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Abstract

The inherent antioxidant function of poly(propylene sulfide) (PPS) microspheres (MS) was 

dissected for different reactive oxygen species (ROS), and therapeutic benefits of PPS-MS were 

explored in models of diabetic peripheral arterial disease (PAD) and mechanically induced post-

traumatic osteoarthritis (PTOA). PPS-MS (∼1 μm diameter) significantly scavenged hydrogen 

peroxide (H2O2), hypochlorite, and peroxynitrite but not superoxide in vitro in cell-free and cell-

based assays. Elevated ROS levels (specifically H2O2) were confirmed in both a mouse model of 

diabetic PAD and in a mouse model of PTOA, with greater than 5- and 2-fold increases in H2O2, 

respectively. PPS-MS treatment functionally improved recovery from hind limb ischemia based on 

∼15–25% increases in hemoglobin saturation and perfusion in the footpads as well as earlier 

remodeling of vessels in the proximal limb. In the PTOA model, PPS-MS reduced matrix 

metalloproteinase (MMP) activity by 30% and mitigated the resultant articular cartilage damage. 

These results suggest that local delivery of PPS-MS at sites of injury-induced inflammation 

improves the vascular response to ischemic injury in the setting of chronic hyperglycemia and 

reduces articular cartilage destruction following joint trauma. These results motivate further 

exploration of PPS as a stand-alone, locally sustained antioxidant therapy and as a material for 

microsphere-based, sustained local drug delivery to inflamed tissues at risk of ROS damage.
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1. INTRODUCTION

Reactive oxygen species (ROS) are an important aspect of normal cell growth and 

metabolism, but when oxidant levels exceed that of cellular antioxidant potential, tissue-

damaging oxidative stress occurs.1 Some key ROS are hydrogen peroxide (H2O2), hydroxyl 

radicals (OH·), hypochlorous acid (HOCl), and superoxide anions (O2
−). Reactive nitrogen 

species such as nitric oxide (NO·) and highly reactive peroxynitrite anion (ONOO−) are also 

important reactive species that impact pathogenesis of chronic inflammatory diseases. 

Oxidants can be generated exogenously (e.g., by ultraviolet light) or produced intracellularly 

through cytosolic enzyme systems such as NADPH oxidases (NOX) and uncoupled nitric 

oxide synthase (NOS), and through normal metabolism in mitochondria and peroxisomes. 

ROS levels are kept in balance through an enzymatic antioxidant defense system composed 

of superoxide dismutase, catalase, glutathione peroxidase, and peroxiredoxins in 

combination with nonenzymatic scavengers such as flavonoids and glutathione. If ROS 

levels are too low, cellular proliferation and host defense against microbial invasion are 

impaired, while excessive ROS can cause cell and tissue damage and activate inflammatory 

signaling pathways. OH· is capable of oxidizing most biological molecules, and O2
− can 

either react directly with biomolecules or produce other ROS (H2O2 and OH·).2 H2O2 is not 

highly reactive itself, but it is an intermediate to both OH· and hypochlorite (−OCl) radical 

production.3 Similarly, NO· alone is not very reactive to nonradical species, but it can 

generate other reactive nitrogen species or combine with O2
− to form the strongly reactive 

ONOO−. Excessive production of these ROS exacerbates many inflammation-associated 

diseases through DNA damage, protein modification, lipid peroxidation, disruption of cell 

signaling, and causing cell death. These consequences of oxidative stress make ROS a 

potentially valuable therapeutic target for diseases such as diabetic peripheral arterial disease 

(PAD) and post-traumatic osteoarthritis (PTOA) whose progression is tightly tied to 

oxidative stress.4–9

PAD is a common comorbidity of diabetes,7,8 with oxidative stress providing a key link 

between diabetes and vascular dysfunction.8,10 There are several mechanistic connections 

between diabetic vascular dysfunction and oxidative stress. The function of endothelial 

progenitor cells needed for vasculogenesis is damaged by chronic oxidative stress11 as are 
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many intracellular signaling pathways. Post-translational modification of extracellular-

signal-regulated kinase-5 (ERK5) by H2O2 impairs its anti-inflammatory activity in 

endothelial cells.12 Excess O2
− can modify and impair the function of the transcription 

factor hypoxia-inducible factor 1 (HIF-1), negatively affecting signaling pathways critical to 

vasculogenesis.13 Increased levels of O2
− also contribute to decreased bioavailability of 

endothelium-derived NO· because of its reaction with O2
−, forming the strong and cytotoxic 

oxidant ONOO−.14 ONOO− has significant, negative roles in endothelial dysfunction, loss of 

endothelial NO synthase (eNOS) activity, and downstream generation of additional ROS.
14–16 Because of the complexity of the pathways through which diabetes impairs 

angiogenesis and arteriogenesis, it is logical to pursue new PAD therapies that target an 

upstream factor such as overproduction of ROS.

In PTOA, osteoarthritis develops following joint injuries such as dislocation, ligament/

meniscal tears, and fractures that trigger inflammation. The presence of lipid peroxidation 

products and nitrotyrosine in biological fluids and tissue of patients with OA suggests that 

ROS play a role in cartilage degradation and may be a viable therapeutic target.17,18 The role 

of ROS in PTOA progression is also supported by the observation that chondrocytes in 

articular cartilage produce abnormal levels of ROS in response to mechanical stress and to 

stimulation with inflammatory cytokines and chemokines, as well as lipid-derived 

inflammatory mediators.19,20 In addition to classical signaling molecules, chondrocytes 

produce inflammation-propagating ROS such as NO· and O2
−,21 which in turn generate 

derivative radicals including ONOO−, H2O2, and −OCl.5 Recent studies highlight the 

importance of H2O2 in the onset of OA,22 where high levels of H2O2 cause the 

hyperoxidation of peroxiredoxins, which inhibits peroxiredoxin antioxidant function and 

exacerbates ROS-induced tissue damage. Oxidative stress can contribute to PTOA by driving 

breakdown of extracellular components such as proteoglycans and collagens by increasing 

production of proteases19,20 as well as the direct depolymerization of hyaluronic acid. In the 

setting of OA, ROS are also utilized as a “secondary messenger” in proinflammatory 

signaling pathways; for example, excessive ROS, in particular H2O2, can result in the 

formation of cysteine sulfenic acid residues (Cys-SOH). Cys-SOH can lead to production of 

cartilage-damaging matrix metalloproteinase (MMP)-13 through the oxidation/reduction of 

cysteines involved in the MAP kinase JNK-2 pathway.21 The role of ROS in many 

inflammatory pathways that propagate PTOA has been confirmed, which indicates the 

potential for therapeutic scavenging of ROS to halt PTOA progression.

One approach to alleviating oxidative stress is delivery of the recombinant form or synthetic 

analogs of endogenous antioxidant enzymes such as catalase and superoxide dismutase 

which detoxify H2O2 and O2
−, respectively. For example, preclinical studies have 

demonstrated improvement of vascular function and response to ischemia through treatment 

with catalase and superoxide dismutase (SOD) mimetics in models with elevated ROS 

production.13,23–25 However, these antioxidant treatments are often administered via 

systemic injection or in drinking water, which requires multiple administrations. Sustained 

delivery depots may be more effective, convenient, and safe for patients with localized 

disease such as PAD and PTOA, and will help to minimize off-target effects that can occur 

such as impairment of the mitochondrial electron transport chain in healthy tissues.26,27 

Several particle-based systems have been employed to improve delivery of native SOD and 
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catalase enzymes28–32 including a hybrid system consisting of SOD conjugated to 

polysulfide-containing micelles.33 Recently, polymeric systems including nanoparticles,34 

hydrogels,26 and pH-responsive microparticles have been employed for delivery of nitroxide 

radicals that mimic the function of SOD in scavenging O2
−.35

Previously, we demonstrated the utility of an ROS-responsive, H2O2-scavenging 

microsphere system for delivery of hydrophobic drugs such as the anti-inflammatory and 

antioxidant molecule curcumin from a local depot (Figure S1).36 This system is based on 

poly(propylene sulfide) (PPS), which undergoes a phase change from a hydrophobic to a 

hydrophilic state upon oxidation,37 permitting on-demand release of encapsulated drug.38,39 

Blank PPS microspheres (PPS-MS) containing no drug scavenged ROS in vitro (Figure 

S1A) and in ischemic muscle (Figure S1B), although unloaded PPS-MS did not functionally 

improve the vascular response to ischemia in young mice with short-term hyperglycemia.36 

The antioxidant properties of PPS have also been explored in a hydrogel formulation, where 

PPS served as an ROS sink and protected cells from cytotoxic levels of H2O2.39 In the 

present work, we more comprehensively define the antioxidant properties of PPS for a range 

of ROS types and therapeutically test blank PPS-MS in a more severe, long-term diabetic 

animal model of PAD and a model of mechanically induced PTOA.

2. MATERIALS AND METHODS

2.1. Materials

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) except the 

following. Propylene sulfide (>96%) was purchased from Acros Organics through Fisher 

Scientific (Pittsburgh, PA, USA) and was purified by distillation over CaH2 powder just 

before polymerization. Amplex Red Hydrogen Peroxide/Peroxidase Assay kit was 

purchased from Thermo Fisher Scientific (Molecular Probes, Waltham, MA, USA). 

Peroxynitrite was purchased as a solution in 0.3 M sodium hydroxide from Cayman 

Chemical (Ann Arbor, MI, USA). Amplite Fluorimetric Hypochlorite Assay kit was 

purchased from AAT Bioquest (Sunnyvale, CA, USA). Hypochlorite Detection Kit was 

purchased from Cell Technology (Fremont, CA 94538). Nitric Oxide Assay Kit 

(Colorimetric) was purchased from Abcam (Cambridge, MA, USA). Promega Celltiter Glo 

Luminescent Cell Viability Assay Kit was purchased from Fisher Scientific.

2.2. Microsphere Synthesis

2.2.1. Synthesis of Poly(propylene sulfide) (PPS)—PPS was prepared as previously 

described39 by anionic ring opening polymerization of propylene sulfide using DBU/1-

buthanethiol. Briefly, in a hot air-dried and nitrogen flushed 100 mL flask, 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU) (4.5 mmol, 0.673 mL) in dry tetrahydrofuran (THF) 

(25 mL) was degassed for 30 min, and the reaction mixture was cooled to 0 °C. To this flask 

was added dropwise a previously degassed solution (30 min) of 1-butanethiol (1.5 mmol, 

0.161 mL) in THF (20 mL), and the solution was allowed to react for 30 min. Later, freshly 

distilled and degassed propylene sulfide (120 mmol, 9.39 mL) was added to the reaction 

mixture, and the temperature was maintained at 0 °C for 30 min. The polymerization was 

carried out for another 1.5 h at room temperature and quenched by addition of 2-iodoethanol 
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(2 mmol, 0.40 g). On the next day, the polymerization mixture was filtered to remove 

precipitated salt, and the filtered polymer solution was concentrated under vacuum. The 

crude polymer in dichloromethane (5 mL) was purified by three precipitations into cold 

methanol and dried under high vacuum to yield a colorless viscous polymer. 1H NMR (400 

MHz; CDCl3, δ): = 1.3–1.4 (s, CH3), 2.5–2.8 (s, −CH), 2.8–3.1 (s, CH2), 3.72 (t, CH2−OH).

2.2.2. Characterization of PPS—PPS was characterized for structure, molecular weight, 

and polydispersity as described previously.36,39 The number-average molecular weight (Mn) 

and polydispersity (PDI) of PPS were assessed by gel permeation chromatography (GPC, 

Agilent Technologies, Santa Clara, CA, USA) using dimethylformamide (DMF) + 0.1 M 

lithium bromide mobile phase at 60 °C through three serial Tosoh Biosciences TSKGel 

Alpha columns (Tokyo, Japan). An Agilent refractive index (RI) and Wyatt miniDAWN 

TREOS light scattering (LS) detector (Wyatt Technology Corp., Santa Barabara, CA, USA) 

were used to calculate absolute molecular weight based on dn/dc values experimentally 

determined through a refractometer. The chemical structure of the PPS was confirmed by 1H 

nuclear magnetic resonance (NMR) recorded in CDCl3 with a Brüker 400 MHz 

spectrometer.

2.2.3. Microsphere Fabrication and Characterization—PPS-MS were prepared 

using the oil-in-water (O/W) emulsion solvent evaporation method40,41 as described 

previously.36 Briefly, PPS (60 mg) was ultrasonicated (Cole-Parmer, USA) in chloroform (1 

mL) until completely dissolved to form the oil (O) phase. The O phase was then added 

dropwise into 1% (w/v) aqueous poly(vinyl alcohol) (PVA) solution (7 mL) and emulsified 

using an Ultra-Turrax TP 18–10 homogenizer (Janke and Kunkel KG, IKA-WERK) at 

20,000 rpm for 1 min. The emulsion was transferred to a round-bottom flask and subjected 

to high vacuum (∼635 mmHg) using a rotary evaporator (Rotavapor RII, BUCHI, 

Switzerland) for 1 h to remove the chloroform. Microspheres were then recovered by 

centrifuging the remaining aqueous solution at 7500xg for 8 min. The microspheres were 

then washed once with deionized water to remove excess PVA. Lastly, the microspheres 

were lyophilized (Labconco Freezone 4.5, USA) prior to storage. Microspheres were 

characterized for size and morphology by scanning electron microscopy (SEM, Hitachi 

S-4200, Hitachi Ltd., Tokyo, Japan). The microspheres were suspended in a water drop and 

placed on a double sided carbon tape attached to an aluminum stub, air-dried, then sputter-

coated with gold for 60 s. Microsphere size was quantified from SEM images using ImageJ 

1.43u software (Freeware, NIH, Bethesda, MD) to measure the diameter of >600 

microspheres.

2.3. Degradation and ROS Scavenging Activity of PPS in Vitro

2.3.1. PPS Degradation by ROS in Vitro—The degradation of PPS with various ROS 

was characterized using GPC. PPS was dissolved in a solution of THF and diH2O (50/50) at 

a concentration of 10 mg/mL. H2O2, −OCl, and SIN-1 were added to polymer solutions at 

various concentrations. ROS-treated PPS samples were incubated 24 h on a shaker at 37 °C. 

ROS-treated PPS samples were then lyophilized and dissolved in DMF + 0.1 M lithium 

bromide. Samples were filtered and assessed by GPC using the system described above. 

Further 1H NMR characterization of the treated PPS samples was performed with a Brüker 
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400 MHz spectrometer after the samples were lyophilized and reconstituted in CDCl3. PPS 

and oxidized PPS peaks were quantified based on previous literature.38 Percent oxidized 

PPS was quantified and used to determine the ROS concentration that resulted in oxidation 

of 50% of the polymer, or “oxidant concentration 50” (OC50).

2.3.2. PPS-MS Degradation by ROS in Vitro—Degradation of PPS-MS with exposure 

to different ROS was visualized using microscopy. PPS-MS were suspended at a 

concentration of 1 mg/mL in PBS in chambered cover glass. Microsphere samples were 

incubated with PBS, 1250 mM H2O2, 500 mM NaOCl, or 50 mM SIN-1 for 24 h at 37 °C. 

Following this incubation, microspheres were visualized using microscopy on a Nikon 

Eclipse Ti inverted microscope (Nikon Instruments Inc., Melville, NY).

2.3.3. Hydrogen Peroxide Scavenging in Vitro—H2O2-scavenging activity of the 

PPS-MS was verified in vitro using an Amplex Red Hydrogen Peroxide/Peroxidase Assay 

kit from Thermo Fisher Scientific (Molecular Probes, Waltham, MA, USA) according to the 

manufacturer’s instructions. One hundred microliters H2O2 was prepared as the reaction 

solution. H2O2 was added to wells in a black-walled, 96-well plate containing either PBS or 

PPS-MS (final PPS-MS concentration ranging from 0.25 to 1.5 mg/mL). The samples were 

incubated at 37 °C for 1 week, a time scale previously shown to be appropriate for the 

reaction of PPS with H2O2.37 The Amplex Red working solution was freshly prepared as 

described by the manufacturer using the included Amplex Red, horseradish peroxidase, and 

1× reaction buffer. The working solution was added to the wells, and fluorescence was 

measured in a plate reader at 30 min with an excitation of 530 nm and an emission of 590 

nm.

2.3.4. Peroxynitrite Scavenging in Vitro—The ability of PPS-MS to scavenge ONOO− 

was tested in vitro using a Pyrogallol Red (PGR) bleaching assay.42 Treatment groups 

consisting of PBS, PPS-MS (0.5–1.5 mg/mL), and ascorbic acid (positive control, pH 

adjusted to 7.4) were prepared in a 48-well plate with 500 μL volume per well. A PGR stock 

solution was prepared in PBS (0.025 μM), and 10 μL was added to each well. ONOO− stock 

solution was thawed on ice and diluted to a concentration of 1 mM in 0.3 M NaOH. After 

baseline absorbance of the dye was measured in a plate reader at 540 nm, 5 μL of ONOO− 

was added to each well (final concentration of 10 μM) and absorbance measurements began 

immediately and were collected for 1 h.

2.3.5. Hypochlorite Scavenging in Vitro—PPS-MS scavenging of −OCl was measured 

in vitro using a fluorimetric −OCl assay kit. One hundred microliters of PPS-MS in PBS 

were added to a 96-well plate at various concentrations ranging from 0.25 to 1 mg/mL. One 

hundred microliters of 10 mM NaOCl was added to wells containing PPS-MS or PBS. The 

plate was incubated for 10 min at 25 °C on a shaker. Following the incubation, 50 μL of each 

solution was transferred to a black-walled 96-well plate. Fifty microliters of −OCl assay 

mixture (200 × Oxirite Hypochlorite Sensor +5 mL Assay Buffer) was added to each well. 

Fluorescence intensity in the wells was measured in a plate reader with an excitation of 540 

nm and an emission of 590 nm.
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2.3.6. Nitrite Scavenging in Vitro—PPS-MS scavenging of nitrite was measured in vitro 

using a colorimetric nitric oxide assay kit. Eighty-five microliters of 1 mg/mL PPS-MS in 

PBS was added to a 96-well plate. Five nmol nitrite was added to wells containing PPS-MS 

or PBS. The plate was incubated at room temperature for 1 h. Five microliters of enhancer 

was added to all wells followed by the addition of 50 μL of Griess Reagent 1 and 50 μL of 

Greiss Reagent 2. Absorbance was immediately measured at 540 nm.

2.3.7. Superoxide Scavenging in Vitro—In vitro O2
− scavenging activity of the PPS-

MS was evaluated using a dihydroethidium (DHE) fluorescence assay. The scavenging of 

O2
− by PPS-MS (1, 0.5, and 0.1 mg/mL) was investigated using an O2

−-generating, cell-free 

enzymatic system containing 0.046 U/ml xanthine oxidase (XO) and 0.2 mM xanthine (X) 

in a black-walled, 96-well plate containing 10 μM DHE (final concentration). The 

fluorescence intensity was measured in a plate reader (Tecan Group Ltd., Mannedorf, 

Switzerland) over a time frame of 1.5 h with an excitation of 405 nm and an emission of 570 

nm. The reaction of DHE with O2
− forms a specific fluorescent product, 2-OH-ethidium 

(2OH-E), and the selected excitation/emission wavelengths provide optimal specificity for 

measuring O2
−.43,44 Specificity of the assay for O2

− detection was confirmed using bovine 

SOD (20 U/mL) as a positive control treatment in a well containing X/XO and DHE.

2.4. PPS-MS Scavenging of ROS in Vitro in LPS-Stimulated Macrophages

2.4.1. PPS-MS Scavenging of Cellular Hydrogen Peroxide—RAW 264.7 cells were 

seeded at 500,000 cells/well in 24-well plates in phenol red-free DMEM supplemented with 

10% FBS and ciprofloxacin and were allowed to adhere overnight. Cells were treated for 1 h 

with PPS-MS in fresh DMEM, and 1 μg/mL of LPS was then added prior to an additional 24 

h of incubation. Control groups consisted of cells without LPS stimulation and stimulated 

cells with no microsphere treatment. After 24 h of stimulation, 50 μL of cell supernatant was 

collected and H2O2 levels were measured with an Amplex Red assay using the 

manufacturer’s instructions as described above.

2.4.2. PPS-MS Scavenging of Cellular Hypochlorite, Hydroxyl Radicals, And 
Peroxynitrite—RAW 264.7 cells were seeded at 50,000 cells/well in 96-well plates in 

phenol red-free DMEM supplemented with 10% FBS and ciprofloxacin and were allowed to 

adhere overnight. Cells were treated for 1 h with PPS-MS in fresh DMEM, and 1 μg/mL of 

LPS was added prior to an additional 24 h of incubation. Control groups consisted of cells 

without LPS stimulation and stimulated cells with no microsphere treatment. After 24 h of 

stimulation, cells were washed with PBS and then incubated with 5 mM aminophenyl 

fluorescein (APF) in phenol red-free, serum-free DMEM for 25 min. Cells were washed 

with PBS, and fresh phenol red-free, serum-free DMEM was added to the cells. APF 

intracellular fluorescence (linked with presence of −OCl, OH·, and ONOO−) was measured 

on a plate reader at 30 min following media exchange (Ex/Em 488/550 nm).

2.4.3. PPS-MS Scavenging of Multiple Cellular ROS—RAW 264.7 cells were seeded 

at 75,000 cells/well in 12-well plates in DMEM supplemented with 10% FBS and 

ciprofloxacin and were allowed to adhere overnight. Cells were treated for 1 h with PPS-MS 

in fresh DMEM medium, and 1 μg/mL of LPS was then added prior to an additional 24 h of 
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incubation. Control groups consisted of cells without LPS stimulation and stimulated cells 

with no microsphere treatment. After 24 h of stimulation, cells were washed with PBS and 

then incubated with 5 μM H2-DCFDA in phenol-red free, serum-free DMEM for 25 min. 

Cells were washed with PBS and harvested in PBS. Intracellular fluorescence, which 

corresponds to levels of ONOO−, OH·, and several other ROS,45 was measured via flow 

cytometry (FACSCalibur, BD Biosciences) and analyzed using FlowJo software.

2.4.4. PPS-MS Cytotoxicity—RAW 264.7 cells were seeded at 50,000 cells/well in a 96-

well plate in DMEM supplemented with 10% FBS and ciprofloxacin and allowed to adhere 

overnight. Cells were treated for 24 h with PPS-MS in fresh DMEM. Cells were washed 

once with PBS +/+. One hundred microliters of PBS +/+ was added to all wells followed by 

the addition of 100 μL of CellTiter-Glo reagent prepared according to the manufacturer’s 

instructions. The plate was mixed on a shaker at room temperature for 2 min, incubated at 

room temperature for 10 min, and then read for luminescence using IVIS (Lumina Series III, 

PerkinElmer) imaging.

2.5. In Vivo Experiments

2.5.1. Diabetes Model Development—Two variations on a Type 1 diabetes model were 

assessed prior to selecting the model for the therapeutic studies. In both variations, male 

FVB mice (Jackson Laboratory) were given daily intraperitoneal injections of streptozotocin 

(STZ, 50 mg/kg) for 5 consecutive days after a 5 h fast.46 The first group was given STZ at 9 

weeks of age and was hyperglycemic for 5 weeks prior to surgical induction of ischemia. 

The second group was also given STZ at 9 weeks of age, but surgery was delayed until 15 

weeks of hyperglycemia to assess the effects of more chronic hyperglycemia and advanced 

age, characteristics that are more representative of diabetic PAD in humans. The two groups 

are respectively referred to as the “younger cohort–5 weeks diabetic” and “older cohort–15 

weeks diabetic”. Nondiabetic mice that were age-matched to the younger and older cohorts 

at the time of surgery were included to assess the effects of hyperglycemia in each variation 

of the model. In all groups, glucose levels were measured at the onset of hyperglycemia 

following the STZ treatment and again at the time of surgery. Mice with glucose levels 

consistently above 300 mg/dL were considered diabetic.

2.5.2. Mouse Hind Limb Ischemia Model—After 5 or 15 weeks of hyperglycemia, 

hind limb ischemia (HLI)47 was surgically induced in diabetic and age-matched nondiabetic 

mice as described previously.36 Briefly, the femoral artery and vein of the right hind limb 

were ligated with 6–0 sutures proximal to the origins of the superficial epigastric artery and 

deep branch of the femoral artery and at a distal site, proximal to the vessels that branch 

from the femoral artery near the knee. Major side branches were also ligated with 6–0 

sutures before the ligated segment of the femoral artery and vein was excised. The incision 

was closed with interrupted 5–0 nylon sutures. In therapeutic experiments, treatments were 

injected intramuscularly in the ischemic limb immediately following closure of the skin 

incision. Treatment injections (n = 20 mice received saline, n = 17 mice received 1.2 mg of 

PPS microspheres) were administered in a total volume of 100 μL divided among 3 injection 

sites in the adductor muscle and 3 injection sites in the gastrocnemius muscle in order to 

treat the entire ischemic region. Surgery was performed under isoflurane anesthesia at 
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normal body temperature. Analgesia was administered subcutaneously preoperatively and 

every 24 h postoperatively until animals exhibited normal appearance and behavior (5–10 

mg/kg ketoprofen). Mice were fed a standard chow diet ad libitum with free access to water. 

All diabetes and HLI protocols were approved by the Institutional Animal Care and Use 

Committee of Vanderbilt University and done in accordance with the National Institute of 

Health’s Guide for the Care and Use of Laboratory Animals.

2.5.3. ROS Measurement in Extracted Muscle Tissue—After 14 days of HLI, the 

gastrocnemius muscles were extracted immediately postmortem, and dissected pieces of 

tissue were weighed and transferred into Krebs HEPES Buffer (pH 7.35) on ice. Amplex 

Red working solution was prepared using components from the Molecular Probes Amplex 

Red Hydrogen Peroxide/Peroxidase Assay kit as follows: 1 vial of Amplex Red (154 μg) 

was dissolved in 60 μL DMSO and added to 11.82 mL of Krebs HEPES Buffer along with 

120 μL of horseradish peroxidase (from a stock solution of 10 U/ml in 0.05 M sodium 

phosphate at pH 7.4). Three hundred microliters of working solution was added to each well 

in a 48-well plate. Tissue samples were transferred into the Amplex Red solution and 

incubated in the dark for 1 h at 37 °C. Tissue samples weighing approximately 20 mg were 

used to ensure H2O2 diffusion out of the tissue. A series of dilutions of H2O2 from 15 μM to 

0 μM was prepared in a black-walled 96-well plate at the same time that the tissue 

incubation began. After 1 h, 150 μL of solution from each sample was transferred to the 

black 96-well plate, and Amplex Red fluorescence was measured on an IVIS imaging 

system (Lumina Series III, PerkinElmer) with 530/590 nm excitation/emission filters. Tissue 

hydrogen peroxide concentration was normalized to tissue mass, and ischemic limb values 

were normalized to the contralateral control muscle for each animal (n = 4–5 mice/group).

2.5.4. Hyperspectral Imaging of Hemoglobin Oxygen Saturation in HLI—
Hemoglobin oxygen saturation (HbSat) was measured in the footpads of the hind limbs 

using hyperspectral imaging as described previously36,48 at days 0, 3, 7, 14, 21, and 28 

postsurgery. Briefly, diffuse reflectance images were collected in the visible light range from 

500 to 620 nm in 8 nm increments using a liquid crystal tunable filter (CRi, Inc.) mounted 

on a cooled CCD camera (Andor, 1392 × 1040 pixel) with a variable focal length camera 

lens (Navitar, f = 18–108 mm). Illumination was provided by a halogen lamp. HbSat was 

calculated for each image pixel using a modified version of Beer’s law.48–50 Average HbSat 

values were computed for each footpad, and the ischemic footpad HbSat was normalized to 

that of the contralateral footpad for each animal.

2.5.5. Perfusion Imaging in HLI—Perfusion images of the footpads were acquired at 

days 0, 3, 7, 14, 21, and 28 postsurgery with a laser Doppler perfusion imager (LDPI) 

(Perimed PeriScan PIM II). An average perfusion value was computed for each footpad, and 

the ischemic footpad perfusion was normalized to that of the contralateral footpad for each 

animal.

2.5.6. Intravital Imaging of Vascular Remodeling in HLI with Optical Coherence 
Tomography—At 0, 3, 7, 14, 21, and 28 days postsurgery, the hind limb vasculature in the 

adductor and gastrocnemius muscle regions was imaged using a swept-source optical 

O’Grady et al. Page 9

ACS Biomater Sci Eng. Author manuscript; available in PMC 2019 April 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



coherence tomography (OCT) system as described previously.36,51 The OCT system has a 

100 kHz source with a center wavelength of 1060 nm (Axsun Technologies, Inc.). Speckle 

variance OCT volumes were acquired noninvasively through the skin in 4 mm × 4 mm areas 

covering the two muscle regions, and average intensity projections in depth were used to 

visualize all vessels detected within the imaged volume. After image processing was 

performed to enhance contrast and enable vessel segmentation,51,52 morphological 

parameters including vessel area density (total area filled by vessels/total area of imaged 

region) and vessel length fraction (total vessel length/total area of imaged region) were 

quantified.

2.5.7. Post-Traumatic Osteoarthritis Model—For PTOA experiments, 18 C57BL/6 

mice (Jackson Laboratory) of equivalent weight (<10% variance) at 10 weeks of age were 

divided into three different treatment groups: Normal, PBS control, and PPS-MS. The mice 

in the normal group did not receive any treatment and served as a nonloaded control. 

Animals in the other two groups received an intra-articular injection of 50 μL of PBS or 

PPS-MS suspension (2.6 μg/mL) in the left knee joint. The injections were given 24 h prior 

to exposure to mechanical loading. The PTOA model of noninvasive repetitive joint loading 

was induced by subjecting the left knee joint of mice (anesthetized with 3% isoflurane) to 40 

cycles of compressive mechanical loading at 9 N. This procedure was repeated three times 

per week over a period of 2 weeks using conditions adapted from previous studies.53,54 All 

procedures in this PTOA study were performed according to protocols and experimental 

procedures approved by the Institutional Animal Care and Use Committee of the University 

of Tennessee Center for the Health Sciences.

2.5.8. ROS Measurement in Knee Joints in OA Model—The Amplex Red assay was 

used to confirm the presence of oxidative stress (specifically H2O2) in the PTOA model in 6 

C57BL/6 mice. Three mice received mechanical loading on both knees, and three mice 

received no loading. At 14 days after the first joint loading procedure, the knee joint was 

excised immediately post-mortem, and excess muscle was removed (6 knee joints per 

group). Tissue was cut from the distal femur and proximal tibia to yield ∼200 mg of tissue. 

Upon excision, knee joints were placed in Kreb’s HEPES Buffer (pH 7.35) on ice until 

assayed (assay began immediately following excision of all knee joints). Amplex Red 

working solution was prepared as described above (2.5.3). Knee joints were transferred into 

the Amplex Red solution (500 μL of working solution per well) and incubated in the dark for 

1 h at 37 °C. A series of dilutions of H2O2 from 15 to 0 μM was prepared in a black-walled 

96-well plate at the same time that the tissue incubation began. After 1 h, 150 μL of solution 

from each sample was transferred to the black 96-well plate, and Amplex Red fluorescence 

was measured on an IVIS imaging system (Lumina Series III, PerkinElmer) with 530/590 

nm excitation/emission filters.

2.5.9. Assessment of Cartilage Damage and Matrix Metalloproteinase (MMP) 
Activity in PTOA—At the completion of the two-week loading period, mice in the PTOA 

experimental groups were injected retro-orbitally with a 100 μL composite mixture of 50 μL 

of monoclonal antibody to type II collagen (MabCII680) labeled with XenoFluor 680 

fluorescent dye (XF680; PerkinElmer, Waltham, MA), and 50 μL of 1 nM MMPSense 750 
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FAST Fluorescent Imaging Agent (MMP750) (PerkinElmer, Waltham, MA), a substrate that 

fluoresces when enzymatically cleaved by MMPs. After 24 h, the mice were euthanized, 

skin was removed from the legs, and the knee joints were optically scanned for MabCII and 

MMP750 fluorescence using a Lumina XR (PerkinElmer, Waltham, MA). MabCII680 

detects cartilage damage due to selective binding to exposed CII (which is not accessible in 

healthy articular surfaces), and MMP750 was used to assess MMP activity in vivo.55 The 

fluorescence in each knee joint was quantified using Living Image 4.0 software to calculate 

the region of interest (ROI) and graphed as radiant efficiency (photons/sec/cm2/str)/(μW/

cm2).

The imaging results were quantified by selecting the region of interest (ROI) defined as the 

affected, fluorescent area of the knee compared to the total area of the knee joint. The 

affected region was measured both in terms of cartilage damage (MabCII680) and MMP 

activity (MMP750). The results are expressed in terms of average ROI that represents 

observations obtained from the whole group. This reduced the possibility of sampling bias 

while selecting the ROI. Previously, we have shown that ROIs measured with this method 

also correspond to the histological score for OA.54

2.5.10. Measurement of Total Nitric Oxide Levels in PTOA—Blood samples were 

collected from anesthetized mice in the PTOA experiment just prior to euthanasia and 

clotted at room temperature. They were then centrifuged for 10 min at 1500 rpm, and serum 

was collected. The sera were stored at −80 °C until analysis for total nitric oxide (NO) levels 

by directed Griess reaction using a total NO (Nitrate/Nitrite) assay kit (Cayman Chemical, 

MN).

2.6. Statistical Analysis

All data are reported as mean ± standard error of the mean (SEM). An Analysis of Variance 

(ANOVA) with a posthoc Tukey test for multiple comparisons was used to determine 

treatment effects for comparisons between multiple groups (in vitro and in PTOA model). 

For comparisons between only two groups (HLI model), a Wilcoxon Rank Sum test was 

used. For longitudinal imaging end points in the HLI model, an ANOVA general linear 

model (GLM) analysis was performed using the RMS package in R to model the response 

curves and compare treatment effects at each time point. p < 0.05 was considered significant 

for all analyses.

3. RESULTS

3.1. Microsphere Synthesis and Characterization

3.1.1. Synthesis and Characterization of PPS—PPS was synthesized by anionic 

polymerization of propylene sulfide as described previously39 and depicted in Figure 1A. 

The polymer structure was confirmed by 1H NMR spectra recorded in CDCl3 (Figure 1B): 

1.3–1.4 (s, CH3), 2.5–2.8 (s, −CH), 2.8–3.1 (s, CH2), 3.72 (t, CH2−OH). The molecular 

weight and polydispersity of PPS as determined by GPC were Mn = 6700 g/mol and PDI = 

1.1, respectively (Figure 1C).
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3.1.2. Microsphere Characterization—PPS-MS were characterized for size and 

morphology by SEM (Figure 1D and Figure S2). Measurements of microsphere diameters in 

SEM images resulted in an average diameter of 1.09 ± 0.46 μm (mean ± SD, n > 600) and a 

diameter range of 0.30 to 5.27 μm. Subsequent batches of PPS-MS had average diameters 

and ranges of 1.10 ± 0.46 μm and 0.2–3.15 μm, 1.13 ± 0.52 μm and 0.18–2.8 μm, and 1.11 

± 0.62 μm and 0.14–4.5 μm, respectively.

3.2. Oxidative Degradation of PPS and ROS-Scavenging in Vitro

3.2.1. PPS Polymer is Oxidized at Different Rates by Various ROS in Vitro—The 

oxidation of PPS in free polymer form by different ROS was detected using 1H NMR 

(Figure 2A). 1H NMR of PPS exposed to H2O2 (1250 mM) showed a shift in PPS peaks that 

correlates with oxidized PPS (Figure 2Aii). −OCl (500 mM) completely degraded PPS and 

no PPS peaks remained in the NMR spectrum (Figure 2Aiii). ONOO− generated by SIN-1 

(50 mM) caused the appearance of oxidized PPS peaks, similar to exposure to H2O2, but did 

not completely oxidize PPS under the conditions tested (Figure 2Aiv). PPS is differentially 

sensitive to oxidation by these different ROS as determined by 1H NMR analysis (Figure 

S3). The concentrations that caused 50% oxidation of PPS are 711 mM and 211 mM for 

H2O2 and NaOCl, respectively (Figure S3A, B), and a SIN-1 concentration of 50 mM 

caused 15% oxidation of PPS relative to baseline (Figure S3C).

GPC was used to detect changes in molecular weight and polydispersity after incubation of 

the polymer with H2O2, −OCl, and ONOO− (generated by SIN-1). The chromatograms in 

Figure 2B show shifts in the molecular weight of PPS incubated with these ROS in 

comparison to a control polymer sample (Figure 2Bi). H2O2 (1250 mM) oxidation of PPS 

caused a shift in the GPC peak (Figure 2Bii). −OCl (500 mM) breaks sulfur–carbon bonds in 

the PPS, resulting in a disappearance of larger PPS polymer chains visualized by a lack of 

elution peak at high equivalents of −OCl (Figure 2Biii). However, at lower equivalents of 
−OCl, there was a decrease in molecular weight and an increase in polydispersity of the 

polymer chains (data not shown). ONOO− generated by SIN-1 (50 mM) had little detectable 

effect on PPS molecular weight as measured by GPC under the conditions tested (Figure 

2Biv).

3.2.2. PPS-MS are Degraded by Multiple ROS in Vitro—The degradation of PPS-MS 

was assessed upon exposure to H2O2, −OCl, and ONOO− (SIN-1) (Figure 2C). Compared to 

a control microsphere sample (Figure 2Ci), H2O2 (1250 mM) and NaOCl (500 mM) caused 

complete dissolution of the microspheres (Figure 2Cii-iii). ONOO− generated by SIN-1 (50 

mM) also significantly disrupted the microsphere structure, but what appear to be highly 

swollen microspheres or aggregates of the polymeric byproduct remained visually apparent 

in the samples (Figure 2Civ). A similar swollen microparticle appearance was observed after 

incubating PPS-MS with lower concentrations of H2O2 (data not shown), suggesting that the 

lower concentration of SIN-1 affected the microspheres but that oxidation/microsphere 

degradation was less complete because of the lower ONOO− dose achievable using 

commercially available reagents.
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3.2.3. PPS-MS Scavenge Hydrogen Peroxide, Peroxynitrite, and Hypochlorite 
but Not Nitrite or Superoxide in Vitro—The H2O2-scavenging activity of PPS-MS was 

confirmed using Amplex Red. Treatment of a 100 μM H2O2 solution with PPS-MS for 1 

week significantly reduced Amplex Red fluorescence in a microsphere dose-dependent 

manner (Figure 3A) (one-way ANOVA, p < 0.001). Pyrogallol Red can be used to measure 

ONOO−, as it is bleached by ONOO−, and this bleaching effect can be reduced or inhibited 

by antioxidant compounds such as ascorbic acid.42 In the presence of PPS-MS, PGR was 

protected from bleaching in a dose-dependent manner with absorbance measured 

immediately following addition of ONOO− (Figure 3B, one-way ANOVA p < 0.0001). 

Ascorbic acid was tested as a positive control and resulted in only 2% relative bleaching 

(nearly complete protection for PGR from ONOO−) (data not shown). The −OCl-scavenging 

activity of PPS-MS was confirmed using a fluorimetric −OCl assay. Treatment with PPS-MS 

significantly reduced −OCl levels in vitro after 10 min of incubation (Figure 3C, p < 0.001). 

A nitric oxide assay kit utilizing Griess Reagent was used to determine whether PPS-MS 

scavenge nitrite (Figure S4A), and the results showed no change in nitrite levels compared to 

a PBS control. A DHE assay was used to determine whether PPS-MS scavenge O2
−. The 

assay results showed no change in DHE fluorescence with PPS-MS treatment in comparison 

to an untreated O2
− solution (Figure S4B, C). A decrease in DHE fluorescence was observed 

with treatment with SOD as a positive control, confirming the veracity of the assay and that 

O2
− is not scavenged by PPS-MS. DHE fluorescence was tracked over time to show an 

increase in O2
− (produced by the X/XO system) in the no treatment and PPS-MS groups, 

whereas no increase in DHE fluorescence was detected in the SOD control group (Figure 

S4C).

3.3. PPS-MS Reduces ROS in LPS-Activated Macrophages in Vitro

3.3.1. PPS-MS Reduce Hydrogen Peroxide Levels in Activated Macrophages—
An Amplex Red assay was used to measure extracellular H2O2 secreted by RAW cells 

activated with LPS. Treatment of activated RAW cells with PPS-MS significantly reduced 

H2O2 levels at doses ranging from 100 to 400 μg/mL (p < 0.001) relative to activated, 

untreated cells (Figure 4A). Furthermore, the H2O2 levels in PPS-MS-treated cells were 

statistically equivalent to ROS levels in nonactivated RAW cells (p > 0.05).

3.3.2. Measurement of PPS-MS Effects on Multiple Cellular ROS—APF, a 

derivative of fluorescein that is sensitive to −OCl, OH·, and ONOO−, was used to measure 

the effect of PPS-MS on intracellular ROS. PPS-MS doses ranging from 100 to 400 μg/mL 

significantly reduced APF fluorescent signal compared to the LPS-stimulated, no-treatment 

control (Figure 4B, p < 0.001).

Flow cytometry quantification of general ROS detected by the DCFDA dye confirmed that 

PPS-MS reduced intracellular ROS levels in activated RAW cells (Figure 4C). DCFDA 

fluorescence was significantly reduced in activated RAW cells treated with PPS-MS in a 

dose-dependent manner for doses of 200 to 400 μg/mL (p < 0.05). DCFDA reacts with a 

variety of ROS, including ONOO− and OH·.45
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3.3.3. PPS-MS are Cytocompatible—PPS-MS treatment retained greater than 80% cell 

viability at a dose 5 times the maximum dose used for ROS assays (2000 μg/mL compared 

to 400 μg/mL) (Figure S5). Cell viability using a CellTiter Glo assay showed minimal loss in 

cell viability with doses of PPS-MS 50–400 μg/mL (Figure S5).

3.4. Diabetic Peripheral Arterial Disease Model Development

To select a model for therapeutic studies with PPS microspheres, we compared the response 

to ischemic injury for 5 weeks of hyperglycemia in younger mice and 15 weeks of 

hyperglycemia in an older cohort. Age-matched, nondiabetic mice were included in both the 

younger (∼15 weeks old at time of surgery) and older (∼25 weeks old at time of surgery) 

cohorts. Longitudinal recovery of hemoglobin oxygen saturation (HbSat) in the footpads 

was measured using hyperspectral imaging. In the younger cohort, the diabetic mice 

responded to ischemia with an “overshoot” response in comparison to age-matched, 

nondiabetic mice (at days 14, 21, and 28). This response peaked at day 14 and was followed 

by regression in the HbSat ratio. In contrast, the older diabetic cohort did not exhibit this 

overshoot response, and the HbSat ratio slowly recovered, peaking at day 28. The HbSat 

ratio for the long-term diabetic group was significantly lower than that for the younger mice 

with 5 weeks of diabetes at days 0 (p < 0.05) and 14 (p < 0.01) (Figure S6A). In terms of the 

footpad perfusion ratio measured by LDPI, the younger cohort showed an early overshoot 

response in the diabetic compared to nondiabetic, age-matched mice. In a manner similar to 

the HbSat response, this overshoot peaked early in the time course (day 7) and was followed 

by regression of the LDPI ratio. In the older cohort of mice, the recovery of perfusion was 

blunted, and the older diabetic mice had significantly lower perfusion than the younger 

diabetic mice at days 7 (p < 0.001) and 14 (p < 0.01) (Figure S6B). After observing this 

impaired functional recovery from ischemia and larger “therapeutic window” in the older, 

long-term diabetic group, this model of chronic hyperglycemia was selected for evaluating 

the effects of antioxidant therapy on HLI.

3.5. H2O2 is Elevated in Diabetic Mice with Ischemia and in Mechanically Induced PTOA

Elevated ROS was confirmed in the HLI model with prolonged hyperglycemia (15 weeks of 

diabetes) and in the PTOA model using the Amplex Red assay. Tissue H2O2 was measured 

in freshly excised gastrocnemius muscles in mice with HLI and in excised knee joints with 

and without OA. In the HLI model, H2O2 was elevated in the ischemic gastrocnemius 

muscle relative to control limbs in both diabetic and nondiabetic mice at day 14 postsurgery 

(Figure 5A, ischemic/control ratios >1). The relative H2O2 level was significantly greater in 

the muscle of diabetic mice than that of nondiabetic mice (p < 0.05). In the PTOA model, 

H2O2 was significantly increased in injured knees after 2 weeks of loading compared to 

control knees (Figure 5B).

3.6. PPS-MS Treatment of Hind Limb Ischemia in Long-Term Hyperglycemic Mice

3.6.1. PPS-MS Treatment Improves Distal (footpad) Response to HLI—
Hemoglobin oxygen saturation was measured in the footpads of diabetic mice treated with 

saline or PPS-MS at the time of hind limb ischemia surgery (Figure 6A). A t-test performed 

on the GLM of the longitudinal response curves showed that the PPS-MS and saline-treated 
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groups differed significantly from days 19 to 28 (p < 0.05) (Figure 6A, raw data in Figure 

S7A). The perfusion ratio was also measured to assess the effect of microsphere treatment 

on the response to ischemia (Figure 6B). At day 14, the perfusion ratio for the PPS-MS 

group was significantly greater than that of the saline group (p < 0.05) (Figure S7B). 

Similarly, a t test performed on the longitudinal response curves generated by the GLM 

analysis confirms that perfusion ratios were significantly higher for the microsphere-treated 

group compared to the saline group for the latter half of the time course (p < 0.05, days 19–

28) (Figure 6B).

3.6.2. Noninvasive Imaging of Hind Limb Vascular Morphology Changes in 
Response to Therapy—Speckle variance OCT51,52 was used to image the longitudinal 

vascular response to PPS-MS therapy in the ischemic adductor and gastrocnemius muscle 

regions (Figure 6C–F). Representative time course images from one animal in each 

treatment group are shown for the adductor and gastrocnemius regions in Figure S8, and 

images for four animals from each group are provided for day 7 in Figure S9. Qualitatively, 

vascular morphology in the adductor looked similar among the treatment groups at the start 

and end of the time course, with an apparent increase in vessel density in the microsphere-

treated group relative to the saline group at intermediate time points such as day 7 (Figure 

S9), suggesting that PPS-MS treatment accelerated recovery to a consistent steady state. In 

the gastrocnemius muscle, there was greater variability in vessel density at early and 

intermediate time points compared to the end of the time course, and vascular remodeling 

was lagging in the saline group (Figures S8 and S9).

In the adductor muscle, vessel area density (Figure S10A) and vessel length fraction (Figure 

S10C) were significantly greater in microsphere-treated group at day 7 (p < 0.01). GLM 

analysis of the longitudinal response in the adductor also revealed significant increases in 

vessel area density (Figure 6C) and vessel length fraction (Figure S10E) in the PPS-MS 

group relative to the saline group during the second and third weeks postsurgery.

In the gastrocnemius muscle, vessel area density was significantly lower in the saline-treated 

group from day 0 through day 14 relative to the PPS-MS group (p < 0.05) (Figure S10B). 

Similarly, vessel length fraction in the gastrocnemius muscle was significantly lower in the 

saline group for days 0 through 7 (p < 0.05) (Figure S10D). GLM analysis of the 

longitudinal response in the gastrocnemius also indicated that there were significant 

differences in vessel area density (Figure 6D) and vessel length fraction (Figure S10F) 

between the treatment groups over similar ranges in time.

3.6.3. PPS-MS Treatment Reduces Cartilage Damage and MMP Activity in 
PTOA—IVIS imaging was used to analyze the effects of PPS-MS treatment on the PTOA 

mouse model as the fluorescence signal for MabCII680 and MMP750 correspond directly to 

cartilage damage and MMP activity, respectively (Figure 7A). MMPSense is an MMP 

cleavable probe that uses a quenched fluorophore that emits fluorescence after cleavage. 

MabCII is a collagen II-specific, fluorescently tagged antibody that preferentially binds to 

exposed collagen II on damaged articular cartilage. No fluorescence signal was observed for 

the normal animals without mechanical loading (Figure 7A). However, intense fluorescence 

signal from both reporters was observed for mice that received mechanical loading and 

O’Grady et al. Page 15

ACS Biomater Sci Eng. Author manuscript; available in PMC 2019 April 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



treatment with PBS. Significant decreases in fluorescence signal from MabCII680 (Figure 

7B) and MMP750 (Figure 7C) were observed for the mechanically loaded mice treated with 

PPS-MS (p < 0.05). These results suggest treatment of mice with PPS-MS attenuated the 

cartilage damage and MMP activity as compared with the group treated with PBS alone.

3.6.4. Systemic Nitric Oxide Levels Are Reduced with PPS-MS Treatment in 
PTOA Model—Mechanical stress is well-known to play a part in the pathogenesis of OA 

by inducing oxidative stress.56 In previous studies, higher concentrations of total NO 

(nitrites and nitrates) have been found in the blood of patients with arthritis.57 Therefore, the 

oxidative stress was measured by examining the total NO level in serum in all three groups 

(Figure 7D). It is evident that PPS-MS treatment significantly attenuated the oxidative stress 

after mechanical loading when compared to the PBS-treated group (p < 0.05).

4. DISCUSSION

Transient or low levels of ROS contribute to cell signaling that promotes both homeostasis 

under normal conditions and repair following injury. However, chronic or high levels of ROS 

can be detrimental to vascular function15,58,59 and preservation of tissue such as articular 

cartilage following injury.19,60 Therefore, we explored the therapeutic effects of a local 

depot of antioxidant PPS-based microspheres in models of diabetic PAD and PTOA. In these 

disease models, oxidative stress is present for at least 2 weeks (Figure 5), and sustained 

therapy without repeated injections would be beneficial. PPS was selected as the polymer for 

the microspheres because it scavenges H2O2 (Figure 3A), ONOO− (Figure 3B), and −OCl 

(Figure 3C), protects cells from H2O2-induced toxicity,36,39 and can be used to deliver 

hydrophobic therapeutic molecules via ROS-responsive drug release.36 PPS-MS treatment 

also reduces extracellular H2O2 (Figure 4A) and intracellular −OCl, OH·, and ONOO− 

(Figure 4B, C) in LPS-stimulated macrophages. The concept of targeting multiple ROS has 

been previously demonstrated in vitro in a hybrid polymer–enzyme nanocarrier system.33 

However, micron-sized particles are large enough to form a stable depot that is retained in 

the tissue interstitium without significant diffusion away from the injection site. In previous 

work, we have demonstrated that PPS-MS remain as a localized depot in ischemic and 

healthy hind limb muscle tissue for a minimum of 21 days.36 Others have shown that 1 μm 

sized particles have greater retention than smaller, nanosized particles in the intra-articular 

space of the knee joint, remaining detectable in the joint for greater than 14 days.61 

Furthermore, targeting a particle size of approximately 1 μm enables preferential uptake by 

phagocytic immune cells, targeting the antioxidant effect to the relevant inflammation-

associated cells.36 Therefore, fabrication of particles in this size range was targeted in order 

to achieve a combination of both intracellular and extracellular ROS scavenging, which is 

important for optimal cell and tissue protection from oxidative stress.62 Additionally, as we 

have previously established, PPS-MS can be extended to achieve locally sustained drug 

release.36

In the context of vascular disease models, the inhibition of ROS in healthy animals has 

shown that ROS are key players in angiogenesis during normal recovery.15,63,64 This effect 

is believed to be due to the roles of H2O2 in stimulating migration and proliferation in 

endothelial cells63,64 and the role of NADPH oxidase-derived ROS in modulating VEGF-A 
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expression and vascular smooth muscle cell proliferation.15 In fact, infusion of the H2O2 and 

ONOO− scavenger ebselen reduces perfusion recovery and capillary density,63 and 

otherwise healthy mice lacking the gp91phox (Nox2) subunit of NADPH oxidase have 

impaired neovascularization.15,59,63 However, studies using preclinical models of chronic 

oxidative stress (i.e., aged, diabetic animals) have demonstrated the potential for antioxidant 

treatment to improve neovascularization and vascular function in these situations that better 

reflect aged human pathology.13,15,24,65,66 Diabetes is a known risk factor for atherosclerosis 

and is associated with increased prevalence of PAD,67 so the development of more effective 

treatments for mitigating vascular dysfunction is of significant interest. Scavenging ROS 

with superoxide dismutase and/or catalase mimetics is a promising approach, but to date 

these treatments have generally been administered systemically in preclinical models.13,24,68 

In contrast, PPS microspheres36 administered as a localized ROS-scavenging therapeutic 

treatment offer the opportunity to avoid off-target effects in tissues with physiologically 

appropriate levels of ROS.58

Prior to evaluating the effect of the PPS-MS on recovery from HLI, we compared the 

response to HLI in younger mice with 5 weeks of presurgical hyperglycemia to older mice 

with 15 weeks of hyperglycemia prior to surgery. The duration of hyperglycemia prior to 

experimental manipulation varies among previously reported studies of the vascular 

response to ischemia;13,15,65,66,69 however, the effects of diabetes on vascular function have 

been shown to be disease-duration-dependent.70–72 Susceptibility to STZ and the severity of 

the resulting hyperglycemia and other symptoms varies with mouse strain,73 so we used 

FVB mice, which are susceptible to robust, persistent hyperglycemia after a low dose STZ 

protocol and have demonstrated improved neovascularization with antioxidant and anti-

inflammatory therapies.65,66 After induction of HLI, an “overshoot” response was observed 

in footpad hemoglobin saturation and perfusion ratios in the younger diabetic group, but not 

in the age-matched nondiabetic group or the older groups (Figure S6). The overshoot 

response followed by regression is similar to that observed in diabetic C57BL6/J mice which 

had more pronounced vessel growth and vessel rarefaction phases in comparison to 

nondiabetic controls.69 In contrast, the older cohort of mice in the current study showed a 

slower rate of recovery from ischemia. Additionally, the mice with 15 weeks of diabetes 

showed significant oxidative stress in the ischemic gastrocnemius muscle (Figure 5A). 

Taken together, these results indicate that the mice in the older cohort with 15 weeks of 

diabetes have a significant “therapeutic window” for reducing oxidative stress in the muscle 

and improving the vascular response to HLI at early time points. Therefore, this model of 

diabetic PAD was selected to evaluate the therapeutic effect of PPS-MS.

The functional effects of PPS-MS were evaluated in the diabetic HLI model using perfusion, 

hemoglobin oxygen saturation, and vessel morphology as end points. PPS-MS were injected 

at the time of injury, because ROS levels increase rapidly in this model of PAD (elevated 

ROS in the muscle by day 1 postsurgery).36 Although some amount of ROS is beneficial to 

angiogenesis15 and too much ROS scavenging could be detrimental,59,63 the antioxidant 

PPS-MS improved functional recovery from HLI in our long-term diabetic model. In mice 

treated with PPS-MS, there were significant increases in HbSat and perfusion in the footpads 

(Figure 6A, B and Figure S7) as well as earlier vessel remodeling in the adductor and 

gastrocnemius (Figure 6C–F, Figure S8–S10) in comparison to saline-treated mice. 
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Observation of these functional benefits suggest that PPS-MS are promising for targeting 

local oxidative stress and improving the vascular response to ischemia in mice with 

prolonged hyperglycemia.

Similarly, PPS-MS have promise for localized oxidative stress reduction in PTOA. OA is a 

complex disease process that occurs over a long period of time, but it begins with early 

focal, superficial lesions in the articular cartilage followed by the loss of proteoglycans and 

breakdown of cartilage collagen. Type II collagen is present in meniscal and articular 

cartilages but is inaccessible to antibodies in the normal, healthy joint. IVIS imaging of the 

binding of type II collagen antibody in the mechanically loaded knee confirms that 

significant degradation of knee joint cartilage occurs in the context of mechanical loading, 

leading to the unmasking of the type II collagen (Figure 7A, B). This is in agreement with 

our previous observations that MabCII680 binding correlates with the histological score for 

OA.54 The presence of active MMP levels in the joint is suggestive that the MMP enzymes 

secreted by the synovium or the chondrocytes themselves might play a role in this 

unmasking. A member of the MMP family, MMP-13 (collagenase-3), is the primary enzyme 

responsible for the degradation of type II collagen in the cartilage matrix in osteoarthritic 

cartilage.74

The ROS generated in response to mechanical injury regulate expression of numerous genes 

involved in immune and inflammatory responses including MMP-13.60 Our results showed 

that mechanical loading causes cartilage destruction, increased MMP activity (Figure 7A–

C), and oxidative stress (Figure 5B). Furthermore, systemic NO levels increased 

significantly after repeated mechanical loading cycles (Figure 7D). Previous studies have 

implicated oxidative stress in the pathogenesis and progression of OA.19 In the current work, 

we show that treatment of knee joints with an intra-articular injection of PPS-MS 

significantly attenuated cartilage damage and MMP activity in the PTOA model (Figure 7). 

In this proof-of-concept preclinical study, PPS-MS were injected 1 day prior to initiation of 

mechanical loading injury, and the results of this study suggest that targeting early oxidative 

stress in PTOA with a local depot of chondroprotective PPS-MS can attenuate further 

cartilage degradation by decreasing MMP activity and total NO production. Impeding OA at 

its early stages is crucial in building an effective therapeutic regime against OA,75 so clinical 

translation of an antioxidant therapy such as PPS-MS would ideally consist of intervention 

as soon as possible following joint injury.

5. CONCLUSIONS

There is a significant need for long-lasting and well-controlled therapies for inflammatory 

diseases such as diabetic PAD and PTOA. Two decades of clinical trials have yielded 

inconsistent outcomes and no new Food and Drug Administration-approved therapies for 

PAD.76 Additionally, there are currently no pharmacological treatments for OA that treat the 

underlying molecular cause of disease.77 In this work, oxidation-sensitive PPS was used to 

formulate microspheres for local antioxidant therapy. The microspheres are capable of 

scavenging multiple ROS including H2O2, −OCl, and ONOO−, which are implicated in 

disease progression. In vivo studies demonstrated that PPS-MS provide improvements in 

multiple functional measures of vascular recovery in a diabetic PAD model as well as 
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impede progression of cartilage damage in a PTOA model. These collective results suggest 

that targeting ROS in these models is an effective therapeutic strategy. In sum, the results 

establish PPS-MS as a promising stand-alone therapy or as a drug delivery vehicle that may 

synergize with PTOA and diabetic PAD therapeutics.
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Figure 1. 
Characterization of the PPS polymer and microspheres. (A) Synthesis of poly(propylene 

sulfide) by anionic polymerization. (B) 1H NMR spectrum for PPS polymer. (C) Average 

molecular weight (Mn = 6700 g/mol) and polydispersity (PDI = 1.1) of the PPS were 

assessed by GPC. (D) The size distribution of the PPS-MS was measured with SEM, and the 

mean diameter and diameter range were 1.09 ± 0.46 μm and 0.30–5.27 μm, respectively.
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Figure 2. 
Oxidation of PPS in the presence of various ROS species. (A) 1H NMR of PPS after 24 h of 

exposure to different types of ROS media. (B) GPC traces of PPS polymer (dotted trace) and 

oxidized PPS polymer (solid trace) 24 h after ROS exposure. (C) Visualized degradation of 

PPS-MS in the presence of H2O2, −OCl (NaOCl), and ONOO− (SIN-1) at 24 h after 

exposure to ROS. Scale bar = 10 μm. For columns A–C, row (i) represents PBS control, (ii) 

is treatment with H2O2, (iii) is treatment with −OCl, and (iv) is treatment with ONOO− 

(SIN-1).
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Figure 3. 
PPS-MS exhibit antioxidant properties for multiple types of ROS. (A) PPS-MS significantly 

reduce Amplex Red fluorescence in a microsphere dose-dependent manner following 1 week 

of incubation with 100 μM H2O2 (one-way ANOVA, p < 0.001, *significant posthoc 

comparisons). (B) PPS-MS protect PGR from bleaching by ONOO− in a dose-dependent 

manner (one-way ANOVA p < 0.0001, *significant posthoc comparisons). PGR absorbance 

was measured immediately after the addition of ONOO−. (C) PPS-MS scavenge −OCl dose-

dependently (one-way ANOVA p < 0.001, *significant posthoc comparisons). −OCl levels 

were measured after 10 min of exposure.
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Figure 4. 
PPS-MS reduce ROS in LPS-stimulated RAW macrophages. (A) PPS-MS significantly 

reduce secreted H2O2 in stimulated RAW macrophages measured by Amplex Red (one-way 

ANOVA p < 0.05, *significant posthoc comparison). (B) PPS-MS scavenge intracellular 
−OCl and other ROS in a dose-dependent manner (one-way ANOVA p < 0.05, *significant 

posthoc comparisons). (C) PPS-MS reduce multiple ROS species as measured by DCFDA, 

and the response is dose dependent (one-way ANOVA p < 0.05, *significant posthoc 

comparisons). In all cell experiments, RAW macrophages were treated for 1 h with PPS-MS 

followed by the addition of LPS. After 24 h of incubation with PPS-MS and LPS, ROS 

levels were measured. Data presented as mean ± SD.

O’Grady et al. Page 27

ACS Biomater Sci Eng. Author manuscript; available in PMC 2019 April 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
H2O2, measured with Amplex Red, is elevated in two disease models of injury. (A) Tissue 

H2O2 levels in ischemic gastrocnemius muscles excised from diabetic and age-matched 

nondiabetic mice. The mice with 15 weeks of diabetes had a greater increase in relative 

H2O2 levels in the gastrocnemius muscle compared to nondiabetic mice. Additionally, H2O2 

was elevated in the ischemic limb relative to the control limb (ischemic/control ratio >1) in 

both the nondiabetic and diabetic mice. n = 4–5 mice/group. *p < 0.05 for nondiabetic vs 

diabetic mice. (B) Tissue H2O2 levels in knee joints from mice with and without load-

induced osteoarthritis. H2O2 levels were significantly elevated in knees with OA compared 

to healthy knees. n = 6 knees/group (3 mice), mean ± SD, **p < 0.01 for OA vs healthy 

knees.
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Figure 6. 
HbSat, perfusion, and vessel density were increased in the ischemic limb of diabetic mice 

treated with PPS-MS. (A) Analysis of the GLM curves for the HbSat response showed a 

significantly greater HbSat ratio for the PPS-MS treated group for days 19–28. (B) Analysis 

of the GLM curves for the perfusion ratio showed a significant difference between the two 

treatment groups for days 19–28. (C–F) Vessel morphology parameters were quantified from 

OCT images of the adductor and gastrocnemius muscle regions. Analysis of the GLM 

curves for vessel area density shows that the two groups differ significantly (C) from days 4–

21 in the adductor and (D) from days 0–17 in the gastrocnemius. (E, F) OCT images of the 

vasculature from Day 7 (images are projections of all vessels present in a volume acquired 

over a 4 mm × 4 mm area). (*p < 0.05, n = 17–20/group for days 0–7 and n = 6–7/group for 

days 14–28.).
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Figure 7. 
PPS-MS reduce knee damage in PTOA. Mice were mechanically loaded (ML) unilaterally in 

the left knee and then optically imaged in vivo for binding of MabCII680 and evaluation of 

MMP activity 2 weeks post-initiation of injury. (A) Optical imaging of normal control mice 

and unilateral PTOA mice treated with PBS or PPS-MS (RK, right knee; LK, left knee). (B, 

C) Quantitative optical imaging of MabCII bound to damaged cartilage and MMP activity in 

left knee joint shows significant decreases with PPS-MS treatment. (D) PPS-MS have an 

inhibitory effect on total NO production in the PTOA mouse model, as shown by levels of 

total NO measured in sera of treated mice 2 weeks postinitiation of injury. (Data are 

expressed as mean ± SD, *p < 0.05, n = 6/group.)
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