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Abstract

Oxidative stress is broadly implicated in chronic, inflammatory diseases because it causes protein
and lipid damage, cell death, and stimulation of inflammatory signaling. Supplementation of
innate antioxidant mechanisms with drugs such as the superoxide dismutase (SOD) mimetic
compound 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPOQ) is a promising strategy for reducing
oxidative stress-driven pathologies. TEMPO is inexpensive to produce and has strong antioxidant
activity, but it is limited as a drug due to rapid clearance from the body. It is also challenging to
encapsulate into micellar nanoparticles or polymer microparticles, because it is a small, water
soluble molecule that does not efficiently load into hydrophobic carrier systems. In this work, we
pursued a polymeric form of TEMPO [poly(TEMPO)] to increase its molecular weight with the
goal of improving /n vivo bioavailability. High density of TEMPO on the poly(TEMPO) backbone
limited water solubility and bioactivity of the product, a challenge that was overcome by tuning
the density of TEMPO in the polymer by copolymerization with the hydrophilic monomer
dimethylacrylamide (DMA). Using this strategy, we formed a series of poly(DMA-co-TEMPQO)
random copolymers. An optimal composition of 40 mol % TEMPO/60 mol % DMA was
identified for water solubility and O,°~ scavenging /n vitro. In an air pouch model of acute local
inflammation, the optimized copolymer outperformed both the free drug and a 100%
poly(TEMPO) formulation in O,"~ scavenging, retention, and reduction of TNFa levels.
Additionally, the optimized copolymer reduced ROS levels after systemic injection in a footpad
model of inflammation. These results demonstrate the benefit of polymerizing TEMPO for in vivo
efficacy and could lead to a useful antioxidant polymer formulation for next-generation anti-
inflammatory treatments.
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INTRODUCTION

Reactive oxygen species (ROS) encompass oxidizing compounds with oxygen as the
REDOX center and include free radicals such as superoxide anion (O5"") and hydroxyl
radical (OH"), as well as nonradical species such as hydrogen peroxide (H,O5) and
hypochlorite ion (OCI7).1-3 ROS have important biological functions, such as in host
defense and cell signaling, when normal homeostasis is maintained.:2 Oxidative stress
occurs when ROS levels overwhelm cells’ ability to neutralize them through natural
antioxidant mechanisms.# Oxidative stress is implicated in a wide variety of chronic
inflammatory diseases, including rheumatoid arthritis (RA), cancer, diabetes, and
atherosclerosis.>~8 The mechanism of ROS in exacerbating inflammation involves
multifaceted, interrelated factors including direct biomolecule damage, upregulation of

nuclear factor x-light-chain-enhancer of activated B cells (NF-xB) signaling, and cell death.
1,3,9,10

Cells possess innate antioxidant defenses to maintain ROS homeostasis, including the
enzymes superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPX), and
peroxiredoxins, in addition to the chemical scavengers vitamins A, C, and E and glutathione.
11 Of these, SOD plays a major role in antioxidant activity by catalyzing the conversion of
0,"~ to the less reactive H,05,12 which is in turn converted to O, and H,O by CAT. Because
of its key function in scavenging O,°~ and maintaining normal cellular function, SOD has
been investigated preclinically as a therapy for ischemic brainl3 and myocardiall4 injury,
liver damage,1® and lung metastasis.1® In clinical trials, SOD therapy has shown the most
promise for treatment of skin disorders including radiation-induced fibrosis and dermatitis,
vitiligo, and melasma. SOD has also been investigated for age-related macular degeneration,
vascular reactivity to inflammation, myocardial reperfusion injury, and sleep apnea.
However, SOD suffers from a short half-life (#2) /n vivo, an inability to cross cell
membranes, and its need to be produced by recombinant techniques, all of which limit its
therapeutic usefulness and practicality.1” One strategy to overcome these challenges is to
modify SOD, such as by conjugation to targeting antibodies,18:1° polymeric electrostatic
coupling,2? and direct polymer conjugation.?1.22

Another strategy to recapitulate SOD activity is to use small molecule mimetics of SOD for
0O,°~ scavenging. These alternatives tend to be less expensive and more synthetically
versatile. The small molecule 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPQO) has garnered
interest as a SOD mimetic due to its catalytically active, stable aminoxyl radical. Clinically,
a hydroxy-functionalized TEMPO derivative (Tempol) has been tested for its ability to
prevent radiation-induced toxicities and treat cardiovascular disease. Preclinically, targeting
of TEMPO to mitochondria (MitoTEMPOZ23) has demonstrated efficacy in diabetic
cardiomyopathy?4 and hypertension,2> among other conditions.26-28

In this work, we sought a facile strategy to polymerize TEMPO while maintaining its
bioactivity. Previous work on TEMPO polymers focuses on integration of poly(TEMPO)
homopolymers into nanoparticles and hydrogels.2%-31 Here, we generated a series of random
copolymers of TEMPO and a hydrophilic spacer monomer with the goal of determining an
optimal TEMPO backbone density to maintain water solubility while maximizing radical
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scavenging potential. The effect of polymer composition was screened /in vitroto determine
this optimal ratio, which was then tested in two /7 vivo models for ROS scavenging and anti-
inflammatory effects.

RESULTS AND DISCUSSION

Generating a Series of DMA-co-TEMPO Polymers with Precise Control of TEMPO Content.

To tune the water solubility of TEMPO copolymers, TEMPO was copolymerized in varying
ratios with the hydrophilic spacer monomer N, N-dimethylacrylamide (DMA). A series of
DMA-co-TEMPO copolymers with TEMPO content ranging from 0% to 100% was
synthesized according to the two-step synthesis scheme shown in Figure 1A. First, DMA
monomer and amine-reactive pentafluorophenyl acrylate (PFPA) monomer were
copolymerized via reversible addition—fragmentation chain transfer (RAFT) polymerization
at varied monomer feeds (0, 50, 60, 70, 80, 90, 100 mol % DMA) to control the random
copolymer composition (Supporting Information (SI) Figures S1-7, A-B). After RAFT
polymerization, amino-TEMPO was conjugated through the pentafluorophenyl (PFP) ester
onto the polymer backbone. The removal of PFP was confirmed by 1°F NMR (Figure 1B
and SI Figures S1-7, C-E). Broad 19F signal represents polymerized PFPA, with sharp
shifted peaks representing a small fraction of spontaneously hydrolyzed PFP (6 = -163.75,
-164.98, and —170.62 ppm).32 The series of polymers is henceforth defined based on
TEMPO target content: OT indicates 0 mol % TEMPO and 100 mol % DMA, 40T indicates
targeting of 40 mol % TEMPO and 60 mol % DMA, and so forth.

The polymers were characterized for molecular weight (MW) and polydispersity by GPC.
The light scattering detector traces demonstrate polymers with unimodal peaks and
progressively higher MW as TEMPO content increases (Figure 2A). A summary of the
characterization of the polymers is listed in Figure 2B. For each targeted polymer
composition, the ratio of DMA:PFPA was very close to the target, and dispersity values were
all <1.3, reflecting the precision of RAFT polymerization. Number- and weight-average
MW were both found to increase with increasing TEMPO mol %. Of note, the 100%
TEMPO polymer has a lower MW than other compositions because the PFPA monomers did
not homopolymerize as efficiently as the copolymer formulations (~85% vs >95%
conversion, respectively), resulting in a shorter chain length.

Reverse phase HPLC was used to determine the relative polarity of the polymers. By
exposing the column to a gradient with progressively more nonpolar mobile phase, elution
time can be used as an indirect measure of polarity, with earlier elution indicating higher
polarity and vice versa. As TEMPO content of the series increased, elution time increased,
indicating that TEMPO content increases hydrophobicity of the polymers (Figure 2C). This
data agreed with octanol/water partition experiments, in which the partition coefficient
(logP) trended upward as TEMPO density increased (SI Figure S8A). 40T represented a
threshold above which the polymers aggregated in aqueous solution instead of dissolving (SI
Figure S8B-C). These data indicate that copolymer water solubility is dependent on the ratio
of DMA:TEMPO; higher TEMPO density on the polymers makes them less water-soluble,
in line with previous reports that TEMPO homopolymers are insoluble in water at
physiological pH.33:34
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Electron spin resonance (ESR) can detect stable radicals such as the aminoxyl radical of
TEMPO with high sensitivity and specificity;3%36 it was therefore utilized to confirm
successful conjugation of active TEMPO to the polymer backbone. As expected, with
increasing TEMPO content, the intensity of the ESR signal increased (Figure 2D).
Additionally, the ESR spectra gradually broadened as TEMPO density on the backbone
increased, due to the spin-spin interaction of the closely packed radicals3*37 (SI Figure S9).
These data confirm that active TEMPO was incorporated by post-polymerization
modification and that the relative TEMPO density on the polymers correlated to the
monomer feed of PFPA in the RAFT reaction. Overall, a set of polymers was generated with
targeted ratios of DMA:TEMPO ranging from 0:100 to 100:0, to be used to evaluate the
optimal TEMPO density for biological activity.

Optimizing TEMPO Density for in Vitro O,"~ Scavenging.

After synthesizing the copolymer library, we set out to determine the effect of TEMPO
backbone density on O,°~ scavenging. To first characterize the general reducing potential of
these polymers, a commercial ferric reducing antioxidant power (FRAP) assay was used.
This assay is based on a colorimetric change upon reduction of iron from the ferric (Fe3*) to
the ferrous (Fe2*) form.38 By matching the dose of polymers in the assay at 20 /g, it was
demonstrated that the 20T—40T polymers had the highest activity, with intermediate levels
for 50T and 10T, and significantly reduced activity for 100T (Figure 3A). In the study of
dose-matched TEMPO (170 1M), the activity of the polymers increases as TEMPO density
decreases, indicating that the polymers are more active as they become more water-soluble
(Figure 3B), correlating with HPLC polarity analysis and logP measurements.

To more specifically probe O,°~ scavenging, the reduction of ferricytochrome C was
utilized. Oo"~ was generated by the reaction between xanthine oxidase (XO) and
hypoxanthine (HX),12 with H,0, being scavenged by CAT to isolate the effect of O,*~.39
Similar to the FRAP results, O,*~ scavenging was strongest for 30T and 40T when
normalized to polymer mass (20 .g), with 100T exhibiting no O,"~ scavenging (Figure 3C).
When normalized to moles of TEMPO (170 ¢#M), the scavenging activity increased as the
TEMPO mol % was reduced from 100T to 40T. However, there was a plateau with similar
scavenging activity between 40 and 10T indicating that the activity of TEMPO was not
limited by polymer solubility within this composition range at the concentration tested
(Figure 3D). Taken together, these data define the structure—function relationship between
TEMPO density on the polymer backbone and its relative bioavailability for O,"~
scavenging. At 100% or even 50% TEMPO, activity is suppressed due to poor water
solubility. However, if DMA content is too high (20% or 10% TEMPO), the TEMPO density
is too low for optimal activity on a polymer per mass basis. Observations in the TEMPO
dose-matched assays further confirm that 40 mol % TEMPO density represents a critical
threshold above which relative activity of the TEMPO molecules is suppressed.

To the best of our knowledge, only one other study has investigated the effect of TEMPO

density on a polymer backbone for ROS scavenging activity.? Yoshitomi et al. conjugated
TEMPO to a poly(chloromethylstyrene) (PCMS) backbone via condensation reaction with
Tempol at densities ranging from 22% to 93% and coated the resulting polymer onto glass
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nanobeads. In this system, the authors found that increased TEMPO density increased the
level of O,° scavenging, in contrast to our finding that an intermediate level of TEMPO
grafting is optimal. However, solubility was not a controllable parameter for their system, as
the PCMS backbone rendered all polymers hydrophobic regardless of TEMPO density.
Additionally, the formation of a thin coating layer on the glass beads potentially yields better
availability of the TEMPO groups, as opposed to the aggregates formed by 100T
homopolymer in solution. Therefore, to the best of our knowledge, this is the first
demonstration of tuning TEMPO density and subsequent water solubility to optimize radical
potential and O,°~ scavenging of unimeric polymers in solution.

We further probed the activity of the polymers in cell-based assays using the ATDC5
chondrogenic cell line. All DMA-co-TEMPO copolymers were noncytotoxic up to a dose of
5 mg/mL (Sl Figure S10), with all polymers at all doses demonstrating cell viability >90%.
Additionally, polymerization of TEMPO, particularly at an intermediate density which
maintains polymer solubility while promoting hydrophobic cell surface interactions,
promotes cell uptake of the drug. Confocal microscopy on cells treated with Cy5-labeled
polymers demonstrates higher uptake for 40T compared to polymers with lower TEMPO
backbone densities (Figure 4A). Cells were washed thoroughly before imaging, and
extracellular Cy5 fluorescence was quenched with TCEP. To compare directly with small
molecule Tempol, a complementary experiment was completed with simple treatment media
removal but without washing, because Tempol diffuses out of cells rapidly during washes.*
Treated cell samples were harvested and scanned by ESR, confirming the increased uptake
of 40T compared to other formulations and Tempol (Figure 4B). Though the ESR method
does not differentiate between surface-associated and internalized polymer, this did not play
an apparent role in the study, as the ESR and microscopy results correlated well among the
different polymers groups. Notably, 50T and 100T polymers could not be analyzed for cell
uptake due to their formation of large, insoluble aggregates in aqueous solution (SI Figure
S8B-C). These observations indicate that the balance of hydrophobic and hydrophilic
character is necessary for optimal cell uptake.

The effect of hydrophobicity on cell uptake has been observed for other polymer libraries,
including poly(2-oxazoline) (POx) amphiphiles,*2 Pluronics,*3 and alkyl-grafted anionic
polymers.# For fully water-soluble POx polymers, Luxenhofer et al. found that more
hydrophobic polymers exhibited higher levels of cell uptake in MCF7-ADR cells,*2 whereas
Batrakova et al. demonstrated that Pluronics with intermediate hydrophobic (poly(propylene
oxide)) block lengths were best internalized by bovine brain microvessel endothelial cells.43
Dailing et al. demonstrated that polymer cell uptake of amphiphiles with varying alkyl side
chain density correlated with hydrophobicity up to a threshold point; there was monotonic
increase in uptake of the polymers themselves as a function of alkyl length for all alkyl
densities tested (10, 30, and 50 mol %), up until polymer solubility was lost (50 mol %
density with dodecyl alkyl length).#4 These studies support the idea that copolymers with
hydrophilic and hydrophobic monomers can be tuned to modulate cell uptake. Though a
detailed examination of uptake mechanism is outside the scope of this study, we speculate
that the increased hydrophobic character of the 40% TEMPO polymer allows for increased
interaction with the lipids of the cell membrane (supported by the measured logP value of
40T near 0, SI Figure S8A). Luxenhofer et al. also showed that uptake of POx amphiphiles
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was significantly inhibited at 4 °C,*2 indicating active endocytosis is required for polymer
uptake, which could explain the higher intracellular level of 40T polymer over small
molecule Tempol, which enters cells through passive diffusion.*®

Targeting of antioxidants to specific cell compartments is a complementary area of research.
The mitochondria-targeted Tempol MitoTEMPO achieves mitochondrial accumulation
superior to untargeted Tempol by conjugation with the lipophilic triphenylphosphonium
cation.2® The mitochondria is a substantial source of intracellular ROS; indeed,
MitoTEMPO has demonstrated efficacy in diabetic cardiomyopathy,24 hypertension,25
acetaminophen hepatotoxicity,2® oxalate-induced injury,2” and renal fibrosis.28 Intracellular
targeting of SOD and CAT have also been investigated. Conjugation of SOD to an antibody
against plasmalemmal vesicle-associated protein (Plvap) promotes superoxide scavenging
specific to caveolae-derived endosomes, outperforming untargeted SOD to suppress
lipopolysaccharide (LPS) signaling.1® These studies demonstrate that targeting of cellular
uptake to specific fates can enhance ROS scavenging mechanisms of antioxidants.

One effect of excessive O,°~ is the induction of cell apoptosis. The mechanisms for O,*"-
induced cell death include cytochrome C release from mitochondria and increased activity of
caspase, NF-xB, and p38 mitogen-activated protein kinase (MAPK).46:47 To quantify the
cell protective effect of DMA-co-TEMPO copolymers, we treated ATDCS cells with 1 mM
3-morpholinosydnonimine (SIN-1), which decomposes to O,°*~ and nitric oxide (NO®) in
aqueous solution.® O,*~ and NO* recombine to form peroxynitrite.*® Tempol can provide
cell protection against SIN-1 potentially both by scavenging the O,°~ intermediate and by
scavenging peroxynitrite decomposition products.®® This level of ROS caused ~100% cell
death with no scavenger present, but 20 zg 40T polymer rescued viability to ~49% of the
non-ROS treated controls (Figure 4C). The same (weight-matched) dose of 10T, 20T, 30T,
and 50T polymers demonstrated less rescue (10-40%), while the homopolymers (100%
TEMPO or 100% DMA) showed no rescue at all. In the TEMPO dose-matched scenario
(Figure 4D), 170 M TEMPO delivered in the soluble polymeric formulations (10-40T)
demonstrated 41-52% cell rescue (no significant differences). The relatively insoluble
formulations were ineffective at protecting ATDCS cells from SIN-1, while free Tempol
achieved ~85% viability. These functional results demonstrate the benefit of tuning TEMPO
density on the polymer backbone for cytoprotection from exogenous Oy"".

Cellular protection from ROS-induced cell death has been demonstrated for a variety of ROS
scavenging polymers. The majority of studies have utilized polymers formulated into
biomaterials like hydrogels, nano/microparticles, or coatings, as opposed to solubilized
unimeric polymers. Work from our group has demonstrated the cell protection properties of
poly(propylene sulfide) (PPS), a hydrophobic scavenger of various ROS,% but in particular
H,0,, in the form of microparticles and hydrogels.52-54 Similarly, Wong and colleagues
formulated a hydrogel from pullulan, a glycan carbohydrate capable of scavenging ROS,>°
and demonstrated its ability to prevent H,O,-induced death of mesenchymal stem cells
(MSCs).%8 A nanoparticle with TEMPO and phenylboronic acid pinacol ester (PBAP)
functionalities also significantly reduced RAW?264.7 macrophage apoptosis in response to
H,0,.30 In an interesting application, Yoshitomi et al. coated a TEMPO homopolymer onto
cigarette filters and measured the cytotoxicity of the resulting smoke extract, finding that
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ROS scavenging of the filter significantly reduced Caco-2 cell death.33 However, all of these
applications represent integration of the ROS-responsive polymer into a more complex
system. The few studies that have investigated free polymers in solution have focused on
naturally derived antioxidants. Oligomeric and polymeric procyanidins, a type of flavonoid
found in grapes, can protect HepG2 cells from zert-butyl hydroperoxide (TBHP)-induced
cell death,>” and seaweed-derived agaro-oligosaccharides rescue liver L-02 cells from
cytotoxicity of Hy0,.%8 Our DMA-co-TEMPO system provides a simple, readily scalable,
and chemically well-defined synthetic polymeric antioxidant that can be readily utilized for
parenteral or intravenous (i.v.) delivery, with the 40T composition providing the best
antioxidant activity /n vitro.

Anti-Inflammatory Effects of Optimized TEMPO Copolymer in Vivo.

Scavenging ROS has shown efficacy in many inflammatory disease models, including
atherosclerosis,30 stroke,>® and diabetic peripheral arterial disease.>3 We utilized the
inflammatory compound carrageenan to evaluate the anti-inflammatory effects of 40T using
both local and systemic administration. As a local model of inflammation, the dorsal air
pouch model was utilized (Figure 5A).50 A preliminary dose-finding study identified 5 mg/
animal as an appropriate dose for the 40T treatment based on tumor necrosis factor a
(TNFa) levels and polymer retention in the exudate (SI Figure S11). To evaluate our lead
candidate 40T polymer, 40T, 100T, and free Tempol were coinjected with carrageenan in the
air pouch. TEMPO dose was matched across treatments (8.48 pmol/animal). After 6 h,
polymer retention in the pouch was measured by ESR, demonstrating full clearance of the
small molecule Tempol, ~12% retention of 40T, and ~94% retention of 100T (Figure 5B).
Additionally, TNFa levels in the pouch exudate were significantly reduced with 40T
compared to no treatment and Tempol (Figure 5C). After 24 h, 40T significantly reduced
ROS levels in the exudate to baseline levels, with no effect of saline, Tempol, or 100T
(Figure 5D). We interpret the stronger anti-inflammatory effect of the polymeric over free
small molecule Tempol to be due to the improved retention of the polymer in the air pouch,
allowing for extended ROS scavenging and suppression of inflammation. It is interesting to
note that the impressive retention of 100T is an effect of its insolubility and aggregation,
yielding retention in an inactive form within the air pouch. The inability of this polymer to
significantly reduce TNFa or ROS levels despite its excellent retention indicates that
optimizing the density of TEMPO on the polymer backbone is crucial for anti-inflammatory
activity /n vivo.

The efficacy of antioxidant therapy in the air pouch model has been investigated by others.
Drugs including 10-(6"-plastoquinonyl)decyltriphenylphosphonium bromide (SkQ1), Cressa
cretica extract, TS-13 (a tert-butyl phenol thiosulfonate), and atorvastatin have shown anti-
inflammatory effects in this model.61-64 These results are promising; however, all of these
treatment options required prophylactic administration 1 h or 1-10 days (daily) before
carrageenan injection to achieve therapeutic efficacy. In contrast, coadministration of our
optimized TEMPO copolymer reduced both O,*~ and TNFa levels in the air pouch by ~90%
and ~83%, respectively. In another example of coadministration, the novel small molecule
45,9 6-dihydroxy-6-methoxy-8-(3-oxo-but-1-enyl)-4 5,9 6-dihydro-5-oxa-indeno[2,1-
alinden-10-one (DMFO) reduced cell infiltration and NO levels in the air pouch. This effect
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was found to be due to both direct radical scavenging and activation of nuclear factor
erythroid 2-related factor 2 (Nrf2) signaling.® These results indicate that stimulation of
innate cellular antioxidant mechanisms in combination with direct scavenging could be more
effective than scavenging alone.

We were also interested in the capability of our polymers to alleviate inflammation with
systemic administration. Preliminary intravital microscopy (IVM) studies with cyanine5
(Cyb5)-labeled polymers (200 pg, i.v.) demonstrated that the distribution &, for the water-
soluble copolymers (10-40T) trended upward from ~5.8 to ~17.5 min as TEMPO content
increased (Sl Figure S12A). The £, of Tempol has been found to be ~3 min, indicating that
polymerization improves systemic circulation.56 40T and 30T exhibited similar #,, though
30T trended toward having higher kidney and lower liver distribution relative to 40T (SI
Figure S12B). Based on these studies, a dose of 200 g 40T was selected for treatment in the
inflammatory footpad model. Tempol and 30T were also injected at a matched TEMPO dose
(377 nmol). Carrageenan was injected locally into the footpad of C57/BI6 mice, and
inflammation was allowed to develop for 6 h before treatment. This treatment regimen
allows for cyclooxygenase-2 (COX2)-derived prostaglandins to establish high levels of ROS
and other inflammatory mediators.%7 Both polymers reduced footpad ROS levels by ~33%,
while Tempol had no effect (Figure 6A-B). Notably, a larger mass dose of 30T (~260 g vs
200 £4g) was required to achieve this effect than 40T due to its lower TEMPO density. We
hypothesize that the circulation time of our polymers allows for improved accumulation and
that the larger MW contributes to longer tissue retention in the inflamed footpad over small
molecule Tempol. Inflamed tissues encourage passive targeting and retention of therapeutics
via the extravasation through leaky vasculature and the subsequent inflammatory cell-
mediated sequestration (ELVIS) effect.58:69 Similar to the enhanced permeation and
retention (EPR) effect in tumors, many drugs naturally accumulate in inflammatory tissues,
a phenomenon which has been shown to correlate with increasing polymer—drug conjugate
molecular weight or nanoparticle packaging.68-72 The ability for our polymers to reduce
ROS levels in this aggressive model where inflammation has developed for 6 h is
encouraging for treatment of more established disease.

Antioxidant therapy has been investigated previously in the carrageenan footpad model, with
most treatments administered prophylactically (similar to the air pouch model). For
example, Chedid et al. demonstrated the ability of vasoactive intestinal peptide (\VVIP) to
reduce cellular ROS production /i vitro and ameliorate footpad edema /n vivo when
administered 1 day and 1 h prior to carrageenan injection.” Similarly, antioxidant fullerenol
nanoparticles’® and Ficus exasperata bark extract’® significantly reduced edema as a
prophylactic treatment. These results support systemic antioxidant treatment for aggressively
inflammatory conditions. Notably, our polymers were able to reduce ROS after 6 h of
inflammation, though we did not measure the functional outcome of edema. Additionally,
our effect was seen after i.v. administration as opposed to i.p. or oral administration utilized
in other studies.”3-7>

Others have demonstrated the beneficial effects of polymeric TEMPO formulations in
oxidative stress-driven diseases. Much of this work has been pursued by the Nagasaki group,
who has formulated TEMPO polymers into nanoparticles, hydrogels, and device coatings.

Bioconjug Chem. Author manuscript; available in PMC 2022 May 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

DeJulius et al.

Page 10

29,31,33,34.40 These studies have demonstrated the efficacy of TEMPO polymer formulations
in cerebral ischemia-reperfusion injury and inflammatory arthritis, among other disease
models. Hydrogel and nanoparticle preparations have demonstrated significant
improvements in TEMPO retention upon hind paw injection3! and increased #, upon i.v.
injection,9 similar to our finding of improved retention in the air pouch and increased
systemic £, for the polymerized form of TEMPO. Notably, in the hydrogel study, TEMPO
was detected in the hind paw for up to 70 h, significantly longer than our result, which is to
be expected due to the physical depot formed by the hydrogel. Others have investigated
TEMPO conjugation to poly(ethylene glycol) (PEG),”6 hemoglobin,’” and g-cyclodextran
nanoparticles3? to improve delivery and efficacy. TEMPO-PEG improved outcomes in a rat
ischemia-reperfusion model; however, pharmacokinetics and therapeutic response was not
compared to the free drug.’® A recent study of a hemoglobin-Tempol polymer demonstrated
the ability to protect endothelial cells from O, "-induced cell death, indicating that this
system could be promising /7 vivo.”” Tempol conjugated to B-cyclodextran nanoparticles, in
combination with a H,O,-scavenging PBAP moiety, significantly improved atherosclerosis
outcomes in mice over free Tempol with i.v. injections twice per week.39 Taken together,
these results demonstrate the promise of TEMPO polymers in a variety of disease
conditions. However, these preparations (besides TEMPO-PEG) require more complex
synthesis and formulation techniques than using a single block, unimeric polymer; higher
complexity may make translation challenging, and more sophisticated carriers, particularly
nanoparticles, are more apt to incur off-target effects.’®79 An additional benefit of our
system over a TEMPO-PEG or similar conjugate is the high density of active TEMPO on the
polymer backbone, which demonstrated a clear benefit over lower densities (i.e., 10%) and
required a lower overall polymer mass in vivo (i.e., 40T vs 30T). Overall, our results
demonstrate that 40T is a simple formulation of TEMPO which has been optimized for
therapeutic benefit in inflammation.

CONCLUSION

This work provides a structure—function analysis of a series of DMA-co-TEMPO
copolymers for aqueous parenteral/local and i.v. administration to treat inflammatory
diseases. The balance between hydrophilic character and ROS scavenging potential proved
essential to therapeutic outcomes in vitro and in vivo. Specifically, 40% TEMPO backbone
density appears to be a threshold above which increased TEMPO density reduced activity.
The 40T composition demonstrated improved local retention in the air pouch model of
inflammation, leading to reduced TNFa and ROS levels, while both the 30T and 40T
compositions reduced ROS levels in inflammatory footpads with i.v. administration. In both
models, the polymer formulations outperformed free Tempol. The optimized random
copolymer is promising to pursue for future testing in more physiologically relevant disease
models and as a component of more advanced drug delivery systems such as particulate or
bulk biomaterials.
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EXPERIMENTAL PROCEDURES

Materials.

All reagents were purchased from Sigma-Aldrich unless otherwise stated. PFPA, 4-amino-
TEMPO, and A-carrageenan were purchased from TCI America. Cy5 amine was purchased
from Lumiprobe. The FRAP kit was purchased from Cell BioLabs, and the Cell TiterGlo kit
was purchased from Promega. TNFa enzyme-linked immunosorbent assay (ELISA) kit was
purchased from PeproTech Inc.

Polymer Synthesis.

Polymers were synthesized by RAFT polymerization. DMA monomer was filtered through
basic alumina columns to remove radical inhibitor and stored at —20 °C for up to one month
before use. DMA, PFPA, 4-cyano-4-(ethylsulfanylthiocarbonyl) sulfanylpentanoic acid
(ECT, chain transfer agent (CTA)), 2,2"-azobis(isobutyronitrile) (AIBN, initiator), and
trioxane (inert NMR standard) were dissolved in anhydrous dioxane. Each component was
added to a flame-dried round-bottom flask under constant nitrogen stream at a final
concentration of 20% (w/w) reactants. The molar ratio of monomer:CTA:initiator was
100:1:0.5. The reaction mixture was purged with nitrogen for 30 min and allowed to react
for 18-24 h at 65 °C. The following day, the reaction was cooled to room temperature. 4-
Amino-TEMPO (1.5 molar excess relative to PFPA units) and dipyridyldisulfide (DPDS)
(1.5 molar excess relative to polymer units, added to cap the reduced trithiocarbonate CTA
expected to occur upon exposure to primary amine of amino-TEMPQ) were dissolved in
anhydrous dimethylformamide (DMF) and added to the reaction under constant nitrogen
stream. The resulting mixture was allowed to react overnight at room temperature protected
from light. Polymers were purified by dialysis in methanol for 2 days (sink changed 3x/day)
followed by 2 days in water (sink changed 3x/day). The resulting product was lyophilized
and stored at 4 °C protected from light. Fluorescently labeled polymers were prepared as
above with the inclusion of Cy5 amine (0.5 mol equiv relative to polymer units) in DMF at
the TEMPO addition step.

Polymer Characterization.

1H and 19F NMR.—Samples were analyzed by NMR (Bruker) at ~1% (w/v) in deuterated
chloroform (CDCl3). Conversion of the DMA and PFPA monomers was confirmed by
integrating the TH NMR (400 MHz) peaks associated with acrylic protons (6= 5.7 and 6.18
ppm for DMA and PFPA, respectively) for = 0 and #= 24 h. Disappearance of these peaks
was quantified relative to trioxane (6= 5.1 ppm). 19F NMR (376 MHz) was performed on
the unreacted monomer mixture, the crude RAFT product, and the purified TEMPO-
functionalized polymer to confirm the presence of the PFP group on the parent polymers and
the loss of the leaving group upon TEMPO conjugation.

GPC.—Polymer polydispersity and MW were characterized using GPC (Agilent

Technologies). Polymers were dissolved at 10 mg/mL in DMF + 0.1 M LiBr mobile phase
and run through three serial Tosoh Biosciences TSKGel Alpha columns at 60 °C. A Wyatt
miniDAWN TREOS light scattering (Wyatt Technology Co.) and Agilent refractive index
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detector were used to calculate absolute number and weight-average MW based on dr/dc
values determined on an offline refractometer (Anton Paar).

ESR.—ESR was used to quantify the presence of active TEMPO on each polymer
backbone. Polymers were dissolved at 2 mg/mL in dimethyl sulfoxide (DMSQO), and 50 4L
of each sample was loaded into a glass microcapillary tube. ESR measurements were
performed at room temperature using a Bruker EMXplus spectrometer (Bruker Biospin
Corp. Billerica, MA). Spectrometer settings were as follows: field sweep, 120 G; center
field, 3508 G; microwave frequency, 9.85 GHz; microwave power, 20 mW; modulation
amplitude, 1 G; time constant 655 ms; sweep time, 121 s; receiver gain, 40 db. To quantify
the nitroxide concentration, ESR spectra of the copolymers were double integrated to
determine the intensity of the radical signal. Total TEMPO residue content was calculated
from a standard curve of TEMPO in DMSO.

HPLC.—Reverse-phase HPLC (Waters) was used to determine the relative polarity of the
polymers. Polymers were dissolved in a 50:50 water:acetonitrile mixture at 1 mg/mL, and
100 4L was injected utilizing a 200 L sample loop. Samples were run through a
Phenomenex C18 column (250 x 10 mm, 5 um particle size) using a 10 min gradient from
95:5 to 0:100 water:acetonitrile, followed by 3 min at 0:100 water:acetonitrile. The retention
time was recorded for each polymer using the peak UV absorbance at 310 nm.

Octanol/Water Partition Coefficient.—To determine the partition coefficient, 10 mg of
copolymer was added to a round-bottom flask containing 5 mL each of octanol and water.
The emulsion was stirred vigorously overnight and then added to a separatory funnel to
collect the organic and aqueous phases. An aliquot from each phase was run on HPLC as
described above, and peaks were integrated and compared to a standard to quantify the
concentration of polymer in each phase. The logP value was calculated as the logarithm of
the ratio of organic to aqueous phase polymer concentration.

Cell-Free Antioxidant Activity.

General Reducing Power.—A commercial FRAP kit was used to determine the general
antioxidant capabilities of the polymers according to the manufacturer’s protocol. First,
polymers were dissolved or resuspended in deionized water, and 100 zL of each sample was
dispensed into a black-walled 96-well plate in triplicate. The FRAP agent was prepared by
combining a 1:5 dilution of buffer, 1:10 dilution of the colorimetric probe, and a 1:10
dilution of the oxidized iron substrate with the appropriate volume of DI water. 100 zL of
FRAP agent was added to each well, and the samples were incubated at room temperature
for 1 h. Absorbance at 590 nm was measured on a Tecan plate reader, and background
absorbance from each polymer (with no FRAP reagent added) was subtracted from the
respective experimental wells. The assay was run in both a polymer mass-matched and
TEMPO dose-matched format. For the former, all polymers were dissolved or resuspended
at 0.4 mg/mL in DI water and plated. For the latter, all polymers and a Tempol control were
dissolved or resuspended at 339 /M TEMPO in DI water and plated. Experiments were
completed in triplicate.
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0,"~ Scavenging.—0,"~ was generated enzymatically using the HX/XO system and
detected colorimetrically using partially acetylated cytochrome C.12 The following
components were combined in the wells of a black-walled 96-well plate: 10 L. XO (0.2 U/
ml), 10 gL CAT (50 pg/mL), 50 g cytochrome C (2.4 mg/mL), and 10 g polymers.
Polymers were used at the same mass-matched and dose-matched concentrations as for the
FRAP assay. SOD (final concentration 200 U/mL) and 1x phosphate buffered saline (PBS)
were used as negative and positive controls, respectively. CAT was included to scavenge
H,0, generated in the reaction.3? HX was dissolved at 6.80 mg/mL in 1 M sodium
hydroxide (NaOH) and diluted 1:100 in PBS. To initiate the enzymatic reaction, 20 gL HX
was added to each well, and absorbance was measured immediately and every 10 min
thereafter for 60 min on a Tecan plate reader at 550 nm. Background absorbance from the
polymers was measured from non-O,"~ containing wells and subtracted from the
experimental data for each respective polymer.

In Vitro Activity.

Cell Culture.—ATDCS5 chondrogenic cells were maintained in Dulbecco’s Modified
Eagles Medium (DMEM)/F12 supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin (P/S) at 37 °C, 5% CO». Subconfluent (80%) cultures were passaged
using 0.25% trypsin to detach cells at a seeding ratio of 1:10.

Cytocompatibility.—ATDCS5 chondrocyte-like cells were seeded at 10,000 cells/well in
black-walled 96-well plates in dye-free DMEM + 1% FBS and 1% P/S. After adhering
overnight, the cells were washed with 1x PBS and treated with 100 £ polymers at 0.1, 1,
and 5 mg/mL. After 24 h, treatments were removed, and viability was assessed using a
commercial CellTiter-Glo kit (Promega) according to the manufacturer’s directions. Briefly,
the substrate was reconstituted in assay buffer, and 100 z4 was added to each well. After a
10 min incubation at room temperature, luminescence was imaged on an /n Vivo Imaging
System (IVI1S). Signal was normalized to media-treated cells.

Polymer Cell Uptake Visualization by Confocal Microscopy.—ATDCS5 cells
(20,000) were seeded onto an 8-well chambered coverglass (#1 German borosilicate, Nunc
LabTek) and allowed to adhere overnight. Cells were washed with PBS and then treated for
24 h with 250 pg/mL Cy5-labeled polymers dissolved in DMEM + 1% FBS + 1% P/S. After
incubation, cells were washed with PBS, fixed with 4% paraformaldehyde in PBS (Alfa
Aesar) for 25 min, washed again with PBS, stained with DAPI (NucBlue Fixed Cell Stain
ReadyProbes, Invitrogen) based upon manufacturer directions, washed again with PBS, and
overlaid with 25 mM tris(2-carboxyethyl)phosphine-supplemented PBS to reduce
extracellular fluorescence of Cy5 as previously described.80 Finally, cells were imaged with
a confocal scanning laser microscope (Nikon Eclipse Ti Microscope with D-Eclipse C1
laser, Nikon Instruments, Inc.) using a 405 nm (blue) and 640 nm (red) laser line. Resulting
images were processed by splitting the blue and red channels and merging images.

Polymer Cell Uptake Quantification by ESR.—ATDCS cells were seeded at 1 x 106
cells/flask in T75 flasks and allowed to adhere overnight. Polymers or Tempol were
dissolved at 0.4 mg/mL in phenol red-free, supplement-free DMEM, and 10 mL treatments
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were applied to the flasks. After 24 h, cells were lifted by scraping and collected in 15 mL
centrifuge tubes. Cells were pelleted at 500x g for 5 min, and supernatant was removed by
aspiration. To lyse cells and release polymers, pellets were suspended in 200 x4 DMSO.
Samples were frozen at —80 °C until analysis. For analysis of uptake, samples were thawed,
vortexed, and scanned by ESR as described above. Signals were normalized to inherent ESR
signal of each polymer to quantify uptake. Polymers with TEMPO content >40% could not
be evaluated for cell uptake, because they were insoluble in cell culture media, precipitating
to form insoluble aggregates that could not be separated from cells prior to measurement.

Protection from ROS-Induced Cell Death.—ATDCS5 were seeded at 10,000 cells/well
and allowed to adhere overnight. Cells were co-treated with polymers and 1 mM SIN-1 in
dye-free DMEM + 1% FBS and 1% P/S for 24 h. SIN-1 was used to induce ROS toxicity, as
it spontaneously decomposes to Oo"~ and NO® in aqueous media.*8 Polymer treatments were
matched to polymer mass at 0.2 mg/mL or TEMPO dose at 170 ¢M as described above. Cell
viability was measured using the CellTiter-Glo kit on the VIS as described above and
normalized to cells treated with media containing neither SIN-1 nor polymers.

In Vivo Anti-Inflammatory Activity.

Inflammatory Air Pouch Procedure.—All protocols were approved by the Institutional
Animal Care and Use Committee of Vanderbilt University and done in accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory Animals. The anti-
inflammatory effect of the polymers was tested in the murine air pouch model of
inflammation®® with slight modifications. Ten-week-old C57BI/6 mice were obtained and
allowed to acclimate for 3 days. Animals were kept on a 12 h light/dark cycle and allowed
free access to food and water. All experiments were performed under isoflurane anesthesia.
On day 0 of the experiment, mice received a subcutaneous injection of 5 mL sterile air on
the dorsal region. On day 3, mice were reinjected with 3 mL sterile air. On day 5, 0.5% A-
carrageenan was prepared by dissolving 500 mg carrageenan in 100 mL 0.9% sterile saline
with vigorous stirring and heating to 90 °C. The solution was sterilized by autoclaving. On
day 6 of the experiment, mice received a 1 mL injection into the pouch of carrageenan +
treatments (5-6 mice per group). Five treatment groups were compared: saline, 0.5%
carrageenan, 0.5% carrageenan + 40T, 0.5% carrageenan + 100T, and 0.5% carrageenan +
Tempol. All TEMPO treatments were dissolved in carrageenan at 8.48 mM TEMPO (40T,
100T, and Tempol at 5.0, 2.7, and 1.46 mg/mL, respectively). Treatments were prepared
immediately prior to injection.

Retention and Anti-Inflammatory Effects after Air Pouch Inflammation.—Mice
were sacrificed at 6 or 24 h after carrageenan + treatment injection by CO, inhalation. The
pouch was rinsed with 1 mL sterile 5.4 mM ethylenediaminetetraacetic acid (EDTA) to
collect the inflammatory exudate. A 100 zL aliquot was collected and frozen at —20 °C for
ESR measurement of polymer retention. Cells were pelleted with centrifugation at 500x g for
5 min, and a 100 z4 aliquot of the supernatant was frozen at —80 °C for ELISA. Fresh
supernatant was plated at 50 pL/well in a black-walled 96-well plate. Cytochrome C (50 yL,
2.4 mg/mL) was added, and absorbance at 550 nm was measured every 10 min for 60 min.
For ELISAs, TNFa was measured in the supernatant using a commercial sandwich ELISA
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kit (PeproTech) according to the manufacturer’s directions. Briefly, capture antibody was
applied to the plate, followed by sample, biotinylated detection antibody, avidin-horseradish
peroxidase (HRP), and finally 2,2"-azinobis[3-ethylbenzothiazoline-6-sulfonic acid]-
diammonium salt liquid substrate. Absorbance at 405 nm with correction at 650 nm was
measured every 5 min for 45 min.

Intravital Microscopy and Biodistribution with Intravenous Delivery.—Intravital
microscopy (IVM) was used to measure the distribution £, of the hydrophilic copolymers
(40T, 30T, 20T, and 10T) as described previously.81 Briefly, male C57BI/6 mice (/7= 3 per
group) were anesthetized with isoflurane and placed on the heated stage of a confocal
microscope (Nikon). The ear was cleaned, and the microscope was focused on the veins in
the ear. The mouse was injected with 100 gL Cy5-labeled copolymer solution in saline (10
mg/kg), and Cy5 fluorescence was monitored continuously. To measure f», a circular
region of interest was highlighted within the vessel and signal intensity was measured over
time within the region. The PKSolver plugin within Microsoft Excel software was used to
calculate #, using a nonlinear regression one-compartment model.82 To investigate
biodistribution, polymers were injected i.v. at 10 mg/kg, and animals were sacrificed after 10
min. Heart, lungs, kidneys, liver, and spleen were removed to a Petri dish and imaged for
Cys5 fluorescence by IVIS. Signal was measured by drawing a region of interest around each
organ and measuring the total radiant efficiency. The signal for each organ was normalized
to the total signal from all organs.

Footpad Inflammation Model.—Female and male C57BL/6 mice were used for
development of footpad inflammation to study systemic administration of DMA-co-TEMPO
copolymers. A 1% A-carrageenan solution was prepared by mixing 10 mg A-carrageenan
powder with 1 mL 0.9% saline in a sterile vial. After gentle swirling, the vial was left
uninterrupted for 16 h at room temperature. The resultant carrageenan solution (50 (L) was
injected into the rear right footpad under isoflurane anesthesia. Control animals received no
injection. After 6 h to establish inflammation, animals received an i.v. injection of saline or
treatment. Five treatment groups were compared (/7= 5-7 mice per group): no injection,
carrageenan + saline, carrageenan + Tempol, carrageenan + 40T, and carrageenan + 30T. All
TEMPO treatments were dissolved at 3.77 mM TEMPO (0.65, 2.0, and 2.63 mg/mL for
Tempol, 40T, and 30T, respectively), and the injection volume was 100 z1_.

In Vivo Measurement of ROS.—Luminol sodium salt was used to measure ROS levels
in the inflamed footpad.82 The probe was dissolved at 50 mg/mL in sterile saline and
protected from light throughout the experiment. Fifteen minutes after i.v. treatment
administration, 100 s of luminol was injected subcutaneously in the dorsal region. Signal
was allowed to develop for 15 min, and bioluminescence was imaged by IVIS.

Statistical Analysis.

All data are reported as mean = standard deviation. Student’s #test was used to determine
statistical significance between two groups. Analysis of variance (ANOVA) with a Tukey
posthoc test for multiple comparisons was used to compare three or more groups. p < 0.05
was considered significant. For the inflammatory footpad procedure, a Grubb’s test was
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performed to identify statistical outliers, and one outlier was removed from the 30T group
for the luminol measurement. All statistical analysis was performed in GraphPad Prism.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
AIBN, 2

ANOVA
CAT
CDCl4
COX2
CTA
Cy5
DMA, N
DMEM
DMF

DMFO

DMSO
DPDS
ECT
EDTA
ELISA

ELVIS

EPR

2’ -azobis(isobutyronitrile)

analysis of variance

catalase

deuterated chloroform
cyclooxygenase-2

chain transfer agent

cyanineb

N-dimethylacrylamide

Dulbecco’s Modified Eagles Medium
dimethylformamide

45,9 6-dihydroxy-6-methoxy-8-(3-oxo-but-1-enyl)-46,9 -dihydro-5-
oxa-indeno[2,1-a]inden-10-one

dimethyl sulfoxide

dipyridyldisulfide

4-cyano-4-(ethylsulfanylthiocaronyl) sulfanylpentanoic acid
ethylenediaminetetraacetic acid

enzyme-linked immunosorbent assay

extravasation through leaky vasculature and the subsequent
inflammatory cell-mediated sequestration

enhanced permeation and retention
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ESR electron spin resonance

FBS fetal bovine serum

FRAP ferric reducing antioxidant power

GPX glutathione peroxidase

H,0, hydrogen peroxide

HX hypoxanthine

i.v. intravenous

VIS in vivoimaging system

IVM intravital microscopy

logP octanol-water partition coefficient

LPS lipopolysaccharide

MAPK p38 mitogen-activated protein kinase
MSC mesenchymal stem cells

MW molecular weight

NF-xB nuclear factor x-light-chain-enhancer of activated B cells
NO* nitric oxide

Nrf2 nuclear factor erythroid 2-related factor 2
OoCI~ hypochlorite ion

OH° hydroxyl radical

Ope— superoxide

P/S penicillin/streptomycin

PBAP phenylboronic acid pinacol ester

PBS phosphate buffered saline

PCMS poly(chloromethylstyrene)

PEG poly(ethylene glycol)

PFP pentafluorophenyl

PFPA pentafluorophenyl acrylate

Plvap plasmalemmal vesicle-associated protein
POXx poly(2-oxazoline)
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PPS poly(propylene sulfide)
RA rheumatoid arthritis
RAFT reversible addition—fragmentation chain transfer
ROS reactive oxygen species
SIN-1 3-morpholinosidnonimine
SkQ1 10-(6’-plastoquinonyl)decyltriphenylphosphonium
SOD superoxide dismutase
T half-life
TBHP tert-butyl hydroperoxide
TEMPO 2,2,6,6-tetramethylpiperidine-1-oxyl
TNFa tumor necrosis factor a
VIP vasoactive intestinal peptide
XO xanthine oxidase
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Figure 1.

RAFT polymerization and post-polymerization conjugation allows for facile and precise
control of DMA-co-TEMPO copolymer synthesis. (A) Two-step synthesis scheme of
polymers by (1) RAFT polymerization of DMA and PFPA and (2) post-polymerization
substitution of TEMPO-amine for PFPA. (B) 1°F NMR confirming removal of PFPA units
on the final polymer.
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Figure 2.

DMA-co-TEMPO copolymer library represents a range of tunable molecular weights,
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hydrophobicities, and radical scavenging potentials. (A) Light scattering detector traces from

GPC indicate monodisperse populations with increasing molecular weight as TEMPO
content increases. (B) Table of characterization of DMA and PFPA composition of the

parent copolymers, M, and M, of final polymers, and polydispersity of final polymers. (C)
Reverse phase HPLC characterization shows that relative polymer hydrophobicity increases
with increasing TEMPO content. (D) ESR characterization of copolymer radical content
demonstrates active TEMPO conjugated in controllable density to the polymer backbone.
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Figure 3.

Cell-free assays demonstrate that radical activity is optimal at a 30-40% TEMPO
conjugation. (A and B) Ferric reducing power of library for polymer mass-matched (A, 0.2
mg/mL) and TEMPO dose-matched (B, 170 1M) scenarios. Polymers were dissolved or
suspended in water and incubated with the FRAP reagent to measure general reducing
power. (C and D) O,° scavenging for polymer mass-matched (C, 0.2 mg/mL) and TEMPO
dose-matched (D, 170 ¢M) scenarios. Polymers were dissolved or suspended in PBS and
incubated with hypoxanthine/xanthine oxidase + cytochrome C to measure O,°~ scavenging.
ns = not significantly different. * = significantly different from 10% to 40% TEMPO
polymers. *p< 0.05, ***p < 0.001, ****p < 0.0001.
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Figure 4.
DMA-co-TEMPO copolymers are differentially internalized by ATDCS5 cells and protect

them from SIN-1-induced cell death. (A) Cell uptake of Cy5-labeled polymers observed by
fluorescent microscopy after 24 h treatment. 40T exhibits the highest Cy5 signal. Scale bar =
25 um. (B) Cell uptake results were confirmed by ESR. Signal was normalized to inherent
TEMPO signal to control for variable backbone density of TEMPO and allow for direct
comparison between treatments. (C and D) Cytoprotection from ROS-induced cell death in
polymer mass-matched (C, 0.2 mg/mL) and TEMPO dose-matched (D, 170 pM) scenarios.
Cells were treated with 1 mM SIN-1 + treatments for 24 h, and viability was normalized to
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cells in normal media. * = significantly different from all other groups. **p < 0.005, ns = not
significantly different.
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Figure 5.

40T outperforms free Tempol and 100T in a local inflammation model. (A) Experimental
setup: mice were injected with 5 mL air to establish the air pouch, which was reinjected with
air 3 days later. Inflammatory carrageenan = treatments was injected on day 6. All
treatments were matched at a TEMPO dose of 8.48 ymol. (B) Polymer retention in exudate 6
h after carrageenan treatment. Inset = 40T copolymer compared with Tempol. Cell-laden
exudate was collected, and polymer content was measured by ESR. (C) TNF-a levels in
exudate measured by ELISA after separation of exudate fluid from exudate cells. (D) ROS
levels in air pouch exudate measured by cytochrome C. Fresh exudate was combined with
cytochrome C, and absorbance was measured on a plate reader. **p < 0.005, ***p < 0.001,

***xn < 0.0001, ns = not significantly different.
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Figure 6.
TEMPO polymerization improves ROS scavenging with systemic administration in a

footpad model of inflammation. (A) Representative 1VIS images of luminol signal in
C57/BI6 mouse paws after carrageenan injection and polymer treatment. Carrageenan
inflammation was allowed to establish for 6 h, followed by i.v. injection of treatments. All
treatments were matched at a TEMPO dose of 377 nmol. (B) Luminol signal normalized to
carrageenan + saline treated group. **p < 0.005.
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