DLS) measurements using a
Zetasizer Nano-ZS system (Malvern Instruments, Inc., UK).
X-ray diffraction (XRD) patterns of the sample were obtained
with a diffractometer (New D8 Advance, Bruker, Germany).
Phase identification was performed using JCPDS-ICDD 2000
software. X-ray photoelectron spectroscopy (XPS) analysis of
the sample was performed using an XP spectrometer
(AXIS-HSi, Kratos, UK). Each peak was fitted by CasaXPS
software. Energy-dispersive X-ray spectroscopy (EDS) analysis
was performed with a single drift detector (X-Max", Oxford
Instruments, UK). AZtecTEM software was used to analyze
the atomic content of the sample. Analysis for elemental
confirmation and concentration of the sample was per-
formed using an inductively coupled plasma atomic emis-
sion spectrometer (ICP-AES; ICPS-10001V, Shimadzu, Japan).
Assays for ROS determination were performed with a
multiple plate reader (Victor X4, PerkinElmer, USA) by
measuring light absorbance or fluorescence from the
samples.
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SOD mimetic activity assay

All assays for ROS determination proceeded in almost the same
way as previously described.”” The SOD assay kit (Sigma-Aldrich,
USA) was used to assess the superoxide anion scavenging
activity. First, 20 pL of each sample with a final concentration of
0.1 mM was added to 160 pL of a 2-(4-iodophenyl)-3-(4-nitro-
phenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium sodium salt (WST-1)
working solution. Then, 20 pL of a xanthine oxidase solution as
a superoxide anion generator was added to each microplate well.
After incubating at 37 °C for 20 min, the absorbance of each
well at 450 nm was measured using a multiple plate reader
(Victor X4). Since the absorbance is proportional to the amount
of superoxide anion, the inhibition rate of the superoxide was
calculated by quantifying the reduction in color development.

Catalase (CAT) mimetic activity assay

The Amplex® red hydrogen peroxide/peroxidase assay Kit
(Molecular Probes, Inc., USA) was used to assess the quench-
ing activities of hydrogen peroxide. Amplex® red reagent
(10-acetyl-3,7-dihydroxyphenoxazine) reacts with H,0,, in com-
bination with horseradish peroxide (HRP), to produce a red
fluorescent oxidation product, resorufin. The fluorescence of
resorufin (excitation and emission maximum at 571 and
585 nm, respectively) represents the H,O, level in a solution.
First, 10 pL of each sample with a final concentration of
0.1 mM was mixed with 40 pL of a H,0, solution with a final
concentration of 5 pM in each microplate well. After pre-incu-
bating for 20 minutes, 50 pL of the Amplex® Red reagent/HRP
working solution was added to each well, and the samples
were then protected from light and incubated at 25 °C for
30 min. Then, the fluorescence was measured using a multiple
plate reader (Victor X4).

Hydroxyl radical antioxidant capacity (HORAC) activity assay

The HORAC assay kit (Cell Biolabs, Inc., USA) was used to
assess the hydroxyl radical scavenging activity. First, 20 pL of
each sample with a final concentration of 0.1 mM was added
to 140 pL of the fluorescent probe. After incubating at 25 °C
for 30 min, 20 pL of a hydroxyl initiator and 20 pL of Fenton
reagent were added to each microplate well to generate
hydroxyl radicals. After shaking for 15 s and incubating at
25 °C for 20 min, the fluorescence was then measured using a
multiple plate reader (Victor X4).

Animals

Male C57BL/6 mice aged 7-10 weeks were purchased from
DBL, South Korea for experimental use. Four to five mice were
housed in a plastic cage with standard bedding. They had
access to food and water ad libitum. They were accommodated
at a constant room temperature of 23 °C + 2 °C and a 12 h
dark/light cycle. All surgical and experimental procedures were
approved by the Institutional Animal Care and Use Committee
at Seoul National University. The animal treatments were per-
formed in agreement with the guidelines of the International
Association for the Study of Pain.
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SNT-induced neuropathic pain model

Mice were anesthetized with an intraperitoneal (i.p.) injection
of 2% avertin, and SNT was induced by transecting the L5
spinal nerve as described previously.® Briefly, an incision was
made in the skin from the spinal processes at the L4 to L2
level. The paraspinal muscles were separated and the L6 trans-
verse process was partially removed. The right L5 spinal nerve
was exposed and carefully transected with small scissors.
Then, 10% povidone-iodine topical solution was applied to
the site of incision and the surgical site was closed with surgi-
cal staples. Sham-operated mice were subjected to the removal
of the L6 transverse process. Sterile procedures were used
throughout the surgery to prevent infection and to minimize
the influence of inflammation.

Intrathecal injection

For the administration of 7CZ, 7CZ-Ab, or saline, mice were
injected with avertin (2%) for anesthesia. After shaving the
back of the mice, nanoparticles (10 pg per 5 pl) or saline was
injected using a 10 pl Hamilton syringe (Hamilton Company,
Reno, NV, USA) with a 30-gauge one-half-inch needle into
subarachnoid space; a slight tail-flick denoted appropriate
administration of the test compounds.

Behavioral analysis

All animal experimental procedures were reviewed and
approved by the Institutional Animal Care and Use
Committee, Seoul National University. A 50% withdrawal
threshold was measured using a set of von Frey filaments
(0.02-4 g, Stoelting, IL, USA), following an up-down method.*’
Mice were placed in a cage with a wire mesh bottom which
allowed full access to the paws. Nocifensive behaviors were
evoked by a light touch of the filaments to the plantar right
hind paw with sufficient force to cause slight buckling against
the paw. The paws were touched with a series of von Frey fila-
ments in an ascending order of strength, in intervals allowing
for the resolution of behavioral response to the previous
stimuli. A positive response was noted if the mice flinched,
sharply withdrew or licked the paw (ESI videot). In the up-
down method, when there was a lack of response to a filament,
a next higher filament was used, while with a positive
response, a lower filament was used. Once a threshold
approach was denoted by a change in the response, another
four von Frey presentations were done and the paw withdrawal
threshold (PWT) was calculated by combining the value of the
final von Frey filament used with an adjustment factor based
on the response pattern of the animal.

Primary glial cells and microglia culture

One-day-old C57BL/6 mice pups were used to culture primary
glia using a procedure previously described.*® After removing
the meninges from the cerebral hemisphere, tissue was disso-
ciated into a single-cell suspension through gentle repetitive
pipetting. Cells were cultured in Dulbecco’s Modified Eagle’s
medium supplemented with 10 mM 4-(2-hydroxyethyl)-1-piper-
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azineethanesulfonic acid, 10% fetal bovine serum (FBS),
2 mM r-glutamine, 1 x NEAA, and 1 x antibiotic/antimycotic in
75 cm? flasks at 37 °C in a 5% CO, incubator, and the medium
was changed every five days. To isolate microglia from the
mixed glia cells, the flasks were kept in a rotating shaker at
250 rpm for 3 h and then tapped firmly 15-20 days after cultur-
ing. The floating cells were collected and plated on poly-bp-
lysine (PDL)-coated glass coverslips in a four-well plate with
2 x 10" cells per well. After 15 min, the media were replaced
with fresh media in order to eliminate unbound non-micro-
glial cells and debris.

Real-time RT-PCR

The ¢cDNA was synthesized using total RNA from mouse spinal
cord tissue or cells cultured in vitro. The reverse transcription
mixture consisted of 2 pg of total RNA, oligo-dT, M-MLV, RNase
inhibitor, DTT, and RT-PCR buffer and was synthesized at 37 °C
for 1 h. Real-time RT-PCR was performed using SYBR Green
PCR Master Mix and ABI Prism 7500 sequence detection system
(Applied Biosystems, Foster City, CA, USA) as described pre-
viously.”” The following PCR primer sequences were used:
GAPDH forward, 5-AGG TCA TCC CAG AGC TGA ACG-3';
GAPDH reverse, 5-CAC CCT GTT GCT GTA GCC GTA-3'; iNOS
forward, 5-GGC AAA CCC AAG GTC TAC GTT-3’; iNOS reverse,
TCG CTC AAG TTC AGC TTG GT; IL-1f forward, 5-GTG CTG
TCG GAC CCA TAT GA-3'; IL-1f reverse, 5-TTG TCG TTG CTT
GGT TCT CC-3'; IL-6 forward, 5-CCA CGA TTT CCC AGA GAA
CAT-3'; and IL-6 reverse, 5'-TCC ATC CAG TTG CCT TCT TGG-3'.
The mRNA level for each gene was normalized to the mRNA
level of the GAPDH gene and presented as fold induction. Fold
induction was calculated using the 2-AACT method, as
described previously.’® All real-time RT-PCR experiments were
performed at least three times, and the mean + standard errors
of the mean (SEM) values were reported unless otherwise noted.

Flow cytometry analysis

The spinal cord tissue from lumbar 1 to 6 was removed and
homogenized mechanically to a single cell suspension. For
in vitro experiments, the mixed glial cells were detached using
0.25% trypsin with 3 min incubation at 37 °C and collected.
Cells were washed with ice-cold PBS and 2% FBS and incu-
bated with Fc BlockerTM (BD Bioscience, San Jose, CA, USA)
for 10 min at 4 °C prior to staining. Then, cells stained with
CD11b-APC (Biolegend Inc., San Diego, CA, USA) were analyzed
with a BD FACSVERSE flow cytometer (BD Bioscience) to
measure the CD11b’ microglia population. Likewise, cells
stained with ACSA A-2-PE (Miltenyi Biotec, Bergisch Gladbach,
Germany) were analyzed to measure the ACSA-2"/GLAST" astro-
cyte population. Cells stained with Thy-1.2 violet (Biolegend
Inc.) were analyzed to measure Thy-1" neurons. Data were
acquired and analyzed using BD FACSuite v1.2 (BD Biosciences).

Immunofluorescence

Immunostaining was carried out using previously established
protocols.>® The spinal cord sections were incubated in a
blocking solution (5% normal goat serum, 2% bovine serum

This journal is © The Royal Society of Chemistry 2019
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albumin (BSA), and 0.1% Triton X-100) for 1 h at room tem-
perature (RT). Sections were then incubated overnight at 4 °C
with primary antibody for rabbit-anti-Ibal (1:1000; Wako,
Osaka, Japan) or mouse-anti-8-OHG (1:200; Abcam,
Cambridge, UK). After rinsing in 0.1 M PBS, the sections were
incubated for 1 h at RT with a mixture of Cy3-conjugated sec-
ondary antibodies (1:200; Jackson ImmunoResearch) and
mounted with VectaShield medium (Vector Labs, Burlingame,
CA, USA). Fluorescence images were obtained using a confocal
microscope (LSM800; Carl Zeiss, Oberkochen, Germany). For
the quantification of immunoreactivity, stained sections from
the mouse spinal cord (L4-6 region) were taken and quantified
using LSM 800 software. For immunocytochemistry (ICC), pure
microglial cells were seeded onto a PDL-coated cover glass (2 x
10* cells per 12 mm?). After 2 days of proper attachment and
growth, the cells were treated with FITC-conjugated nano-
particles. For ROS detection, cells were labeled with 10 pM CM-
H,DCFDA (5-(and-6)-chloromethyl-2',7"-dichloro-dihydrofluores-
cein diacetate, acetyl ester) at 37 °C for 40 min. Tert-butyl hydro-
peroxide was treated for 1 h at 37 °C followed by DPBS washing,
then fluorescence was detected by using a microplate reader
(SPARK 10 M, TECAN, Austria). To get the image, cells were
fixed in 2% PFA in 0.1 M PBS (pH 7.4) for 15 min. The antibody
treatment protocol is same as histochemistry. Fluorescence
images were obtained using a fluorescence microscope (Digital
Inverted Fluorescence Microscope; Nikon, Tokyo, Japan).

MTS assay

Mixed glial cells were grown on a 96-well plate with 3 x 10*
cells per well after which they were treated with a cytotoxic
reagent for 6 and 24 h. Then, 20 pl of MTS reagent (Promega,
Madison, WI, USA) was added directly into the cell culture
media and incubated at 37 °C for 1 h. Reduction of the MTS
tetrazolium compound by viable cells to generate the formazan
product soluble in the serum-free media was quantified by
measuring the absorbance at 492 nm using an EMax® Plus
Microplate Reader (Molecular Devices, San Jose, CA, USA).
Absorbances obtained from samples treated with cytotoxic
reagents were compared to absorbance in control samples to
obtain the percentage of cell viability.

Statistical analysis

All data are presented as the mean value with a standard error
of the mean (SEM). Differences between groups for behavior
tests were determined by the PASW statistical program (SPSS
Inc.) with the LSD test. One-way ANOVA determined differences
between groups for other data with a Newman-Keuls multiple
comparison test. p < 0.05 was considered statistically significant.

Results and discussion

Preparation, characterization and ROS scavenging
performance of 7CZ and 7CZ-Ab NPs

To obtain ceria-zirconia NPs (Cey ;Zr, 30,; 7CZ NPs) function-
alized with the microglia-targeting antibodies, 7CZ NPs are
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View Article Online

Paper

first synthesized via a non-hydrolytic sol-gel reaction under
mild conditions.?” The 7CZ NPs are further processed into
CD11b antibody-conjugated 7CZ NPs (7CZ-Ab NPs) by the for-
mation of stable amide bonds between the antibodies and the
phospholipid-polyethylene glycol (PEG) shell on the NPs
(Fig. 1a). High-resolution and scanning transmission electron
microscopy (HRTEM and STEM, respectively) images show the
discrete and well-defined lattice structure of the 2 nm-sized
uniform 7CZ NP cores (Fig. 1b and Fig. S1}). The selected area
electron diffraction (SAED) and X-ray diffraction (XRD) data
indicate the cubic fluorite structure of the 7CZ NPs (Fig. 1b;
inset, Fig. S21). Owing to the increase in tetragonality by the
insertion of Zr*" ions to the ceria NPs, slight peak shifts of the
7CZ NPs in the XRD pattern are observed. Our synthesis
method enables the 7CZ NPs to have a solid-solution form
with a high Ce**/Ce*" ratio (the ratio of Ce** ions in 7CZ NPs:
52.6%), as confirmed by X-ray photoelectron spectroscopy
(XPS) analysis (Fig. S3at). To make the NPs water-dispersible,
the surface of the 7CZ NPs is encapsulated with PEG, which
provides not only restrained adsorption of proteins but also
functional groups for further conjugation.”®>® After the
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Fig. 1 Synthesis, characterization and ROS scavenging performance of
7CZ and 7CZ-Ab NPs. (a) Synthesis procedure of 7CZ and 7CZ-Ab NPs.
(b) TEM image of 7CZ NPs; scale bar: 5 nm. Inset: SAED image of 7CZ
NPs; scale bar: 5 nm™. (c) FCS analysis of free Ab, 7CZ, and 7CZ-Ab NPs.
Autocorrelation data of each sample (A) and its fitting curve. (d) HD and
{-potential values of 7CZ NPs, 7CZ-Ab NPs, and free CD11b antibodies
in PBS. (e) ROS scavenging performance of 7CZ and 7CZ-Ab NPs under
aqueous conditions assessed by different assays.
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PEGylation and subsequent functionalization with the anti-
bodies, we examined the antibody attached to the NPs using
both fluorescence correlation spectroscopy (FCS) and dynamic
light scattering (DLS) analyses. In the FCS data, 7CZ-Ab NPs
present an increased diffusion time and decreased diffusion
coefficient compared to those of free antibodies and 7CZ NPs
(Fig. 1c and Table S17). The number of antibodies on a single
7CZ NP is 3.29 and they occupy 70% of the monolayer area for
the antibody (ESIT). In addition, DLS measurements show
that the hydrodynamic diameters (HD) and the (-potential
values of the NPs are 9.1 nm and —8.8 mV for the 7CZ NPs,
and 18.2 nm and —17.5 mV for the 7CZ-Ab NPs, respectively
(Fig. 1d and Fig. S5t). Taken together, successful conjugation
of the antibodies on the NPs is shown. To see whether the
antibody conjugation affects the ROS scavenging activities of
the NPs aside from cell-living conditions, we performed
superoxide dismutase (SOD)-mimetic, catalase (CAT)-mimetic,
and hydroxyl radical antioxidant capacity (HORAC) activity
assays in aqueous media. In all of the assays, the antibody
conjugation onto the NPs does not hinder the -catalytic
activities of the NPs to scavenge ROS, as 7CZ-Ab and 7CZ NPs
show comparable levels of performance (Fig. 1le). These
results also augment the notion that the elimination of ROS
is credited to the core NPs rather than the accompanying
antibodies.

In vitro microglia-specific delivery of 7CZ-Ab NPs in primary
glial cells

To test and compare microglial uptake of the 7CZ and 7CZ-Ab
NPs, two concentrations of fluorescein isothiocyanate (FITC)-
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conjugated NPs, 0.01 and 0.02 mM, were treated to primary
pure microglial culture for 3 and 15 h, after which the FITC
signal in the cell populations was detected using both
immunocytochemistry (ICC) and flow cytometry analysis.
Higher FITC signals from 7CZ-Ab-FITC-treated cells for both
concentrations and time points in ICC analysis suggest a
greater microglia uptake efficiency of the 7CZ-Ab NPs than that
of 7CZ NPs (Fig. 2a). Furthermore, while the FITC signal is not
seen in the microglial cells at 3 h after the treatment with 7CZ
NPs, it is observed in the membrane of the microglial cells
after treating with the 7CZ-Ab NPs for both concentrations
under confocal microscopy. 15 h after treatment with the NPs,
the whole cytosol of microglia is filled with FITC+ dots for
both concentrations of 7CZ-Ab NPs, whereas a few dots of the
FITC signal are detected only after treatment with 0.02 mM
7CZ NPs. These results show that 7CZ-Ab NPs attach to the
microglial cell membrane and internalize into the cell faster
than 7CZ NPs. Accordingly, flow cytometry analysis also reveals
a significant increase in the uptake of 7CZ-Ab-FITC NPs than
7CZ-FITC NPs by CD11b-positive microglial cells (Fig. 2b). The
percentage of the microglia cells positive for FITC after treat-
ment with 0.005 mM 7CZ-Ab-FITC NPs is approximately 60%
at 3 h, while less than 5% are positive after treatment with
7CZ-FITC NPs. At the NP treatment concentration of 0.01 mM,
7CZ-Ab-FITC NPs are taken up by more than 80% of microglia
compared to the 7CZ-FITC NP uptake of around 40% microglia
(Fig. 2b). Although the FITC-positive populations of microglial
cells are similar at the higher concentration (0.02 mM), the
mean fluorescence intensity (MFI) of the 7CZ-Ab-FITC
NP-treated cells is much higher than that of the 7CZ-FITC
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Fig. 2 Uptake efficiency, antioxidant and anti-inflammatory effect of 7CZ and 7CZ-Ab NPs. (a) Primary microglial cells were treated with 7CZ-FITC
or 7CZ-Ab-FITC NPs. After 3 and 15 h of treatment, cells were immunostained for Iba-1. (b) Primary glial cells (5 x 10° cells per well in 6-well plate)
were treated with 7CZ-FITC or 7CZ-Ab-FITC NPs for 3 h, stained with allophycocyanin (APC)-conjugated anti-CD11b and analyzed with a flow cyto-
meter. (c and d) Primary glial cells (6 x 10* cells per well in a 96-well plate) were treated 7CZ or 7CZ-Ab for 3 h, stained with 10 uM CM-H,DCFDA
and stimulated with 500 pM TBHP. Fluorescence was detected by fluorescence microscopy (c) and a microplate reader (d) (n = 3—4 per each group).
(e) The mRNA expression levels of iNOS, IL-6, and IL-1p with LTA (1 ug ml™) stimulation for 15 h were measured by real-time polymerase chain reac-
tion (PCR) (n = 2 per each group, three independent experiments were performed). Representative data (mean + SEM) from three independent
experiments are shown (*p < 0.05, **p < 0.01, ***p < 0.001).
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NP-treated cells, indicating a higher 7CZ-Ab-FITC NP uptake
by microglia at the higher concentration as well. The enhanced
uptake of 7CZ by CD11b antibody conjugation was further
demonstrated by inductively coupled plasma-mass spec-
troscopy (ICP-MS) analysis (Fig. S61). The intracellular concen-
tration of 7CZ-NPs is much higher when microglia are incu-
bated with CD11b Ab-conjugated 7CZ NPs compared to isotype
IgG Ab-conjugated 7CZ NPs. Taken together, these data show
that CD11b antibody conjugation to 7CZ NPs increases the tar-
geting capacity of the NPs to microglia and enhances their
microglial uptake efficiency.

In vitro antioxidant and anti-inflammatory effects of 7CZ and
7CZ-Ab NPs in primary glial cells

Pro-inflammatory mediators induced in the activated spinal
microglia, such as IL-1p, IL-6, and nitric oxide (NO), contribute
to the development of neuropathic pain.**>® In addition, ROS
are implicated in the induction of pro-inflammatory gene
expression.”” First, we tested the anti-oxidant effects of 7CZ
and 7CZ-Ab in vitro. For this purpose, we used mixed glia
instead of pure microglia since they better recapitulate the
in vivo microenvironment.’®>® The treatment with tert-butyl
hydroperoxide (TBHP), an exogenous oxidative stress inducer
increased intracellular ROS levels in primary glial cells, which
were measured by CM-H,DCFDA fluorescence (Fig. 2¢). When
treated with 7CZ-Ab, the TBHP-induced ROS production is sig-
nificantly reduced (Fig. 2c and d). Upon quantification of the
fluorescence levels, the inhibitory effects on TBHP-induced
ROS production are more pronounced after 7CZ-Ab pretreat-
ment than 7CZ pretreatment (Fig. 2d). Furthermore, we investi-
gated whether 7CZ and 7CZ-Ab NPs inhibit the expression of
pain-mediating genes in primary glial cells in vitro. Mixed
glial cells were either treated with lipoteichoic acid (LTA)
(1 pg ml™), a toll-like receptor 2 (TLR2) agonist,*® or co-treated
with either LTA + 7CZ NPs or LTA + 7CZ-Ab NPs at two
different NP concentrations (0.01 and 0.02 mM) for 15 h. Upon
the LTA treatment, mRNA expression of inducible nitric oxide
synthase (iNOS), IL-6, and IL-1f increases by 169-, 12- and
22-fold, respectively (Fig. 2e). Co-treatment with either 7CZ
NPs or 7CZ-Ab NPs results in a significant decrease of tran-
scription levels in a dose-dependent manner. This inhibitory
effect is more pronounced with the treatment of 7CZ-Ab NPs
than 7CZ NPs as demonstrated by the significantly higher
reduction rate of the cytokines and iNOS with the 7CZ-Ab NP
treatment. The LTA-induced mRNA expression levels of iNOS,
IL-6, and IL-1p are reduced by 95, 86, and 91% with the treat-
ment of 0.01 mM 7CZ-Ab NPs, respectively, while they are
reduced only by 82, 63, and 71% with the 7CZ NPs of the same
concentration. These data show that 7CZ-Ab NPs are more
potent in inhibiting pain-mediating gene expression in micro-
glia than 7CZ NPs. The cytotoxicity of the 7CZ NPs and 7CZ-Ab
NPs to glial cells was assessed by MTS assay (Fig. S6T). No sig-
nificant cytotoxicity is detected with the treatment of up to
0.04 mM concentrations of 7CZ NPs and 7CZ-Ab NPs. In
addition, there is no significant difference in cell toxicity
between the 7CZ NPs and 7CZ-Ab NPs.

This journal is © The Royal Society of Chemistry 2019
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In vivo delivery of intrathecally injected 7CZ and 7CZ-Ab NPs

Next, we investigated whether CD11b antibody conjugation
could result in an increased uptake of the 7CZ NPs by micro-
glia and confer them specificity to microglia in vivo. Firstly, we
checked whether or not intrathecal administration of 7CZ NPs
can reach the spinal cord cells (Fig. 3a). After 24 h of FITC-con-
jugated 7CZ NP administration, although NPs are broadly deli-
vered to the area from the brain to the sacral of the spinal
cord, more than 80% of cells in the thoracic to sacral, ~50% in
the cervical, and only ~7% of the brain cells are positive for
FITC (Fig. 3c and d). To check the uptake of 7CZ-Ab NPs
in vivo, the NPs were administered in the same way into the
spinal canal of mice, and then the spinal cords were analyzed
via immunohistochemistry (IHC) after 24 h of injection. The
lumbar segment 4-6 (L4-L6) tissue samples were immunos-
tained with cell type-specific antibodies and localization of the
FITC signal was observed. As seen in Fig. 4a, the FITC signal
mainly co-localizes with ionized calcium binding adaptor
molecule 1 (Iba-1)-positive microglia but not with glial fibril-
lary acidic protein (GFAP)-positive astrocytes and microtubule-
associated protein 2 (MAP-2)-positive neurons. For further con-
firmation, FITC-positive cells in the spinal cord tissue were
analyzed by flow cytometry after 24 h of 7CZ-FITC NP or
7CZ-CD11b Ab-FITC NP administration. Upon characterization
of the 7CZ Ab-FITC-positive cells by using cell type-specific
markers, the FITC signal is detected in 84% of CD11b-positive
microglia, 26% of glutamate aspartate transporter (GLAST)-
positive astrocytes, and 11% Thy-1-positive neurons (Fig. 4b)
for each cell type. A significantly greater percentage of micro-
glial cells shows an uptake of 7CZ-Ab NPs in comparison with
astrocytes and neurons. Moreover, the MFI of microglial cells
is significantly higher than those of astrocytes and neurons.
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Fig. 3 Spinal cord regional delivery of 7CZ NPs. Mice received 10 pg
per 5 pl of FITC-conjugated 7CZ NPs by i.t. injection. After 24 h, cells of
the brain and 4 regions of the spinal cord were isolated. (a) Illustration of
i.t. injection to the mouse. (b) Representative histogram. FITC signals
were detected by flow cytometry and FITC+ cells were gated. (c and d)
Quantification graphs of FITC+ cell population and mean fluorescence
intensity.
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Fig. 4 Microglia-specific delivery of 7CZ-Ab NPs in vivo. (a) Mice
received 10 pg per 5 pl of 7CZ-Ab-FITC NPs by i.t. injection. After one
day, L4-L6 spinal cord sections were stained with Iba-1, GFAP, and
MAP2 antibodies. FITC signals were detected in Iba-1-positive cells
(arrows). (b) One day after 7CZ-Ab-FITC NP administration (i.t.), cells
were isolated from L1 to L6 spinal cord tissues and stained with APC-
conjugated anti-CD11b, phycoerythrin (PE)-conjugated anti-astrocyte
cell surface antigen-2 (ACSA-2), and anti-Thy-1.2 antibodies, and ana-
lyzed using flow cytometry. FITC+ population was gated for each cell
type, respectively. Data are expressed as mean + SEM (n = 3 per each
group, *p < 0.05, **p < 0.01, ***p < 0.001).

The significant difference in uptake profiles of 7CZ-Ab NPs
between CD11b-positive microglia and other cell types denotes
the specificity of the NPs to microglia as a result of the CD11b
antibody conjugation to the 7CZ NPs.

Analgesic effects of 7CZ and 7CZ-Ab NPs in the SNT-induced
neuropathic pain mouse model

To test if microglia targeting by 7CZ-Ab NPs has a better
analgesic effect, we compared the susceptibility of 7CZ NP- or
7CZ-Ab NP-treated mice to nerve injury-induced pain hyper-
sensitivity. After 2 days of habituation on the von Frey test
apparatus and evaluation of the basal level, the saline or the
NPs were intrathecally injected 5 min before surgery, and then
the SNT injury was performed by transecting L5 spinal nerve
(Fig. 5a and b). The SNT mice injected with saline display an
increased sensitivity to mechanical stimuli as measured by the
von Frey test. The paw withdrawal threshold (PWT) to mechan-
ical stimuli decreases from around 0.99 to less than 0.1 g at
one-day post injury (Fig. 5c¢). The threshold remains below
0.1 g for two weeks. In 7CZ NP-treated mice, the PWT increases
to 0.28, 0.32, 0.42, and 0.32 g at 1, 3, 7, and 14 days post-injec-
tion, respectively indicating a moderate reduction in mechani-
cal allodynia. In the 7CZ-Ab NP-treated mice, where the same
molar concentration of the NPs is administered intrathecally,
the PWT increases to 0.48, 0.42, 0.47, and 0.73 g at 1, 3, 7, and
14 days post-injection, respectively, indicating that the 7CZ-Ab
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Fig. 5 Analgesic effects of 7CZ and 7CZ-Ab NPs. (a) The design proto-
col of the in vivo animal study. The NPs were injected 5 min before
surgery. The routine protocols were performed to check mechanical
allodynia and microglial activation. The von Frey test was assessed at
indicated days. (b) Illustration of the L5-SNT neuropathic pain model, in
which L5 nerve is transected. (c) Using the von Frey test, mechanical
allodynia was measured for the SNT-injured mice upon vehicle, 7CZ NP,
or 7CZ-Ab NP injection (10 g, i.t.), and for the sham-operated mice.
Data are expressed as mean + SEM (*p < 0.05, ***p < 0.001 vs. SNT +
Veh, ##p < 0.01 SNT + 7CZ vs. SNT + 7CZ-Ab).

NPs have a much stronger analgesic effect in comparison with
the 7CZ NPs. A significant increase in the withdrawal
threshold after treatment with the 7CZ-Ab NPs in comparison
with the 7CZ NPs (day 14; p-value = 0.006) confirms their
greater therapeutic effect on neuropathic pain treatment,
which is mostly due to their augmented selectivity towards
microglia.

In vivo attenuation of microglial activation and oxidative stress
by 7CZ and 7CZ-Ab NPs

To evaluate the inhibitory effects of 7CZ NPs and 7CZ-Ab NPs
on spinal cord microglia activation in vivo, microglia cell
number and soma size, two key features of microglia
activation,®"®> were measured in L5 spinal cord sections of
sham and SNT-injured mice after the injection of saline, 7CZ
NPs, or 7CZ-Ab NPs (Fig. 6a). Both microglia cell number and
soma size are increased upon SNT. The increase in microglia
cell number and soma size observed 3 days post-SNT surgery is
significantly reduced by 7CZ and 7CZ-Ab treatment (Fig. 6b).
Between these, the inhibitory effects are much stronger in
7CZ-Ab-injected than 7CZ-injected mice (38.7% vs. 15.2% in
cell number; 39.7% vs. 19.5% in soma size). At 14 days post-
SNT surgery, inhibitory effects are observed only in the
7CZ-Ab-injected group (39.4% in cell number; 25.5% in soma
size), not in the 7CZ-injected group (Fig. 6b). To investigate the
protective effects of the NPs against oxidative stress, we
assessed non-mitochondrial ROS production by using 8-hydro-
xyguanine (8-OHG) antibody, which detects oxidized nucleic
acid resulting from cellular ROS damage. Three days after the
SNT surgery, the 8-OHG-immunoreactive signals in the dorsal
horn area of SNT-injured mice increase by 29% in comparison
with the sham group. In 7CZ NP- and 7CZ-Ab NP-treated mice,
the mean intensity decreases to a greater extent in the 7CZ-Ab

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Significant inhibition of microglial activation and ROS regener-
ation by 7CZ-Ab NPs in vivo. (a) Iba-1 immunostaining of the ipsilateral
L5 dorsal horn, including a high magnification image (inset) is shown.
(Scale bar: 100 pm, inset scale bar: 20 um.) (b) Microglial activation was
quantified by taking into account the Iba-1-positive cell number and
soma size (n = 8—11). (b) ROS-induced cellular damage was tested using
8-hydroxyguanosine (8-OHG) immunostaining in the ipsilateral L5
dorsal horn at day 3. The intensity of 8-OHG immunoreactivity was
measured and is shown below (n = 5-12). Data are expressed as mean +
SEM (*p < 0.05, **p < 0.01, ***p < 0.001).

NP-treated mice (36%, p-value = 0.010) than in the 7CZ-NP-
treated mice (28%, p-value = 0.038) compared to the SNT + Veh
group (Fig. 6b). Collectively, 7CZ-Ab NPs inhibit SNT-induced
spinal cord microglia activation and ROS accumulation more
efficiently than 7CZ NPs in vivo.

Conclusions

In conclusion, strategies for enhanced therapeutic efficacy
against neuropathic pain are achieved by both improved cata-
lytic performance and delivery efficiency of 7CZ-Ab NPs.
Greater uptake of the NPs by microglial cells extenuates the
vicious activation of microglia by reducing pro-inflammatory
gene expression, whereas the respective dose of 7CZ NPs is
insufficient to do the same. In accordance with our in vitro
data, conferring a microglial specificity on the 7CZ-Ab NPs to
target the damaged tissues of allodynic mice attenuates
microglial activation and oxidative damage, thus concomi-

This journal is © The Royal Society of Chemistry 2019
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tantly inhibiting mechanical allodynia to a greater extent
in vivo, compared to the non-targeted 7CZ NPs. These results
suggest that the proper combination of therapeutic
approaches in the regulation of microglia increases the ben-
eficial effects to treat diseases related to the burst activation
of microglia.
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