1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

NATIG,

o
HE

s sy,
Y

10

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Nanomedicine (Lond). 2011 September ; 6(7): 1257-1272. doi:10.2217/nnm.11.92.

Nanocarriers for vascular delivery of antioxidants

Elizabeth Hood?, Eric Simone2, Paritosh Wattamwar3, Thomas Dziubla3, and Vladimir
Muzykantov®t

1Department of Pharmacology & Institute for Translational Medicine & Therapeutics, University of
Pennsylvania, School of Medicine, Philadelphia, PA 19104, USA

2Vertex Pharmaceuticals, Inc, Formulation Development, 130 Waverly Street, Cambridge, MA,
USA

3College of Engineering Department of Chemical & Materials Engineering, 414D CRMS
University of Kentucky, Lexington KY, USA

Abstract

Antioxidant enzymes (AOEs) catalase and superoxide dismutase (SOD) detoxify harmful reactive
oxygen species, but the therapeutic utility of AOEs is hindered by inadequate delivery. AOE
modification by polyethylene glycol (PEG) and encapsulation in PEG-coated liposomes increases
the AOE bioavailability and enhances protective effects in animal models. Pluronic-based micelles
formed with AOEs show even more potent protective effects. Furthermore, polymeric nanocarriers
(PNCs) based on PEG-copolymers protect encapsulated AOEs from proteolysis and improve
delivery to the target cells, such as the endothelium lining the vascular lumen. Antibodies to
endothelial determinants conjugated to AOEs or AOE carriers provide targeting and intracellular
delivery. Targeted liposomes, protein conjugates and magnetic nanoparticles deliver AOEs to sites
of vascular oxidative stress in the cardiovascular, pulmonary and nervous systems. Further
advances in nanodevices for AOE delivery will provide a basis for the translation of this approach
in the clinical domain.
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Oxidants, including reactive oxygen species (ROS) superoxide anion and H,O, cause
oxidative stress in many pathological conditions. Megadoses of honenzymatic antioxidants
may alleviate subtle and modest chronic oxidative stress, but are only marginally effective in
acute severe conditions including ischemia-reperfusion, inflammation and radiation injury
[1]. Antioxidant enzymes (AOEs) including superoxide dismutase (SOD) and catalase,
decomposing superoxide and H,O,, respectively, are more potent antioxidants that are not
consumed in reaction with ROS, but are eliminated from blood within minutes [2].
Conjugation with polyethylene glycol (PEG), PEG-based pluronics and encapsulation in
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PEG-liposomes prolongs circulation of SOD and catalase, thus enhancing their
bioavailability and efficacy in some forms of inflammation and conditions associated with
elevated ROS level in plasma and tissue parenchyma [3].

A significant hurdle in the translation of antioxidant therapies into the clinical domain lies in
the inadequate delivery of these agents to their intended site of action. In particular, the
vascular endothelium represents a key therapeutic target in ischemia and inflammation [4].
Mixed results from several decades of antioxidant research, including large scale clinical
trials [5-7], have shown that for antioxidant therapy to work, it must effectively detoxify the
selected ROS, target the cells suffering oxidative stress and offer a suitable therapeutic time
window. For example, antioxidant interventions in acute pathological conditions (e.g.,
radiation injury, ischemia-reperfusion and acute respiratory distress syndrome) should cover
a time interval from a few hours to a few days, whereas treatment of chronic conditions such
as atherosclerosis should last many weeks and months [8-10]. While the exact requirements
vary in specific disease conditions, nanoscale drug carriers are a promising avenue for
achieving these goals.

For example, conjugation of AOEs with antibodies to cell surface determinants including
platelet-endothelial cell adhesion molecule-1 (PECAM) and intercellular adhesion molecule
(ICAM)-1 enables their specific delivery to endothelial cells lining vascular lumen, the key
target of oxidants [11-13]. Anti-PECAM/catalase and anti-PECAM/SOD conjugates
detoxify endothelial ROS [14-16] and protect animals against acute vascular oxidative stress
[15,17,18]. Rapid endothelial internalization of PECAM-targeted conjugates enables
detoxification of intracellular ROS [19,20]. However, protein conjugates are degraded in the
lysosomes within a few hours [21]. Recycling of the target molecules to the plasmalemma
helps to prolong the delivery and effect of conjugates [22], yet more sustainable means for
targeted antioxidant interventions would be highly desirable. In theory, this can be achieved
by encapsulating AOEs into a polymeric nanocarrier protecting AOEs from proteases. In
addition, this approach offers a new level of controlled modulation of the affinity, geometry
and degradation of the drug-delivery system, even further improving precision of vascular
and subcellular addressing of the cargoes and their effects. This article reviews the design
and application of nanocarriers for delivery of antioxidants, with a focus on recently
published studies.

Antioxidants & their properties

As a group of molecules inhibiting oxidative stress, antioxidants are numerous and diverse.
Semantically, any compound that reduces toxicity caused by oxidation is an antioxidant.
Antioxidants decompose ROS, block lipid peroxidation or scavenge oxidants, among other
functions. Although the sheer number of antioxidants makes them prohibitive to list here,
they can be broken into two general types: nonenzymatic antioxidants and antioxidant
enzymes (Table 1). Antioxidant enzymes are highly potent and specific, with high affinities
and rates of reaction that detoxify ROS with a high efficacy. AOEs are not consumed in
reaction with ROS, whereas nonenzymatic antioxidants are. As examples, SOD accelerates
superoxide anion conversion into H,O,, while catalase reduces the latter and into oxygen
and water [2]. Catalase has a turnover of 40 million molecules of H,O, degraded per second
[23]. Therefore, AOE interventions offer efficacy for ROS quenching not attainable by small
molecule antioxidants.

The focus of this article is on the delivery of antioxidant enzymes by nanocarriers; however,
the delivery of nonenzymatic antioxidants has been the focus of considerable research
interest also. The following paragraphs contain a brief, and by no means exhaustive,
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examination of some of the nonenzymatic antioxidants that have been studied for
nanocarrier delivery.

The principle source of many small-molecule antioxidants is diet. In general, small molecule
antioxidants nonspecifically quench a variety of ROS and reactive nitrogen species. For the
most part, they are nontoxic, stable for storage, resistant to damage during complex and/or
aggressive formulation processing methods and relatively inexpensive. Ascorbic acid
(vitamin C) is a major water-soluble antioxidant obtained through dietary sources. Oil-
soluble tocopherol (vitamin E), retiniods (vitamin A) and carotinoids (e.g., lycopene and p-
carotene), as well as coenzyme Q10 (CoQ1), carotenoids and polyphenols function as
antioxidants in myriad processes in the cells and tissues to reduce oxidative stress
throughout the body.

Multifunctional glutathione, particularly in reduced form (GSH), is an intracellular thiol
found in all tissues that has an important role protecting the lower airspaces of the lung and
the their epithelial layer [24]. GSH also aids in xenobiotics detoxification, protein and
nucleic acid synthesis and pulmonary protection from oxidative damage by endogenous and
exogenous toxins [1]. The sulfydryl groups in A-acetylcysteine (NAC) interact with free
radicals resulting in the nonoxidizing end-product NAC disulfide. NAC scavenges hydroxyl
radical (OH"), H,0O, and hypochlorous acid (HOCI). Upon deacetylation, NAC reverts to
cysteine, a precursor of GHS synthesis, thereby replenishing the glutathione system.

Polyphenol antioxidants are numerous, with over 4000 species [25]. Generally water-
soluble, polyphenols include tannins, flavonoids and phenolic acids, are characterized by the
presence of multiple aromatic ring groups and, as a group, have many and varied antioxidant
functions. The antioxidant and pro-apoptotic properties [26] of the polyphenol curcumin has
been examined for treatment of hepatocellular carcinoma [27]. Resveratrol, a natural
polyphenol with strong antioxidant and free-radical scavenging properties, found in the
skins of grapes and other fruits, has been studied extensively for antioxidant protective and
anticancer properties [28].

Nonpolymeric carriers

Antioxidants have been formulated into nonpolymeric nanocarriers including traditional
self-assembly phospholipid carriers, liposomes [29], as well as magnetic nanocarriers [30] or
diverse polyplex complexes [31]. Coupling of enzymes to the carrier surface provides an
alternative to encapsulation and has been shown to improve their stability when exposed to
changes in temperature and pH [32]. For example, SOD associated with the surface of
liposomes was shown to be more resistant than free SOD to inactivation by high
concentrations of HyO5 [33]. Delivery methods of small antioxidants have been studied
using numerous delivery vehicle platforms including liposomes, micelles and solid lipid
nanoparticles, among others (Table 1). This section focuses on the nonpolymeric antioxidant
formulation using liposomes and nanocarriers based on different formulation mechanisms.

Antioxidant liposomes

In the early 1980s, liposomes were proposed as a means to protect antioxidants from
clearance and deactivation /n vivo, and to facilitate access to desired cells and tissues. The
amphiphilic nature of liposome’s bilayer structure allows the delivery of both hydrophilic
and hydrophobic agents including lipid soluble antioxidants incorporated within the
hydrophobic bilayer including vitamin E (TOHSs and tocotrienols), ubiquinones, retinoids,
caratenoids, flavonoids, soy isoflavones and synthetic butylated hydroxytoluene (BHT)
among many others [34]. Likewise, water soluble antioxidants such as ascorbate, urate and
glutathione have been studied as liposomal cargoes, enclosed in the hydrophilic core of the
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liposome. Inclusion of tocopherol and other oil-soluble antioxidant vitamins into the
lipophilic inner membrane of liposomes has been shown to lend greater antioxidant efficacy,
while also serving to protect the light and oxidation-sensitive molecules from damage by
environmental exposure [35].

N-acetylcysteine (NAC) has a low bioavailability, likely due to acetylation, which
necessitates use of vehicular drug-delivery systems. Suntres ef /. found that liposomal NAC
protected against liver injury in rats in a sepsis model better than free NAC [36,37]. A
liposomal formulation of NAC showed a higher protective potency than the free drug when
delivered intratracheally in a rat model of acute respiratory-distress syndrome [38]. A
combination of tocopherols and NAC in liposomes were administered to guinea pigs after
exposure to a mustard gas and provided a protective effect in the lungs [39].

Delivery and controlled release of curcu-min by various methods has been studied and
reviewed [40]. Among the numerous techniques employed to deliver the lipophilic
antioxidant, inclusion within dimyristoyl phophatidylcho-line (DMPC) liposomes that were
targeted to using prostate membrane antigen specific antibodies showed enhanced anticancer
properties /n vitroand in vivo as compared with free curcuman [41]. Research into delivery
of resveratrol by liposomes is extensive. Liposomal resveratrol delivery reduced vascular
intimal thickening after endothelial injury in normal rats [42]. A combination of resveratrol
and curcumin was shown to reduce prostate cancer in a mouse model by liposomal delivery
[43]. GSH and polyethylene diacrylate (PEGDA) oligomers created liposome-like spherical
self-assembly nanoparticles which have been shown to protect cells from oxidative stress in
vitro [44].

Antioxidant enzyme liposomes

In early work by Freeman et al., liposomal delivery of SOD to cultured endothelial cells
demonstrated a 6-12-fold increase in SOD activity compared with the control cells treated
with free SOD. In addition, cells that received liposomal SOD were more resistant to
oxidative damage by hyperoxia [29]. The same group reported a protective effect against
exposure to high respiratory oxygen in newborn rats treated with daily injections of
liposomes containing SOD and catalase [45]. Furthermore, they have reported enhanced
delivery of SOD encapsulated in pH sensitive liposomes containing surfactant protein A
(SP-A) to primary fetal pulmonary epithelial cells via SP-A receptors [46]. Hypertension
caused through angiotensin Il (Ang Il) activation of membrane-bound NADPH oxidase
generating superoxide was reduced in rats treated with liposomal SOD [47]. These earlier
studies showed advantages of nanocarrier-formulated AOEs versus free AOEs and provided
the basis for the subsequent improvements involving PEG-stealth liposomes, vascular
immunotargeting and advanced nanocarrier design.

Testing of the anti-inflammatory effect of liposomal SOD formulations in a rat arthritic
model showed that SOD liposomes formed by the dehydration—rehydration method without
extrusion yielded the greatest loading efficiency of active SOD and inhibited edema more
effectively than naked SOD [48]. The incorporation of an acetylated hydrophobic derivative
of SOD, Ac-SOD, improved loading efficiency of the enzyme compared with unmodified
SOD [49]. Since the Ac-SOD localized to the bilayer and 50% of the enzyme was exposed
to the exterior, the site of activity was focused at the surface of the liposome or
‘enzymosome’, instead of within the aqueous interior. The change in conformation reduced
the effect of release rate on the activity of the liposome and increased bioavailability of the
enzyme [49]. This effect of SOD localization within the liposome structure was tested in a
rat adjuvant arthritis model comparing PEG-coated liposomes with either Ac-SOD or plain
SOD. The circulation time of the PEGylated liposomes increased regardless of the SOD type
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included and a faster anti-inflammatory effect was observed with the As-SOD PEG
liposomes versus the plain SOD PEG liposomes [50].

Antioxidant enzyme nanoparticle complexes

Batrakova et al. developed a macrophage-driven system for the delivery of AOEs to the
brain [31]. Catalase was electrostatically complexed with a cationic block copolymer,
polyethyleneimine-poly(ethylene glycol) (PEI-PEG). These ‘nanozymes’ in which the PEI-
PEG shielding protected the enzyme within the structure were phagocytized by
macrophages, targeted by the subsequent migration of the cell to the inflamed brain in a
mouse model of Parkinson’s disease [31]. Testing morphological and biochemical
parameters of the brain injury showed promising therapeutic efficacy of this delivery system
[51]. Similarly formed SOD nanozymes alleviated neuronal oxidative stress after local
administration in the CNS in rodents [52].

Complexation with PEG-containing pluronics has been reported to increase cellular
permeability of diverse drugs in cultured cells [53] and /n vivo [53,54]. Although
mechanism of intracellular transport remains to be defined, no deleterious effects have been
noted [55]. For example, SOD-pluronic conjugates were reported to deliver enzymatically
active SOD to neuronal cells more effectively than naked SOD or PEG-SOD without
neuronal toxicity [3].

Recently, magnetic nanoparticles (MNPs) have been proposed for delivery of
biotherapeutics. Chorny et al. reported delivery of plasmid DNA loaded in magnetically
driven biocompatible polymeric MNPs composed of oleate-coated magnetite and surface
modified with PEI oleate ion-pair complexes enabling DNA complexation [56]. They also
reported that paclitaxel loaded MNPs could be delivered to arterial stents in rats using
magnetic field: target accumulation was an order of magnitude higher in magnetically
treated animals versus non magnetic controls [56]. Capitalizing on this, similarly formulated
MNPs have been used to load either active SOD or catalase through a controlled
precipitation method of two aqueous phases. The complexation of AOEs into MNP, as
shown in Figure 1, is advantageous over other more traditional carriers since the synthesis
does not require the use of either the strong sheer force required for emulsion techniques, or
organic solvents, both of which are damaging to large AOEs. The formulation loaded active
enzyme cargo efficiently and protected it from proteolytic degradation /n vitro. MNPs
demonstrated a protracted release of their cargo protein in plasma. Additionally,
magnetically delivered, catalase-containing MNPs protected endothelial cells /n vitro, with
62 + 12% cells rescued from H,0, induced cell death versus 10 + 4% under nonmagnetic
conditions [30].

Polymer nanocarriers for delivery of antioxidants

As described above, antioxidants include small molecules such as ROS scavengers (e.g.,
trolox), reducing agents (e.g., glutathione) and antioxidant inducers (e.g., curcumin) and
antioxidant enzymes (e.g., SOD and catalase), each with a unique set of delivery challenges
described below. However, both nonenzymatic and enzymatic antioxidant interventions may
greatly benefit from the use of appropriate nanocarriers. The functions of nanocarriers
include protection of antioxidant cargoes from inactivation, improved vascular targeting and
intracellular delivery. Characteristics of a drug nanocarrier can be divided into several
categories: surface chemistry, size, shape, mechanical properties, responsiveness and
mechanisms for elimination, all directly related to the outcome of pharmacotherapy (Table
2). For vascular delivery, spherical nanocarriers should be smaller than 500 nm in diameter
to minimize reticular endothelial system (RES) uptake and retention in microvasculature
[57]. More detailed design considerations are provided in the following sections.
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Polymeric carriers for small molecule antioxidant delivery

Polymeric

Nonenzymatic antioxidants typically reduce oxidizing species in stoichiometric ratios, being
consumed in the process [58]. Thus, large sustained doses are required to achieve the effect.
Cellular metabolic pathways can help recycle a radical scavenger [59], usually at the
expense of the cell’s own glutathione reducing capacity. Furthermore, exceeding optimal
dose of some antioxidants may lead to pro-oxidant effects [26,60,61]. Therefore,
nanocarriers for such antioxidants should be designed for delivery of therapeutically
significant amounts at a gradual, controlled rate while avoiding burst release, which could
result in transient pro-oxidant localized concentrations.

This makes delivery of antioxidants challenging as most of the carriers can achieve a
maximum loading of 35-45 wt% for small molecule drugs [62—-64]. The larger carriers
needed to achieve sufficient dosing may cause side effects and exceed size limits for
adequate circulation. Furthermore, the passive loading of drugs into nanocarriers can result
in limited control of the drug release profile [65,66]. Coupling antioxidants covalently to a
biodegradable polymer backbone can overcome these limitations, by enhancing the total
mass of drug in the nanocarrier and providing specific chemical cleavage mechanism to
control the release rate. Many antioxidants have phenol and thiol reactive groups that are
easily functionalized and incorporated into polymers using polyester, polyanhydride or
poly(B-amino ester) chemistry [67]. This approach also helps to protect the labile groups of
antioxidants from premature oxidation.

Several approaches have been pursued to conjugate antioxidants to polymers and proteins.
For instance, vitamin E was conjugated to poly(acrylic acid) to synthesize a water-soluble
carrier for vitamin E that suppressed oxidative stress in sperm cells in vitro [68]. Antioxidant
polymers with glutathione, ascorbic acid, gallic acid and catechin conjugated to PEG,
poly(methyl methacrylate) and gelatin have also been synthesized and shown to have
antioxidant properties /n vitro [44,69,70]. However, therapeutic capacity of these antioxidant
polymers is limited by their low relative mass of antioxidant compared with the bulk
material (~0.1-35 wt%).

As an alternative to pendant conjugation strategies, trolox, a water-soluble analogue of
vitamin E, was recently polymerized through a polycondensation reaction mediated by
Stagelich esterification [67]. As the condensation pairs used result in a zero length
conjugation bond, the resulting biodegradable poly(trolox ester) possesses 100% antioxidant
mass. The heterocyclic polymer, poly(trolox ester) has a high glass transition temperature
(Tg; 130-155°C), that results in a rigid polymer at physiological temperatures. By using a
single-step solvent extraction method, the poly(trolox ester) can be formulated into nano-
particles of sizes 100-250 nm, that are able to quench ROS and suppress oxidative stress in
cell culture of mouse pulmonary microvascular endothelial cells exposed to pro-oxidant
challenge [67]. Interestingly, poly(trolox ester) nanoparticles, but not free trolox, were
reported to suppress protein oxidation [61], emphasizing the importance of the nanocarrier
in antioxidant delivery and effect. As the emerging approaches using antioxidant polymers
have shown promising /n vitro results, testing the efficacy of these methods in animal
models becomes increasingly critical.

nanocarriers for antioxidant enzyme delivery

Although AOEs are highly potent and specific, unfortunately, they are labile and easily
inactivated during nanocarrier formulation conditions. Furthermore, they are prone to
proteolytic inactivation, which limits their therapeutic duration in the lysosomes [21,71]. In
view of these vulnerabilities, biodegradable polymeric nano-carriers (PNCs) seem a logical
choice for delivery of AOEs (Figure 2). Encapsulation of AOEs in a polymer shell can
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provide protection from proteolytic inactivation, thereby extending therapeutic duration. For
instance, using a standard water/oil/water emulsification method ~7wt% of SOD or catalase
was loaded into poly(lactide-co-glycolide) (PLGA) polymer microspheres. as a stabilizer,
these particles By using PEG4qq (Sized ~10-15 pm) released active enzyme for over 50 days
[72]. However, their size exceeded the circulation limit of less than 500 nm.

Another potential mechanism of enzyme deactivation is through a sharp drop in pH resulting
from delivery to the lysosomes or other areas of acidosis, including carrier-induced acidosis
(i.e., the release of lactic acid during the degradation of PLGA). To avoid the latter problem,
nanocarriers can be synthesized from polyketal based polymers which do not produce acidic
groups during degradation. For example, SOD loaded polyketal microspheres injected in the
cardiac muscle have been reported to alleviate myocardial ischemia-reperfusion injury [73].
Furthermore, SOD-loaded polyketal particles introduced intratracheally alleviated
bleomycin induced pulmonary injury [74]. However, these carriers are too big for
intravascular delivery. In order to decrease the size of nanocarriers made through these
standard methods, increased shear rates are needed during the last emulsification step,
inactivating the labile AOEs. Furthermore, significant burst release (~50-60%) within the
first few hours suggests that the majority of protein loading was limited to surface
absorption, not incorporated within the particle interior [72].

Introducing a freezing step during the primary emulsification helps to minimize enzyme
inactivation and enhance internal loading in PNCs [71,75]. When using an amphiphilic
encapsulating polymer (e.g, poly(ethylene glycol)-b-poly(lactic-co-glycolic acid) [PEG-
PLGA]), PNCs produced through this method were 200-300 nm in size and contained ten-
times the mass of catalase compared with synthesis without the cryogenic step. Also, these
carriers maintained approximately 25% of the original catalase activity after 24 h incubation
with a proteolytic enzyme, while free enzyme lost more than 90% activity within the first
hour [71]. This loading mechanism and protection was independent of the enzyme used, yet
substrate diffusivity through the polymer shell greatly determined the ability of internally
loaded enzyme to express its function [75]. For instance, horseradish peroxidase, catalase
and xanthine oxidase possessed 25% of the original mass of loaded protein after 4 h
incubation with protease. In contrast, PNC-encapsulated xanthine oxidase had no
measurable activity, since its substrate (hypoxanthine) has diffusivity two orders of
magnitude slower than the other two enzymes’ substrates. Therefore, through design of the
encapsulating material, it is possible to selectively impact the substrate accessibility of the
PNC-loaded enzyme [75].

As an alternative approach, one can enhance enzyme stability through the addition of a
protecting molecule. For instance, since inactivation occurs in part due to the enzyme
denaturation in the hydrophobic/hydrophilic interface, addition of a decoy protein (e.g.,
serum albumin) can prolong the activity of the loaded enzyme, at the expense of total
loading capacity. The hydrophobic interface provides an absorptive surface, which can
encourage the unfolding of proteins. As this surface is not attracted to the antioxidant
enzyme specifically, by allowing a nonactive protein to absorb to the surface instead, the
active protein is inhibited from absorbing and thereby able to maintain its activity. For
example, the activity of SOD released from PLGA nanoparticles along with protective
albumin retained activity after 7 days, versus 4 days in the case of omitting albumin [76].
Local injection of these SOD-loaded carriers via the cerebral artery upon reperfusion after
transient ischemia alleviated the brain injury in a rat model [77].

Local infusion similar to that described above facilitates the retention and uptake in the
downstream vasculature in pathological conditions with a known location and accessible
conduit artery. However, this mechanism of local delivery is not specific and provides no
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targeting to selected vascular cell types suffering oxidative stress. In this context, targeted
delivery of anti-oxidants to vascular endothelial cells is a primary therapeutic target and
combating oxidative stress of the systemic, pulmonary, cerebral and cardiac endothelium
represents an important and challenging goal [78]. As discussed above, conjugation with
antibodies to ICAM and PECAM provides intracellular endothelial delivery of multivalent
conjugates and nanocarriers. Besides providing potential ‘stealth’ properties, amphiphilic di-
block copolymers (e.g., polyethylene glycol-poly-lactic acid [PEG-PLA] and PEG-PLGA)
can be used to couple targeting agents to the nanocarriers post formulation. For instance,
PECAM-1 antibody (anti-PECAM) was coupled to biotinylated PEG-PLGA PNCs loaded
with catalase, providing delivery of 12% of the injected dose in the lungs (a preferred
vascular target), as compared with 2% for nontargeted control nanocarriers. As a result, anti-
PECAM/coated PNC loaded with catalase, but not nontargeted counterparts, inhibited the
ROS levels in the lungs [75]. Furthermore, endothelial cells pretreated with catalase-loaded,
anti-PECAM/nanocarriers were protected against oxidative stress for at least 20 h after drug
delivery, as compared with less than 3 h in the case of protein anti-PECAM/catalase
conjugate [75].

Recently, several proteins including SOD were covalently functionalized with vinyl groups
followed by free radical polymerization in the presence of other diacrylate monomers, which
resulted in encapsulation of protein molecule in a nanometer thick (~5 nm) polymer shell
[79]. Surface properties and degradation rate of polymer shell was controlled by monomer
selection. SOD nanocapsules prevented cell death in an /n vitro paraquat injury model,
suggesting that their polymer shell is permeable to the substrate molecules (e.g., O>7) [79].
Furthermore, polymer nanocapsules having large aqueous cores synthesized from
(allyloxy)12-cucurbit(6)uril, a rigid disk-shaped molecule, is another potential vehicle for
protein delivery [80]. Even though their use for delivery of AOEs has not been studied,
polymer nanocapsules incorporating disulfide bridges that can degrade in a reducing
environment could be applicable for release of the cargo triggered by reduced environment
in the host cell [81].

Modulation of geometry of polymeric carriers for antioxidants

Spherical shape is the most common among the PNC formulations that range from relatively
small (50-300 nm diameter, including polymersomes [82], dendrimers and polyplexes [83])
to large spheroid PNCs (300-1,000 nm diameters [84]). Some of these carriers are self-
assembled, while others are formulated by other methods. For example, similar to
amphiphilic phospholipid-based liposomes, self-assembled spherical polymersomes
typically consist of amphiphilic diblock copolymers [85]. However, the same chemistry, as
well as other techniques mentioned below, also yields nonspherical nanocarriers. It has been
recognized in the last decade that carrier geometry modulates its drug-delivery functions.
This section will discuss geometry aspects of polymer-based carriers for AOEs. For a more
general outline of nonspherical liposomes and carbon nanotubes, see reviews [86] and [87],
respectively.

PNC geometries

One class of nonspherical model PNCs includes flat elliptical disks [88,89]. PNC
formulation techniques include micro-fluidics to form emulsions [90] and/or microscope
projection photolithography to form micron-scale particles [91]. Another nanofabrication
technique (Particle Replication In Nonwetting Templates [PRINT]), nanoimprinting, affords
formulation of diverse-geometry nanocarriers [92-94]. Furthermore, depending on the molar
ratio of the hydrophilic PEG or polyethylene oxide (PEO) block to the hydrophobic (e.g.,
polycaprolactone [PCL]) block, such amphiphilic copolymers self-assemble into either
spherical polymersomes (~50 nm to several um aqueous core vesicles, ~25-40% PEG) [95],
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filomicelles (width ~10-40 nm, length < 50m, ~42-50% PEG) [96] or spherical micelles
(solid core, >50% PEG) [97]. Spherical polymer-somes are analogous in structure to
liposomes with an amphiphilic bilayer enclosing an aqueous core. Filomicelles are long
tubular structures with micellular cross-sections that contain hydrophobic interiors and
hydrophilic surfaces. The persistence length /, describes stiffness and for filomicelles varies
from 0.5 pum (fluid) to 5 pum (stiff), dependent on the total polymer molecular weight [98].

Alternatively, a freeze—thaw emulsion technique provided PEO-PLA diblock copolymer-
based filamentous nanocarriers (width ~50 nm, length 5-20 um) protective encapsulation of
active catalase [99]. The absolute ratios of hydrophobic to hydrophilic blocks in the polymer
were different than those used to form self-assembled poly-mersomes or filomicelles;
nevertheless, this ratio dictates the resulting spherical or filamentous geometry (figure 2).
These filaments have /, from approximately 600 nm to several microns [100]. Stiffness,
thickness and absolute length of these filaments can be controlled by the molecular weight
of the polymer used to make them, while the ratio of hydrophobic to hydrophilic domains in
the diblock copolymer is kept constant for the formation of filaments.

Drug loading & carrier degradation

Loading of hydrophilic or amphiphilic antioxidant drugs is possible in emulsion-based
PNCs, as well as in the polymersome aqueous core, while hydrophobic antioxidant drugs
can intercalate within the lipophilic polymer domains of the carriers discussed. Diverse
PRINT particles have encapsulated both hydrophobic [101] and hydrophilic (e.g., SIRNA)
cargoes [102]. Hydrophilic compounds can be coupled to the surface of polymersomes
[103,104] and filomicelles. Emulsion-based PEG-PLA nanofilaments can encapsulate large
hydrophilic enzymes including catalase [99]. Interestingly, PEGylation of the cargo itself
takes advantage of the unique phase-alignment that occurs during formulation and further
enhances loading and resistance of the cargo to external proteases through more efficient
encapsulation [105].

Biodegradability is one of the key requirements for biocompatibility of a drug delivery
system if its size does not permit excretion via physiological pathways. Two typical
materials at opposite ends of the degradation kinetics spectrum are fast-degrading
polyanhydrides and slow-degrading polyesters (degradation time of the latter ranges from
weeks to years) [106-108]. Polyanhydride microparticles have tunable degradation times
from hours to weeks, achievable by alteration of the ratio of constituent co-polymers [109—
111]. Examples of these copolymers are poly(carboxy-phenoxy propane or hexane) (CPP or
CPH, relatively hydrophobic) and poly(sebacic acid) (SA, relatively hydrophilic). Higher
CPP:SA ratios result in slower degradation and vice versa. Spherical polyanhydride carriers
have been synthesized on the nanoscale [112-114] yet shape control has not been
documented and degradation kinetics often are too rapid for practical applications.

Polymer backbone structure regulates hydrolysis kinetics of polymers and their
macromolecular assemblies. For example, PCL’s longer alkane segments, which are free of
functional groups between their hydrolysable bonds (vs PLA/PLGA), mediate tighter
polymer chain packing, enhance crystallinity and decrease water penetration into PCL
structures. Similarly, polymers composed of the same-handed enantiomer pack tighter, are
more crystalline and resilient to degradation vs. polymers composed of racemic mixtures of
both-handed enantiomers (e.g., D-PLA degrades slower than D,L-PLA) [115,116]. PLGA
has random glycolic acid segments inserted into the backbone of PLA, reducing crystallinity
and increasing degradability. Glycolic acid is also devoid of the side methyl groups found in
lactic acid, further enhancing water accessibility. The PLGA degradation products are
primarily lactic acid and/or glycolic acid (<100 Da), which are hydrophilic, diffusible and
rapidly metabolized.
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Geometry impacts degradation of carriers made of relatively slow degrading polymers, such
as polyesters through diffusion. The kinetics of water penetration into, and therefore
degradation of, a polymer matrix is inversely proportional to the polymer structure’s
minimum dimension. Millimeter-scale polyester spheres exhibit heterogeneous surface
erosion in water; the surface degrades and erodes faster than water can penetrate into and
degrade the interior. In contrast, nanometer scale polyester spheres experience uniform
water penetration throughout the polymer matrix leading to homogeneous degradation and
erosion. The internal degradation can actually exceed exterior degradation as acidic
degradation products accumulate inside the carrier [117]. PEO-PLA polymersomes and
PEO-PCL filomicelles degrade primarily by PLA and PCL hydrolysis [107,108], yielding
pore-preferring copolymers [85] and filomicelle fragmentation [118]. The degradation can
be delayed by blending in nondegradable diblocks such as PEO-PEE/poly(ethyl ethylene),
which are renally excreted. PEO-PCL filomicelles degrade within days despite the fact that
PCL is typically thought of as slow-degrading (e.g., in months) [118]. It appears that the
small water diffusion distances through filomicelles (cross sectional radii <20 nm) enables
rapid PCL degradation. Interestingly, since PEO does not degrade in water, the degradation
occurs at the PCL end, which results in an increased ratio of PEO:PCL and thus a transition
to micelle-preferring polymers. Filamentous PEO-PLA catalase-carriers experienced similar
degradation, although the overall kinetics were longer as compared with filomicelles (weeks
vs. days) likely due to a two- to three-fold enhancement in cross sectional diameter, different
formulations and resultant macromolecular structure [99].

Environmental pH and hydrolytic enzymes also play a role in degradation. Degradable
polymers typically contain hydrolysable bonds and undergo faster acid-catalyzed hydrolysis
at low pH [119]. For example, the rate of polymersome hydrolysis and release of loaded
drugs is further accelerated at acidic lysosomal pH (~5.0) [120]. The AOE-loaded PEO-PLA
nanofilament preparation mentioned earlier also demonstrated significant acid-catalyzed
degradation [99]. Interestingly, polyanhydrides degrade more slowly at acidic pH with far
more rapid degradation in basic solutions [113,121]. Enzymatic (e.g., proteases) degradation
of polymers has been extensively studied [122-124].

Covalent coupling of PEG to carriers or proteins (PEG-ylation) is known to enhance
circulation (e.g., liposomes [125]) and reduce immune system interactions. For example, the
PEG brush of polymersomes and filomicelles enhances compatibility with blood
[82,97,126], as they: remain suspended in plasma, avoid RBC and leukocyte adhesion, do
not fix complement and other defensive plasma proteins [82,97,126], and do not cause
hemolysis [98]. Polymersomes circulate longer than liposomes with ty/, approximately 24 h
vs 1-3 h [127], potentially due to their denser PEG brush (and perhaps higher structural
durability). By design, polymersomes are made of individual polymers that possess a 100
mol% degree of PEGylation, whereas liposomes with more than 10% PEGylation of their
constituent phospholipids are unstable [128].

Carrier geometry also regulates nanocarrier circulation. Small spheres (<20 nm) extravasate
via vascular pores, enhancing clearance. Large spheres (>1 pm) clear rapidly due to
retention in the microvasculature, whereas spherical carriers of intermediate size may
circulate for many hours and even days depending on their stealth features and geometry.
Comparison of polymer-somes and filomicelles illustrates the latter aspect. Highly flexible
filomicelles have circulation ty, approaching 1 week in mice [127]. This is thought to be
due to filomicelles’ ability to flow-align and thereby avoid vascular collisions, extravasation
and phagocytosis. Indeed, longer filomicelles circulate longer and are less readily
internalized by macrophages under flow. Their length makes filomicelles a difficult
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substrate for macrophages to engulf and the carrier’s flow-aligning structure experiences
extensive drag forces from directional flow that oppose phagocytosis [88].

Cellular uptake & subcellular trafficking

Carrier geometry also modulates cellular uptake and subsequent lysosomal delivery in a
cell- specific way. Macrophages internalize and deliver more than 1000 nm 1gG-opsonized
particles to lysosomes faster than particles less than 500 nm in size [129]. Parenchymal cells
internalize particles less than 100 nm in size faster than particles more than 500 nm in size
[130], unless they have an elastic membrane [131]. Phagocytosis of rigid disks is dependent
on the degree of curvature of the disk at the point of contact [88]. Similarly, stiff filaments
of the same composition are only internalized if the point of contact is at the carrier’s point
of maximum curvature (the ends) [132]. Carrier geometry also modulates receptor-mediated
PNC endocytosis: antibody targeted PNC spheres are internalized and trafficked by
endothelial cells to lysosomes faster than disks [89]. Studies suggest that cylindrical PRINT
particles are internalized via clathrin-mediated endocytosis and macropinocytosis in multiple
cell types [92,94]. In epithelial cells, filomicelles (PEGylated by definition) undergo
fragmentation upon macropinocytosis [127]. It should be noted, not surprisingly, that the
very same PEGylation that enhances circulation (see ‘Circulation’ section) can impact
internalization and subcellular trafficking to varying extents (sometimes negatively)
[133,134]. Therefore, while several studies have discussed the complex interplay of surface
chemistry (e.g., PEGylation) and nanocarrier surface binding moiety affinity (e.g.,
antibodies), nanocarrier geometry is an emerging approach that also modulates uptake and
intracellular addressing of carrier cargo, which may be used for prolongation of effects of
antioxidant enzymes.

Conclusion & future perspective

Based on the current knowledge of cardiovascular pathology, it is safe to postulate that
endothelial cells lining vascular lumen represent the key therapeutic target for management
of several forms of vascular oxidative stress (ischemia, hyperoxia, radiation injury,
inflammation and acute lung injury). Current pharmacotherapy for severe acute forms of
these conditions is either grossly suboptimal or nonexistent. At least in theory, targeting
antioxidants to endothelium (and other cardiovascular targets such as cardiomyocytes) may
help to improve management of these grave conditions.

One of the authors of this article has worked in the area of targeted vascular delivery of anti-
oxidant enzymes for a quarter of century, which makes our analysis of the current state of
affairs in the field and predictions for its development fairly conservative. It has been a long
journey from the early 1980s (development of PEG-enzymes and PEG-liposomes), through
the 1990s (design of targeted antioxidant conjugates) and the first decade of this century
(design of protective nanocarriers with controlled affinity, geometry and durability) to the
main challenges of this decade: preclinical validation of efficacy and safety, and industrial
development of this approach. There are good reasons to expect that early in this decade
some of the nanodevices described in this review (or newer iterations) will establish
superiority in treatment of acute vascular oxidative stress over nontargeted and unprotected
antioxidants in animal studies.

This outcome will motivate industrial investment in translation of this approach into
preclinical and clinical domains, encompassing scaling up and quality control of the
production and replacement of current affinity moieties by analogues accessible for human
use (i.e., binding to human tissue targets, humanized and minimized to scFv format).
Toxicological studies in large animals and primates will complement fine-tuning of
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optimally effective doses and administration regimens in the same species, providing a
template for the subsequent human studies.

The safety and benefit/risk ratio for interventions intended to manage vascular oxidative
stress are higher than in many other areas of nanomedicine, such as cancer. Rigorous testing
of adverse effects associated with unintended features of carrier nanodevices is necessary.
Nanocarriers (including stealthy PEG-coated ones) must be carefully tested in terms of
activation of defense systems (e.g., complement and RES), inflammation or thrombosis, as
well as aggregation in circulation and embolism of the microvasculature. Nanocarrier
surface properties (that control many of the biocompatibility phenomena mentioned above),
rate of absorption of components of plasma, carrier degradation and drug release (that may
be fast due to huge surface/mass ratio) and effects of anchoring on and uptake by target and
bystander cells must be fully characterized for each formulation. In addition, evaluation of
potential side effects of quenching ROS signaling and other physiological functions in the
vasculature is critically important.

In this context, we believe that management of acute vascular ischemia-reperfusion in organ
transplantation represents arguably the most attractive application of antioxidant
nanodevices targeted to endothelium. First, time for antioxidant intervention is well defined
and relatively short in this setting. Second, the drugs infused into a donor or locally into an
organ graft during procurement will quickly bind to endothelium and nonbound material
will be removed from the graft by perfusion just prior to the grafting; hence the recipient
body actually will not be exposed to the nanodevices. These two factors greatly boost the
efficacy and safety of the approach. Taken together with a great need for improving both the
quality of organs for transplantation and the outcome, this may generate sufficient industrial
and financial incentives for the clinical development and testing. Results of animal studies
of organ transplantation show superb effects of targeted antioxidants in several animal
species.

It is tempting to speculate that the positive outcome of this intervention in clinical trials will
open up other applications: for treatment of acute myocardial infarction, acute lung injury
and stroke, among others. Of course, the complexity and cost of these interventions are
challenging, yet they promise unparalleled efficacy in treatment of many life-threatening
conditions including those lacking effective pharmacotherapy. If this is the case, the trade-
off is well worth the investment. However, “it is very difficult to make predictions,
especially when they concern the future”.
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Oleate-coated magnetic nanoparticle

Antioxidant enzyme

M~ Pluronic F127
.\ Oleate anion
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Figure 1. Formation of antioxidant enzyme nanocarriers

Mixing aqueous solutions of antioxidant enzymes, oleate-coated magnetite particles and
Pluronic® F127 with an aqueous solution of CaCl,leads to fast assembly of composite nano-
sized aggregates (300—-400 nm) that protect antioxidant enzymes from proteolysis.
Reproduced with permission from [30].
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Figure 2. Formulation approach and polymer control of polymeric nanocarrier morphology
Hydrophilic drugs can be loaded in the internal blue regions (external PEG brushes are
freely water soluble and thus do not retain hydrophilic drugs) and hydrophobic drugs in the
red regions.

PCL: Polycaprolactone; PEG: Polyethylene glycol; PEO: Polyethylene oxide; PLA:
Polylactic acid.
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Antioxidant therapeutics, therapeutic action and delivery methods.
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Antioxidant type

Therapeutic action

Delivery vehicle

Antioxidant enzymes

Superoxide dismutase

Converts superoxide (0,"") to H,0,

Conjugates [3,14-16,57], liposomes
[33,46,48,135], enzymosomes [49,50],
magnetic nanocarriers [30]

Catalase

Converts H,0, to H,0O

Conjugates [11,17,18,136], polymeric
nanocarriers [71,75,99,100,105] and
microspheres [72], macrophage-nanozymes
[31,51]

Glutathione peroxidase (GPx)

Reduces lipid hydroperoxides and converts H,0, to
H,0

GSH-PEGDA oligomer nanoparticle [44]

Nonenzymatic antioxidants

Vitamins

Ascorbic acid (vitamin C)

Tocopherol (vitamin E) (a-tocopherol,
B-tocopherol)

Retinoids (vitamin A)

Scavenges ROS and upregulates antioxidant enzyme
activities. Ascorbic acid scavenges O,*~

Tocopherol scavenges lipid peroxy! radicals [137]
Retiniods regulate epithelial cell growth. Essential
vitamin for vision. Regulates NADPH-dependent
lipid peroxidation

Liposomes, emulsions, micelles, solid lipid
nanoparticles, microspheres [35]
Liposomes [138,139], niosomes,
microemulsions, solid lipid nanoparticles
[139]

Caroteniods
Lycopene
B-carotene

Quenches singlet oxygen, free radicals Pro-vitamin
A carotenoid

Solid nanoparticles [140]
Liposomes, niosomes [35,141]

Polyphenols Flavonoids-catechins,
Quercetin, fisetin Phenolic acids-
curcumin Resveratrol

Scavenge free radicals, inhibit proinflammatory
kinases, antitumor activity

Affect inflammatory enzyme activity, protects LDL
from oxidation

Antitumor interferes with carcinogenesis during
initiation, promotion and progression,
topoisomerases inhibitor, upregulates MnSOD [142]

Liposomes [143,144], quercetin
nanosuspension [145]

Iron-containing solid nanoparticles [146],
liposomes, nanoparticles, nanoemulsions
[40]

Liposomes [147], solid lipid nanoparticles
[148], lipid core nanocapsules [149]

Thiols N-acetylcysteine

Thiol-disulfide redox, metal chelators, radical
quenchers, substrate for GSH redox, reductants of
disulfate bonds [137]

Liposomes [36,37]

Antioxidant cofactors- coenzyme Q10
(ubiquinone)

Functions in the electron transport chain. Electron
carrier from complex | and I to I1l. Circulating
coenzyme Q10 in LDL prevents oxidation of LDL;
cardioprotective

Liposomes [150,151], microspheres,
nanoparticles, nanoemulsions [151]

PEG: Polyethylene glycol; ROS: Reactive oxygen species;, SOD. Superoxide dismutase. Adapted with permission from [1]
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