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Abstract
Selective delivery of antioxidants to the substantia nigra pars compacta (SNpc) during Parkinson’s
disease (PD) can potentially attenuate oxidative stress and as such increase survival of dopaminergic
neurons. To this end, we developed a bone-marrow-derived macrophage (BMM) system to deliver
catalase to PD-affected brain regions in an animal model of human disease. To preclude BMM-
mediated enzyme degradation, catalase was packaged into a block ionomer complex with a cationic
block copolymer, polyethyleneimine-poly(ethylene glycol) (PEI-PEG). The self-assembled catalase/
PEI-PEG complexes, “nanozymes”, were ca. 60 to 100 nm in size, stable in pH and ionic strength,
and retained antioxidant activities. Cytotoxicity was negligible over a range of physiologic nanozyme
concentrations. Nanozyme particles were rapidly, 40–60 min, taken up by BMM, retained catalytic
activity, and released in active form for greater than 24 h. In contrast, “naked” catalase was rapidly
degraded. The released enzyme decomposed microglial hydrogen peroxide following nitrated alpha-
synuclein or tumor necrosis factor alpha activation. Following adoptive transfer of nanozyme-loaded
BMM to 1-methyl 4-phenyl 1,2,3,6-tetrahydropyridine-intoxicated mice, ca. 0.6% of the injected
dose were found in brain. We conclude that cell-mediated delivery of nanozymes can reduce
oxidative stress in laboratory and animal models of PD.

INTRODUCTION
The need for delivery of therapeutic polypeptides to affected brain tissues in Alzheimer’s and
Parkinson’s diseases, AD and PD) (1-3), infectious (meningitis, encephalitis, prion disease,
and HIV-related dementia) (4,5), stroke (6,7), lysosomal storage (8,9), obesity (10,11), and
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other metabolic and inflammatory diseases of the central nervous system (CNS) is of immediate
need and cannot be overstated.

An important component of metabolic and degenerative diseases of the nervous system
involves inflammation (12). Such inflammatory activities are profound, as they lead to
excessive production of pro-inflammatory products and reactive oxygen species (ROS) that
lead in part, to cell death and neurodegen-eration. We posit that by affecting neuroinflammatory
activities during disease, such as through the use of targeted antioxidants or drugs that inhibit
the production or formation of pro-inflammatory cytokines and eicosanoids, the levels of ROS
as well as other neurotoxins could be reduced, resulting in improved disease outcomes (13).
However, such approaches have been limited, as drugs must not only penetrate the BBB but
also find themselves in sufficient concentrations to affect ongoing disease mechanisms.
Moreover, as inflammatory mechanisms are a likely early event for disease, therapeutic
modalities must be used early and frequently. The limitation of drug delivery is one major
obstacle confronting the development of new treatment paradigms for nervous system
disorders.

One such disease is PD, the second most prevalent neurodegenerative disorder in people over
65. This disease is characterized by lack of the neurotransmitter dopamine due to a loss of
dopaminergic neurons within the SNpc and their innervations to the striatum. PD
neuropathology involves brain inflammation, microglia activation, and subsequent secretory
neurotoxic activities, including ROS production, that play crucial roles in cell damage and
death (14-17). PD brains show reduced levels of antioxidant enzymes and antioxidants
(18-20) resulting in a reduced capacity to manage oxidative stress and associated
neurodegeneration. Mounting evidence supports the notion that antioxidants can inhibit
inflammatory responses and protect dopaminergic neurons in laboratory and animal models of
PD (21-27). Catalase catalyzes the conversion of hydrogen peroxide, a known ROS, to water
and molecular oxygen with one of the highest turnover rates for all known enzymes. In an in
Vitro model of PD, catalase was shown to rescue primary cultured cerebellar granule cells from
ROS toxic effects (13,28). Furthermore, a low molecular mass catalase activator, rasagiline,
induced neuroprotection in a mouse model of PD (29). Few clinical trials have been performed
using low molecular mass antioxidants, of which the most extensive used is α-tocopherol and
deprenyl to inhibit the rate of PD progression (30). However, and as described above, most of
the trials failed to show significant improvements because of restricted transport of α-
tocopherol across the blood—brain barrier (BBB) and the time following the disease the drugs
were used (31).

Recent works from our laboratories demonstrate that bone-marrow derived monocytes (BMM)
can be used as carriers of nanoformulated drugs, both in the periphery and across the BBB
(32,33). Entry into the brain occurs as a consequence of the establishment of a chemokine
gradient induced through neuroinflammatory responses (34,35). Thus, we have sought to
develop replicate PD-like model systems for testing the utility of cell-based delivery. First,
divergent inflammatory cues were used to stimulate ROS production from microglia and
included nitrated alpha synuclein (N-α-syn), thought to be released extracellularly in PD and
elicit immune activation (36-38). Second, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)-induced inflammation served as a gradient for BMM ingress into the brain. It is well-
documented that following inflammatory cues, leukocytes are recruited to the brain through
diapedesis and chemotaxis (39-43). Monocyte-macrophages can migrate across the brain
paracellular spaces crossing junctional complexes of brain endothelial cells (44,45). Their
combat arsenal consists of engulfing foreign particles and liberating engulfed substances by
exocytosis. All together, these features make it possible to exploit macrophages as carriers to
affect neuroinflammatory processes (46-49).
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Here we used BMM as a vehicle for carriage of therapeutic concentrations of catalase to the
brain. We found that a major obstacle for success in this approach is that macrophages
efficiently disintegrate engulfed particles (49). Therefore, it is crucial to protect the activity of
the enzyme inside of the cell-carrier. Incorporation into polymeric nanocarries (nanospheres,
liposomes, micelles, nanoparticles) can provide such protection (50-60). Early work by V.A.
Kabanov et al. demonstrated that use of interpolyelectrolyte complexes can immobilize
enzymes (61-63). The enzyme polyelectrolyte complexes can be prepared at the nanoscale by
self-assembly of enzymes with oppositely charged block polyelectrolytes containing ionic and
nonionic water soluble blocks (64,65). The resulting nanoparticles contain a core of protein—
polyelectrolyte complex surrounded by a shell of water soluble nonionic polymer such as
polyethylene glycol (PEG). In the current work, we immobilized catalase by reacting it with a
cationic block copolymer, polyethyleneimine-poly(ethylene glycol) (PEI-PEG), previously
used for delivery of polynucleotides (66). The resulting block ionomer complexes of catalase
(“nanozymes”) are taken up by BMM. We present evidence that such modification protects
catalase against degradation in BMM, that BMM release nanozymes in the external medium
for at least 4–5 days, and that BMM can carry nanozymes to the brain in the MPTP model of
PD.

EXPERIMENTAL PROCEDURES
Materials

Catalase from bovine liver, polyethylenimine (PEI) (2K, branched, 50% aq solution),
sulforhodamine-B (SRB), sodium dodecylsulfate (SDS), Sephadex G-25, and Triton X-100
were purchased from Sigma-Aldrich (St-Louis, MO). Meth-oxypoly(ethylene glycol) epoxy
(Me-PEG-epoxy) was purchased from Shearwater Polymer Inc., Huntsville, AL (custom
synthesis).

BMM
Bone marrow cells extracted from murine femurs (C57BL/6, female mice) as described (32)
were cultured for 10 days in the media supplemented with 1000 U/mL macrophage colony-
stimulating factor (MCSF) (a generous gift from Wyeth Pharmaceutical, Cambridge, MA).
The purity of monocyte culture was determined by flow cytometry using FACSCalibur (BD
Biosciences, San Jose, CA).

Microglia
Brains from C57BL/6 neonates (1–3 days old) were removed, washed with ice-cold HBSS,
and mashed into small pieces. Supernatant was replaced for 2.5% trypsin and DNAse solution
(1 mg/mL) and incubated for 30 min at 37 °C, and then 1 mL of ice cold FBS with 10 mL
HBSS was added. The mixture was centrifuged (5 min, 1500 rpm, 4 °C), and complete media
with MCSF was added to the pellet. The cells were cultured until maturation (typically 10
days).

MPTP
For MPTP-intoxication recipient C57BL/6, mice were treated as described (67). After 12 h,
MPTP-treated mice were injected i.v. with the 50 μCi/mouse of 125I-labeled nanozyme alone
or nanozyme loaded into BMM (10 × 106 cells/mouse, 4 mice/group). After 24 h mice were
sacrificed and the amount of radioactivity in major organs (brain, spleen, liver, lungs, and
kidney) was detected by 1480 gamma-counter Wizard 3 (Perkin-Elmer Life Sciences, Shelton,
CT). The amount of the delivered enzyme was expressed as a percent of the injected dose for
the whole organ.

Batrakova et al. Page 3

Bioconjug Chem. Author manuscript; available in PMC 2009 May 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



PEI-PEG Conjugates
The copolymer was synthesized using a modified procedure (68) by conjugation of PEI and
Me-PEG-epoxy. Briefly, Me-PEG-epoxy water solution was added to 5% PEI in water and
incubated overnight at RT. To purify from the excess of PEI (as well as from low molecular
weight residuals), the obtained conjugates were dialyzed in SpectraPore membrane tubes with
cutoff 6000–8000 Da against water (twice replaced) for 48 h and then concentrated in
Vacuo. For final purification, the conjugate was dissolved in 20 mL of 100% methanol and
then added dropwise to 400 mL of ether. The precipitate was centrifuged (400g, 5 min), washed
twice with ether, and dried in an exicator. Detailed characterization of the product was
performed by spectrophotometry and mass spectrometry as reported (68).

Block Ionomer Complexes
Given amounts of the catalase (1 mg/mL) and the block copolymer (2 mg/mL) were separately
dissolved in phosphate-buffered saline (PBS) at RT. A solution of the enzyme was added
dropwise to the block copolymer solution at constant stirring. The +/- charge ratio (Z) was
calculated by dividing the amount of amino groups of PEI-PEG protonated at pH 7.4 (66) by
the total amount of Gln and Asp in catalase. A combination of physicochemical methods
(electrophoretic retention, dynamic light scattering (DLS), and transmission electron
microscopy (TEM)) was used to characterize composition, size, dispersion stability,
morphology, shape, and structure of the obtained nanoparticles, as described previously
(69-72).

Electrophoretic Retention
The formation of polyion complexes was examined by acrylamide gel shift assay. Enzyme
complexes at various Z were loaded in a 7.5% acrylamide gel with 5 mM Tris, 50 mM glycine,
pH 8.3, under nondenaturizing conditions (in the absence of SDS) to preserve the complex.
The protein bands were visualized with rabbit polyclonal anti-catalase (Ab 1877, Abcam Inc,
Cambridge, MA; 1:6000) and secondary horseradish peroxidase anti-rabbit Ig Ab (Amersham
Life Sciences, Cleveland, OH; 1:1500). The specific protein bands were visualized using a
chemiluminescence kit (Pierce, Rockford, IL).

Light Scattering Measurements
Effective hydrodynamic diameter and zeta-potential of nanozymes was measured by photon
correlation spectroscopy using ‘ZetaPlus’ Zeta Potential Analyzer (Brookhaven Instruments,
Santa Barbara, CA) as described previously (73,74).

TEM
A drop of catalase/PEI-PEG dispersion (Z = 1) in PBS was placed on Formvar-coated copper
grid (150 mesh, Ted Pella Inc., Redding, CA). The dried grid containing nanozymes was stained
with vanadyl sulfate and visualized using a Philips 201 transmission electron microscope
(Philips/FEI Inc., Briarcliff Manor, NY).

Catalase and Catalase Activity
The activity of the enzyme in polymer nanoparticles (75) was studied using the reaction rate
of hydrogen peroxide decomposition by catalase or nanozymes at various charge ratios and
was determined by monitoring the change in absorbance at 240 nm (the extinction coefficient
of H2O2 is 44 × 106 M-1 cm1).
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Labeling Catalase with Alexa Fluor 594 and Rhodamine Isothiocyanate (RITC)
For loading and release studies, the enzyme was labeled with Alexa Fluor 594 Protein Labeling
Kit (A10239, Molecular probes, Inc., Eugene, OR) according to the manufacturers protocol.
For confocal microscopy studies, catalase was labeled with RITC. Briefly, catalase was
dissolved in 0.1 M sodium carbonate buffer, pH 8.5 (1 mg/mL), and treated with RITC (10
mg/mL) in DMSO for 2 h at RT. Labeled catalase was purified from low molecular weight
residuals by gel filtration on a Sephadex G-25 column (1 × 20 cm) in PBS at elution rate 0.5
mL min-1 and lyophilized.

Accumulation and Release of Nanozymes in BMM
BMM grown on 24-well plates (2.5 × 106cells/plate) (76,77) were preincubated with assay
buffer (122 mM NaCl, 25 mM NaHCO3, 10 mM glucose, 3 mM KCl, 1.2 mM MgSO4, 0.4
mM K2HPO4, 1.4 mM CaCl2, and 10 mM HEPES) for 20 min. Following preincubation, the
cells were treated with the Alexa-Fluor 594 labeled enzyme (0.7 mg/mL) in assay buffer alone
or nanozyme for various time points. After incubation, the cells were washed three times with
ice-cold PBS and solubilized in Triton X 100 (1%). For measures of nanozyme released from
BMM, loaded BMM were incubated with fresh media at various time points. Fluorescence in
each sample was measured by a Shimadzu RF5000 fluorescent spectrophotometer (λex = 580
nm, λem = 617 nm). The amount of nanozyme was normalized for protein content and expressed
in μg of enzyme per mg of the protein for loading experiments and μg enzyme per mL media
as mean ± SEM (n = 4).

Intracellular Localization of Nanozymes
Monocytes grown in the chamber slides (77) were exposed to RITC-labeled nanozyme (Z =
1) for 24 h at 37 °C. Following incubation, the cells were fixed in 4% paraformaldehyde and
stained with F-actin-specific Oregon Green 488 phalloidin and a nuclear stain, ToPro-3
(Molecular Probes, Inc., Eugene, OR). Labeled cells were examined by a confocal fluorescence
microscopic system ACAS-570 (Meridian Instruments, Okimos, MI) with argon ion laser
(excitation wavelength, 488 nm) and corresponding filter set. Digital images were obtained
using the CCD camera (Photometrics) and Adobe Photoshop software.

Antioxidant Activity Measures
Mature mouse BMM were loaded with the enzyme alone or nanozymes (Z = 1) for 1 h and
washed with PBS, and fresh media was added to the cells. Following various time intervals,
the media was collected and antioxidant activity of the enzyme released from BMM was
assayed by the rate of hydrogen peroxide decomposition.

Ampex Red Dye Fluorescence Assay
Murine microglial cells seeded in 96-well plates (0.1 × 106 cells/well) were either stimulated
with tumor necrosis factor alpha (TNF-α) (200 ng/mL) for 48 h or with nitrated alpha-synuclein
(N-α-syn) (0.5 μM) to induce ROS production. In parallel, BMM grown in 24-well plates were
loaded with “naked” catalase (1 mg/mL) or nanozyme for 1 h and then incubated with Krebs-
Ringer buffer (145 mM NaCl, 4.86 mM KCl, 5.5 mM glucose, 5.7 mM NaH2PO4, 0.54 mM
CaCl2, 1.22 mM MgCl2, pH 7.4) for 2 h to collect catalase released from the cells into the
supernatant (Figure 5A). Following incubation, the supernatants collected from BMM loaded
with “naked” catalase or nanozyme were supplemented with Ampex Red Dye stock solution
(10 U/mL HRP, 10 mM Ampex Red). For N-α-syn stimulation of microglia, supernatants were
also supplemented with 0.5 μM aggregated N-α-syn. Obtained solutions were added to the
activated microglial cells, and the decomposition of ROS by “naked” catalase or nanozyme
was measured by fluorescence at λex = 563 nm, λem = 587 nm. The effect of the supernatants
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collected from nonloaded BMM or loaded with PEI-PEG alone on ROS decomposition was
evaluated in comparison to the control experiments.

125I-Labeling of Catalase Nanozyme
To obtain 125I-labeled catalase nanozyme, the protein solution in PBS (1 mg/mL) was
incubated for 15 min with Na125I (1 mCi) in the presence of IODO-BEADS Iodination Reagent
(Pierce, Rockford, IL) and then purified from nonconjugated label using D-salt Desalting
Columns (Pierce, Rockford, IL). 125I-labeled catalase (400 μCi/mL, 0.7 mg/mL) was
supplemented with PEI-PEG block copolymer (Z = 1) and loaded into mature monocytes (80
× 106 BMM in 1 mL of medium) for 2 h at 37 °C. After incubation, the loaded monocytes were
washed three times with ice-cold PBS.

Statistical Analysis
For the all experiments, data are presented as the mean ± SEM. Tests for significant differences
between the groups were done using one-way ANOVA with multiple comparisons (Fisher’s
pairwise comparisons) using GraphPad Prism 4.0 (GraphPad software, San Diego, CA). A
minimum p value of 0.05 was estimated as the significance level for all tests.

RESULTS
Manufacture and Testing of Nanozymes

Block ionomer complexes spontaneously form by mixing block ionomers with either
oppositely charged surfactants or polyelectrolytes (64,78-80). Neutralization of the polyion
charges leads to formation of hydrophobic domains, which segregate in aqueous media into a
core of polyion complex micelles. Water-soluble nonionic segments of block ionomers (for
example, PEG) prevent aggregation and macroscopic phase separation. As a result, these
complexes self-assemble into particles of nanoscale size and form stable aqueous dispersions
(Figure 1A). Catalase has a net negative charge under physiological conditions. Therefore, the
polyion complexes were obtained in phosphate buffer (pH 7.4) by mixing the enzyme (1 mg/
mL) and PEI-PEG (2 mg/mL), which is positively charged.

Catalase and PEI-PEG complexes were obtained at various +/- charge ratios (Z = from 0 to 4).
They were subjected to electrophoresis under nondenaturizing conditions and then transferred
to nitrocellulose membranes. The protein bands were visualized with antibodies to catalase
(Figure 1B). The band intensity decreased as the copolymer increased. This suggested that
complexes formed that were unable to enter the gel and was confirmed by DLS. Addition of
PEI-PEG to catalase solution (1 mg/mL) resulted in particles of nanoscale size with relatively
low polydispersity index (about 0.1–0.2), while no particles were detected for catalase alone.

Particle size depended on the charge ratio, ionic strength, and pH (Figure 1, parts C, D, and
E). In PBS, the effective diameter increased as the charge ratio increased and then stabilized
at ca. 90 to 100 nm at the charge ratio (Z) of 1 and above (Figure 1C). The zeta-potential was
increased upon increasing the amount of the block copolymer (Figure 1C). At a constant charge
ratio (Z = 1) large aggregates over 600 nm were formed in the absence of salt (Figure 1D).
Addition of salt decreased the particle size which stabilized at ca. 90 nm as the NaCl
concentration reached 0.15 M. It is likely that large nonequilibrium polyelectrolyte complex
aggregates form upon mixing the catalase and PEI-PEG solutions. In the absence of salt these
aggregates could not equilibrate and remained “frozen” due to a low rate of polyion interchange
(81,82). As salt was added the polyion interchange was accelerated, resulting in formation of
small (equilibrium) particles. These particles were stable in an approximate range of pH 7.4 to
11.5 but irreversibly aggregated when pH was decreased below or increased above this range
(Figure 1E). Within this range the catalase and PEI-PEG were oppositely charged. The
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aggregation of the complexes was linked to protonation and charge inversion of catalase (pI =
6.5) at low or deprotonation of PEI at high pH. Overall, nanozyme particles were stable under
physiological pH and ionic strength. Under these conditions the particles were close to spherical
(Figure 1D). No changes in the enzymatic activity of catalase were observed at charge ratios
used for subsequent cell loading, delivery, and release experiments (Supporting Information,
Figure S-1).

Loading of Catalase Nanozymes in BMM
Initially, using the sulforhodamine-B (SRB) cell viability assay, we demonstrated that
nanozymes (as well as catalase or copolymer alone) did not induce BMM cytotoxicity over a
wide range of concentrations (0.03 to 1000 μg catalase per mL) (Supporting Information,
Figure S-2). The accumulation kinetics suggested a rapid uptake of both free catalase and
nanozyme in BMM (Figure 2A). Notably the free enzyme was taken up in BMM almost twice
as fast as the nanozyme. At 60 min time point the loading of BMM with nanozyme was ca. 30
μg catalase/106 cells. The uptake of the nanozyme at the 60 min time point decreased as the
charge ratio increased (Figure 2B), which may be due to the effect of the PEG corona. The
confocal microscopy data suggested vesicular and/or cytoplasmic localization of RITC-labeled
catalase administered to BBM in nanozyme (Figure 2C).

Nanozyme Release from BMM
Mature BMM were pre-loaded with Alexa Fluor 594-labeled catalase nanozyme (60 min) and
then cultured in the fresh media for different time intervals. The loaded BMM released catalase
in the external media for at least 4–5 days (Figure 3). During the same period, the amount of
the enzyme associated with the cells was proportionally decreased. Exposure of nanozyme-
loaded BMM to 10 μM phorbol myristate acetate (PMA), a potent activator of the protein
kinase C pathway and ROS generation (83), enhanced enzyme release in the media by ca. 50%
(Supporting Information, Figure S-3). This suggested that release of nanozyme from BMM
may be dependent on cell activation.

BMM Released Nanozyme Activity
BBM loaded with “naked” catalase or nanozyme were placed in a fresh media, and the activity
of the enzyme released in the media was determined at different incubation time intervals.
Contrary to BMM loaded with free catalase that was practically inactive after the release, the
nanozyme-loaded cells released active enzyme for at least 24 h (Figure 4A). The maximal
activity of the released enzyme was observed for BMM loaded with nanozyme prepared at the
stoichiometric ratio, Z = 1 (Figure 4B). All together, this suggests that incorporation of catalase
in a block ionomer complex with PEI-PEG results in protection and sustained release of active
catalase from BMM.

Modulation of ROS Released by Activated Microglia
To assess the antioxidant capacity of the catalase nanoformulations on microglial ROS
production, BMM loaded with “naked’ catalase or nanozyme were incubated for 2 h in Krebs-
Ringer buffer, and the reluctant supernatant was then collected and added to TNF-α (200 ng/
mL)-stimulated microglial cells. The catalase in the supernatants collected from the catalase-
or nanozyme-loaded BMM decomposed hydrogen peroxide by microglia (Figure 5A). A
greater effect was observed by nanozyme, which was consistent with its ability to preserve
enzyme activity in carrier cells. Furthermore the supernatants collected from unloaded BMM
(Figure 5B) or from BMM loaded with PEI-PEG alone (Supporting Information, Figure S-4)
had little, if any, effect on the hydrogen peroxide level. To determine whether these findings
could be reproduced in microglia activated by stimuli typically found in PD, cells were
stimualted with 0.5 μM N-α-syn. Aggregated N-α-syn present as cytoplasmic bodies in PD are
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released following the death of dopaminergic neurons and are a major component of Lewy
bodies (84) . These aggregated proteins are hypothesized to serve as a stimulus for microglial
activation (36, 85). Once again, the level of hydrogen peroxide was significantly reduced with
the addition of supernatants from nanozyme loaded BMM (Figure 5C). All together this study
suggests that nanozyme released from BMM can attenuate oxidative stress resulting from
activation of microglia.

Biodistribution of 125I-labeled Catalase in MPTP-treated Mice
To determine if BMM carrying nanozyme could reach brain subregions with active
neuroinflammatory disease reflective of human PD, we used the MPTP model. Two groups of
MPTP-intoxicated C57Bl/6 mice were either injected intravenously with free nanozyme
containing 125I-labeled catalase or received adoptively transferred nanozyme-loaded BMM.
Twenty four hours after injection there were significant increases in the radioactivity levels in
spleen, liver, lung, kindney, and brain in the groups receiving adoptive transfer compared to
groups treated with nanozyme alone (Figure 6). Noteworthy, after the adoptive transfer about
0.6% of the injected dose was found in the brain which was twice what was found in animals
injected with free nanozyme. All together these data provide initial evidence that adoptive
transfer of nanozyme loaded BMM can increase the delivery of the enzyme to the brain as well
as other peripheral tissues known to be sites of macrophage tissue migration.

DISCUSSION
Efficient transport of therapeutic polypeptides to the brain is required for successful therapies
for neurodegenerative and neuroinflammatory diseases. To this end, we examined whether
BMM could be used as vehicles for delivery of a potent antioxidant, catalase. Indeed, it has
long been known that macrophages and microglia as well as other mononuclear phagocytes
can endocytose colloidal nanomaterials, for example, liposomes or nanosuspensions, and
subsequently carry and release the drug to site of tissue injury, infection, or disease (32,33,
35,46,86).

Moreover, the abilities of BMM to cross BBB was also investigated (87-94). In particular, it
was demonstrated that monocytes infiltrate the brain in the MPTP mouse model of PD
(91-93). Indeed, MPTP toxicity stimulated transient and global increases in the rate of
monocyte infiltration into the midbrain, stratum, septum, and hippocampus. In these prior
studies, the maximal accumulation of the monocyte-macrophages in the brain was observed 1
day after the MPTP treatment. On the basis of these data, we hypothesize that catalase-loaded
monocytes adoptively transferred in MPTP-treated mice can deliver enzyme to regions of the
brain most affected in PD and including the substantia nigra and striatum.

To protect against catalase degradation inside the BMM, the protein was immobilized in the
block ionomer complex with a cationic block copolymer, PEI-PEG. The resulting
nanoparticles, nanozymes, were ca. 60 to 100 nm in size and stable in physiological conditions
(pH, ionic strength). We optimized the composition and structure of nanozymes to achieve
high loading in BMM and preserve catalase activity. Internalization of foreign particles, as
well as the exocytotic secretion, is one of the most basic functions in macrophages (95). This
study demonstrated that BMM can accumulate a significant amount of nanozyme (ca. 30 μg
catalase/106 cells) in a relatively short time period (about 40–60 min), followed by its sustained
release during 4–5 days into the external media. This also suggested that nanozyme-loaded
cells after adoptive transfer may have sufficient time to reach the brain and release catalase.
Moreover, it was reported (96-98) that exocytosis can be stimulated by activation of monocytes
and macrophages. Our experiment shows that release of nanozyme by BMM can be enhanced
by stimulation with PMA.
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We also demonstrate that block ionomer complex protects activity of catalase inside the host
cells. Notably, the nanozyme-loaded BMM released active enzyme in the media for at least 24
h. Furthermore, the culture supernatants collected from nanozyme-loaded BMM had potent
antioxidant effects in our assay for ROS produced by microglia activated with either N-α-syn
or TNF-α. Thus, these cell culture models suggest that nanozyme-loaded BMM can mitigate
oxidative stress that may be associated with the neurodegenerative process. Finally, we provide
initial in vivo evidence that adoptive transfer of nanozyme-loaded BMM can increase delivery
of labeled enzyme into the tissues including 2-fold increase in the amount of the enzyme in the
brain in MPTP-treated mice. Interestingly, considerable amount of the labeled enzyme was
also found in the brain after injection of the nanozyme alone. We cannot exclude that in this
case the nanozyme may be taken up by circulating monocytes, which then carry the enzyme
to the brain. Our further experiments will examine the possibilities for increasing nanozyme
transport specifically to the areas of neurodegeneration and evaluate neuroprotective effects
in PD models.

Overall, we demonstrate that BMM loaded with catalase incorporated into a protective polymer
container and has therapeutic potential. We are cautiously optimistic that these studies will
lead to development of new technologies based on cell-mediated delivery of therapeutic
polypeptides that can attenuate oxidative stress and elicit anti-inflammatory responses that may
be widely useful in the treatment of neurodegenerative disorders.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Characterization of catalase nanozyme. A: Schematic presentation of the enzyme-polyion
complex structure. B: Gel retardation assay of the enzyme/polyion complexes at various Z.
Samples were subjected to gel electrophoresis in polyacrylamide gel (7.5%) under
nondenaturing conditions (without SDS). Line 1: enzyme alone; lines 2–4: enzyme/PEI-PEG
complexes with progressive increasing of Z (0.5, 2, 4). C—E: Characterization of catalase/
polyion complex by DLS. Changes in cumulant diameter (C—E) and zeta-potential (C) of
catalase nanozyme with various: C: Z in PBS solutions; D: ionic strength (Z = 1, pH 7.4); E:
pH (Z = 1, [NaCl] = 0.15M). F: TEM images of catalase nanozyme (Z = 1). Bar represents 100
nm.
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Figure 2.
A: Kinetics of “naked” catalase and nanozyme (Z = 1) accumulation in monocytes. Cells were
treated with the Alexa Fluor 594 labeled enzyme or nanozyme at various time points. Following
incubation, the cellular content was collected, and the amount of fluorescence was measured
by fluorescent spectrophotometer (λex = 580 nm, λem = 617 nm). Data represent means ± SEM
(n = 4); B: Accumulation of catalase nanozymes in BMM at various Z. C: Intracellular
localization of RITC-labeled catalase nanozyme in BMM. Cells grown on cover slips were
loaded with catalase/PEI-PEG complex (Z = 1) (red staining) for 24 h. Following the
incubation, the cells were fixed and stained with F-actin—specific Oregon Green 488
phalloidin (green) and a nuclear stain, ToPro-3 (blue). Images were obtained by confocal
fluorescence microscopic system ACAS-570.
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Figure 3.
Release profile of catalase nanozyme from BMM. Cells were loaded with catalase/PEI-PEG
complex (Z = 1) for 1 h, washed with PBS, and incubated with catalase-free media for various
time intervals. Amount of catalase released into the media and retained in the cells was
accounted by fluorescent spectrophotometry. Data represent means ± SEM (n = 4).
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Figure 4.
Preservation of enzymatic activity of catalase against degradation in BMM. A: “Naked”
catalase or nanozyme (Z = 1) were loaded into BMM, and cells were washed and incubated
with catalase-free media for various time intervals. The activity of catalase released from BMM
was determined by spectrophotometry. B: Catalase polyion complexes with various
compositions (Z) were loaded into the cells and incubated in catalase-free media for 2 h. Then,
the media was collected and assessed for catalase activity by spectrophotometry. Data represent
means ± SEM (n = 4). Statistical significance of nanozyme activity compared to catalase alone
is shown by asterisks: (*) p < 0.05, (**) p < 0.005.
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Figure 5.
Modulation of microglial-derived ROS by catalase nanozyme released from BMM (A: overall
scheme). “Naked” catalase or catalase nanozyme (Z = 1) were loaded into BMM. Then, cells
were washed and incubated in Kreb’s Ringer buffer for 2 h. In parallel, murine microglial cells
were either stimulated with (B) 200 ng/mL TNF-α (48 h), or (C) 0.5 μM N-α-syn. Then,
supernatants collected from BMM with the released enzyme were supplemented with Amplex
Red and HRP solutions and added to the activated microglial cells. Control activated microglia
was incubated with fresh media (B) or 0.5 μM aggregated N-α-syn (C). The amount of H2O2
produced by microglial cells and decomposed by catalase released from BMM was detected
by fluorescence. Data represent mean ± SEM (n = 6). Statistical significance of the amount of
H2O2 decomposed by released from BMM nanozyme or catalase, compared to activated
microglia (control) is shown by asterisks: (*) p < 0.05, (**) p < 0.005.
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Figure 6.
Biodistribution of 125I-labeled nanozyme in MPTP-treated mice. Mice were injected with
BMM (10 × 106 cells/mouse) loaded with catalase nanozyme (Z = 1, 50 μCi/mouse) or with
nanozyme alone (control group). Twenty-four hours later mice were sacrificed and the amount
of radioactivity was measured in various organs. Data represent mean ± SEM (n = 4). Statistical
significance of the BMM-loaded nanozyme transport compared to the nanozyme alone group
is shown by asterisks: (**) p < 0.005.

Batrakova et al. Page 20

Bioconjug Chem. Author manuscript; available in PMC 2009 May 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


