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Abstract
Introduction—Oxidative stress due to excess reactive oxygen
species (ROS) is related to many chronic illnesses including
degenerative disc disease and osteoarthritis. MnTnBuOE-2-
PyP5+ (BuOE), a manganese porphyrin analog, is a synthetic
superoxide dismutase mimetic that scavenges ROS and has
established good treatment efficacy at preventing radiation-
induced oxidative damage in healthy cells. BuOE has not
been studied in degenerative disc disease applications and
only few studies have loaded BuOE into drug delivery
systems. The goal of this work is to engineer BuOE
microparticles (MPs) as an injectable therapeutic for long-
term ROS scavenging.
Methods—Methacrylated chondroitin sulfate-A MPs (vehi-
cle) and BuOE MPs were synthesized via water-in-oil
polymerization and the size, surface morphology, encapsu-
lation efficiency and release profile were characterized. To
assess long term ROS scavenging of BuOE MPs, superoxide
scavenging activity was evaluated over an 84-day time
course. In vitro cytocompatibility and cellular uptake were
assessed on human intervertebral disc cells.
Results—BuOE MPs were successfully encapsulated in
MACS-A MPs and exhibited a slow-release profile over
84 days. BuOE maintained high potency in superoxide
scavenging after encapsulation and after 84 days of incuba-
tion at 37 �C as compared to naked BuOE. Vehicle and
BuOE MPs (100 lg/mL) were non-cytotoxic on nucleus
pulposus cells and MPs up to 23 lm were endocytosed.
Conclusions—BuOE MPs can be successfully fabricated and
maintain potent superoxide scavenging capabilities up to 84-
days. In vitro assessment reveals the vehicle and BuOE MPs
are not cytotoxic and can be taken up by cells.

Keywords—Antioxidant, Oxidative stress, SOD mimic, Drug

delivery, Degenerative disc disease.

ABBREVIATIONS

BuOE MnTnBUOE-2-PyP5+

ROS Reactive oxygen species
SOD Superoxide dismutase
CS-A Chondroitin sulfate-A
MACS-A Methacrylated chondroitin sulfate-A
MP Microparticle
NP Nucleus pulposus

INTRODUCTION

Oxidative stress due to excess reactive oxygen spe-
cies (ROS) contribute to the pathogenesis and pro-
gression of chronic illnesses. The accumulation of
cellular damage caused by ROS over a person’s lifes-
pan are key drivers of the mechanisms in age-related
diseases83 such as degeneration of intervertebral discs61

and articular cartilage,33 which are highly linked to
conditions such as chronic low back pain22,87 and
osteoarthritis,10,11 respectively. Globally, up to 23% of
the population suffer from low back pain35 and 3.8%
suffer from knee osteoarthritis21 and these diseases are
the leading causes of pain and disability world-
wide.21,78 Hence, there is a need for long-lasting
treatments that can effectively treat degenerative joint
diseases to alleviate orthopedic pain. Instead of tar-
geting the etiological factors such as ROS, most clini-
cal treatments focus on managing pain with physical
therapy, opioid prescriptions, and non-steroidal anti-
inflammatory drugs (NSAIDs). Unfortunately,
NSAIDs can have complications9,49,64,72,82 and only
have short-term efficacy; therefore, requiring repeated
doses. For orthopedic diseases that do not respond to

Address correspondence to Rebecca A. Wachs, Department of

Biological Systems Engineering, University of Nebraska-Lincoln,

4240 Fair St, Lincoln, NE 68583-0900, USA. Electronic mail: re-

becca.wachs@unl.edu

Cellular and Molecular Bioengineering, Vol. 15, No. 5, October 2022 (� 2022) pp. 391–407

https://doi.org/10.1007/s12195-022-00744-w

BIOMEDICAL
ENGINEERING 
SOCIETY

1865-5025/22/1000-0391/0 � 2022 The Author(s) under exclusive licence to Biomedical Engineering Society.

391

http://orcid.org/0000-0001-5735-6284
http://crossmark.crossref.org/dialog/?doi=10.1007/s12195-022-00744-w&amp;domain=pdf


pain-relief medications, invasive surgery to treat the
painful degenerated disc (lumbar discectomy) or knee
(knee arthroplasty) is performed, which is expensive
and can have adverse effects.12,32,79 Thus, minimally
invasive treatments that target the underlying biologi-
cal mechanisms of the disease, such as oxidative stress
and ROS, are needed.

ROS are defined as molecules containing oxygen
and one or more unpaired electrons. Primarily, ROS
are byproducts of mitochondrial respiration and in-
clude superoxide (O2

�.), hydroxyl (OH.) and hydrogen
peroxide (H2O2). These reactive molecules are capable
of damaging lipid membranes, proteins and DNA but
also serve as a crucial signaling molecule for cellular
metabolism, differentiation, and proliferation.58 Under
normal conditions, endogenous antioxidant enzymes
such as superoxide dismutase (SOD) and catalase
convert ROS into less harmful species to regulate a
healthy oxidative balance and protect cells from
oxidative damage.39 However, in diseased states,
decreased antioxidant levels and overproduction of
ROS surpass the capacity of the natural defense
mechanisms, resulting in oxidative stress.8 Excess ROS
cause oxidative damage by oxidizing proteins, lipids,
and DNA beyond the cell repair mechanism and
activating apoptotic signaling pathways which can lead
to cell death.57,67 Further, high levels of ROS trigger
local cells to produce pro-inflammatory cytokines such
as tumor necrosis factor-alpha (TNF-a)17 and inter-
leukin-1-beta (IL-1b)59 which causes mitochondrial
damage and consequently, more ROS production46

and aggravation of the disease pathology.26,61 In knee
osteoarthritis, activation of ROS-sensitive transcrip-
tion factors such as nuclear factor kappa-B (NF-jB),
activator protein-1 (AP-1), specificity protein (SP)-1
and hypoxia inducible factor (HIF)-1a can lead to
cartilage remodeling and synovium inflammation.33

Oxidative stress in the intervertebral disc activates
pathways such as the NF-jB and mitogen-activated
protein kinase (MAPK) pathway, which can lead to
inflammation and matrix degradation.30 Based on
evidence that ROS plays a crucial role in oxidative
damage, inflammation and disease progression,
antioxidant therapy that scavenges excess ROS has
gained attention for the treatment of oxidative stress-
related diseases, such as knee osteoarthritis and
degenerative disc disease.

Native antioxidant enzymes such as SOD are not
ideal therapeutic agents due to their poor stability,
inability to cross cell membranes, and short half-life
in vivo.38,60 Thus, researchers have developed synthetic
antioxidants that imitate the activity and characteris-
tics of endogenous antioxidant enzymes to address
these drawbacks. One example is manganese por-
phyrin, a synthetic SOD mimic that actively scavenge

O2
�.5,25 and exhibits self-renewal properties due to the

ability of the manganese core to both donate and ac-
cept electrons.5 A specific type of manganese por-
phyrin, MnTnBuOE-2-PyP5+ (BuOE) potently
scavenges O2

.� while also activating nuclear factor
erythroid 2–related factor (Nrf2), a transcription fac-
tor that upregulates production of endogenous
antioxidants86 to help further reduce ROS and restore
oxidative balance.38 BuOE is also able to regulate
cellular inflammation by blocking NF-jB activation in
chondrocytes, thereby inhibiting proinflammatory cy-
tokine production and reducing inflammation.19 In
vivo, topical application of BuOE is also effective at
reducing inflammation and prevented itching in an
allergic dermatitis mouse model,7 and is currently
being investigated to treat cancer75 and aortic valve
sclerosis.2 BuOE has cleared a myriad of toxicology
and safety testing28,65 and is currently undergoing
Phase I and II clinical trials as a protector for healthy
tissues against radiation-induced oxidative damage
during cancer radiation therapy (ClinicalTrials.gov ID
NCT02655601, NCT03608020, NCT03386500).18,48,55

The non-toxic and anti-inflammatory properties of
BuOE combined with its strong antioxidant capacity
make it an ideal therapeutic for oxidative-stress related
diseases which exhibit chronic inflammation. No pre-
vious works have investigated the potential of BuOE as
a therapeutic for degenerative disc disease.

Despite great promise of using BuOE as an
antioxidant and anti-inflammatory drug, adverse ef-
fects such as decreased blood pressure were observed
after systemic injection into rodents69,70 and dogs.28 In
addition, systemically delivered drugs may not reach
targeted tissues with limited blood supply, such as the
intervertebral disc.24 To overcome these side effects,
microparticle drug delivery systems with tunable bio-
material degradation and release kinetics have been
developed.27,51 Microparticles (MPs) directly injected
into local tissue typically retain at the site of admin-
istration42,47,66 and have longer residence time com-
pared to solution or free suspension delivery13; thus,
reducing the need for repeated dosing. Further, MPs
can be exploited for intracellular or extracellular tar-
geting due to their size range between 1 and 100 lm.
Polymeric MPs have been developed for other syn-
thetic antioxidants,56 but no previous studies have
reported microparticle systems for manganese por-
phyrins. Therefore, the overarching goal of this
research is to develop BuOE MPs as potential long-
term therapeutic to relieve oxidative stress in degen-
erative disc disease and osteoarthritis.

In this work, we have successfully loaded BuOE into
methacrylated chondroitin sulfate-A (MACS-A)
microparticles for proposed long-term ROS scaveng-
ing. We characterized encapsulation efficiency, release
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profiles and long-term superoxide scavenging activity
of BuOE MPs and conducted in vitro experiments to
assess cytocompatibility and cellular uptake.

METHODS

Fabrication of BuOE MPs

Chondroitin Sulfate-A Methacrylation

BuOE is highly cationic in nature and because of
this property it can easily be loaded into anionic
chondroitin sulfate-A (CS-A) MPs via electrostatic
interactions. CS-A are glycosaminoglycans and a na-
tive component of extracellular matrix in cartilaginous
tissues, such as knee cartilage63 and intervertebral
discs.73 CS-A MPs have been previously used for
growth factor delivery,29 and as a natural biomaterial
for drug delivery and tissue engineering scaffolds.84 We
adapted techniques from Lim et al54 to fabricate cross-
linkable methacrylated chondroitin sulfate-A (MACS-
A) MPs for BuOE delivery. Chondroitin sulfate was
chemically-modified through a methacrylation pro-
cess62,68,74 to synthesize cross-linkable monomers for
microparticle formation. Briefly, 125 mg/mL Chon-
droitin sulfate-A (CS-A) (Sigma-Aldrich, C9819) was
dissolved in ultrapure water overnight at room tem-
perature. 10 mL of methacrylic anhydride (Sigma-Al-
drich, 276685) was added in 1 mL increments into the
dissolved chondroitin sulfate-A solution on ice while
maintaining pH 8–10 with 5 M sodium hydroxide. The
solution was stirred at 4 �C for 16 h then precipitated
in acetone (Fisher Scientific, A18-20) at a 1:20 MACS-
A:acetone volume ratio. The methacrylated CS-A
(MACS-A) precipitate was filtered through a Q5
medium porosity filter paper (Fisher Scientific, 09–790-
2G) a in Buchner funnel, (VWR, 89038-128) and
reconstituted in ultrapure water for approximately
24 h. Once fully dissolved, MACS-A was purified
through a 10,000 dalton molecular weight cutoff
(MWCO) dialysis cassette (ThermoFisher, 87733)
against ultrapure water for 72 h at room temperature
with dialysate changes every 12 h to remove any
unreacted MACS-A. After dialysis, the final MACS-A
product was obtained after 72 h of lyophilization
(FreeZone benchtop freeze dryer, Labconco). Proton
nuclear magnetic resonance (1H- NMR) spectroscopy
using a Bruker Avance 600 MHz spectrometer was
used to determine successful CS-A methacrylation. To
prepare samples for NMR, lyophilized MACS-A
(10 mg/mL) was dissolved in deuterium oxide (Sigma,
1133660100) overnight. 1H-NMR spectrum was ana-
lyzed using TopSpin 3.6.1 software (Bruker). Degree of
methacrylation was calculated by comparing the inte-
gral area under peak CS-related proton peaks ~ 1.84

ppm to methyl methacrylate peak ~ 1.91 ppm.81

MACS-A with methacrylation percentages ranging
from 112.1 to 134.5 were used to fabricate MPs in this
study (Supplemental Fig. 1).

Vehicle and BuOE MP Fabrication

Figure 1 shows an overview of the MP fabrication
process and an illustration of a MACS-A MP with
encapsulated BuOE. MACS-A MPs were formed by
single water-in-oil emulsion and free radical polymer-
ization. BuOE was provided by Dr. Rebecca Oberley-
Deegan from University of Nebraska-Medical Center.
First, 126.4 mg/mL MACS-A was fully reconstituted
overnight at 4 �C in 1X phosphate buffered saline (1X
PBS) with dissolved 3.0 mg BuOE. Vehicle MPs are
unloaded MPs and were fabricated with MACS-A
dissolved in pure 1X PBS without BuOE. Ammonium
persulfate (0.3 M, Sigma, A3678) and tetramethylene-
diamine (0.3 M, Sigma, T7024) were freshly prepared
in ultrapure water then mixed into the MACS-A
solution at 0.0682:1 volume ratio to MACS-A. To
create a water-in-oil emulsion, this aqueous mixture
was pipetted dropwise into cold 100% corn oil in a
conical flask and dispersed through homogenization at
2000 rpm (T25 Digital S001 LR, IKA) with a 18G
dispersing tool (IKA, 593400) for five minutes. The
flask was subsequently sealed, and the emulsion was
bubbled under nitrogen gas to remove atmospheric
oxygen which can react with free radicals and prevent
cross-linking. Under this inert environment, MACS-A
polymerization was initiated by heating the emulsion
in a 50 ± 5 �C water bath. Polymerization continued
for 35 min with a constant agitation rate of 50 rpm on
a magnetic stir plate. The cross-linked MPs were re-
trieved by separating the corn oil through centrifuga-
tion at 3000 rpm (Sorvall ST40 Centrifuge and TX-
1000 Swing Bucket Rotor). MPs were washed three
times with ultrapure water and repeated centrifugation
to remove residual corn oil. After washes, aliquots of
MP solution were removed for size and BuOE encap-
sulation efficiency analysis. The remaining MP solu-
tion was lyophilized for 72 h and stored at � 20 �C.

Vehicle and BuOE MP Characterization

BuOE Encapsulation and Polymerization Efficiency

An absorbance assay was used to estimate the
encapsulation efficiency of BuOE. Aliquots of BuOE
MPs removed after MP fabrication were pipette into a
clear bottomed black 96 well plate in triplicate and the
absorbance was measured at 455 nm using an area
scan mode in a microplate reader and Gen5 software
(Synergy H1, BioTek). BuOE solutions at known
concentrations (100–1000 lg/mL) were prepared and
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absorbance was measured at 455 nm using a micro-
plate reader. The absorbance was plotted as a function
of BuOE concentration to generate a standard curve
and linear regression for calculating the amount of
BuOE encapsulated in the MPs. Vehicle MPs were
included as blanks. Based on the standard curve, the
calculated BuOE concentration in mg/mL of the BuOE
MPs were multiplied to the final volume of MP solu-
tion to obtain the total weight of encapsulated BuOE.
To obtain the encapsulation efficiency, the weight of
BuOE was divided over the weight of BuOE added
during fabrication then multiplied by 100%. To
determine MACS-A polymerization efficiency, lyo-
philized MPs were weighed and divided by the initial
MACS-A weight then multiplied by 100%.

Vehicle and BuOE MP Size Quantification

To quantify MP size, vehicle MPs and BuOE MPs
were stained with 1, 9-dimethylmethylene blue
(DMMB, Biocolor, B1005) to provide good contrast
for imaging. DMMB is a dye that stains the sulfated
polysaccharide component of sulfated glycosamino-
glycan chains. MPs were incubated for 1 h with
DMMB dye on a shaker plate (120 rpm) at room
temperature. Brightfield images were taken at 10X and
40X (four images per magnification) using an inverted
widefield DMI3000B microscope (LEICA). Images of
MPs were analyzed using ZEN 3.0 Lite Intellesis (Carl
Zeiss Microimaging, Inc) to quantify the size distri-
bution of the MPs. At least 600 DMMB-stained MPs
were quantified per batch from n = 3 vehicle MP
batches and n = 3 BuOE MP batches.

Vehicle and BuOE MP Surface Morphology

Scanning electron microscopy (SEM) was used to
observe surface morphology of the fabricated MPs. To
prepare MPs for SEM, lyophilized vehicle and BuOE
MPs were fixed in 4% paraformaldahyde (PFA) (Sig-
ma Aldrich, 441244) for 10 min then triple-washed in

1X PBS for 15 min on a tube rotator at 10 rpm. The
fixed MPs were dehydrated through a series of graded
ethanol (30%, 50%, 70%, 85%, 90%, 95%, 100%)
and ethanol-hexamethyldisilazane (Electron Micro-
scopy Services, 16700) (25%, 50%, 75%, 100%
HMDS) solutions. Final MP resuspension in 100%
HMDS were transferred onto a round glass coverslip
and left to fully evaporate overnight in the fume hood.
The coverslips with dehydrated MPs were mounted on
pin stubs (Ted Pella, 16111) with conductive tape and
sputter coated with Au (Cressington 106 Auto Sputter
Coater) for 20 s. MPs were imaged on a FEI Helios
SEM 660 at 20 kV, 0.4 nA at 5,000X, 10,000X,
250,000X.

BuOE MP Superoxide Scavenging and Appearance
Over Time

To test the superoxide scavenging ability and long-
term stability of BuOE MPs at physiologically relevant
conditions, three batches of BuOE MPs (80 lg/mL
MP) and naked BuOE (0.4 lM, 1254.53 g/mol) were
resuspended in 10 mL 1X PBS (pH 7.3–7.5). BuOE
MPs solutions were stored in a 37 �C oven for 84 days
and 100 lL aliquots were sampled before (day 0) and
after 28, 56, and 84 days of incubation. The BuOE MP
aliquots were centrifuged at 10,000 rpm for five min-
utes to separate the BuOE MPs (pellet) and released
BuOE (supernatant) and stored at � 20 �C until all
sampling points were completed. To measure stability
of superoxide scavenging activity of the BuOE MP
pellet and released BuOE in supernatant solutions,
SOD Activity Kit (K335-100, BioVision) was used. In
this assay, WST-1 is converted to WST-formazan
(455 nm absorbance) when reduced by superoxide.
WST-1 was added to all samples and allowed to
equilibrate for 30 min at 4 �C prior to conducting the
assay. To generate superoxide, xanthine oxidase (XO)
provided by the kit was used. Absorbance of samples
were read using a microplate reader pre- and 20 min
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FIGURE 1. MACS-A microparticle fabrication with BuOE encapsulation via water-in-oil emulsion thermal polymerization. MACS-A
as the cross-linking monomers constitutes the water phase solution. When fabricating BuOE microparticles, dissolved BuOE is
mixed in the water phase solution with MACS-A. The oil and water phase solutions were homogenized to create an emulsion. Under
nitrogen purged condition, thermal polymerization initiates MACS-A cross-linking. MPs were retrieved via centrifugation and
washed then lyophilized to form the final product.
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post-incubation with XO at 37 �C, 5% CO2. Equa-
tion 1 was used to calculate the percentage of super-
oxide scavenged. Briefly, the difference in absorbance
in the sample before and after XO was compared to the
difference of absorbance between Blank 1: ‘‘positive’’
controls without XO (no superoxide generated i.e.
100% superoxide scavenged) and Blank 3: XO only,
negative controls without BuOE/antioxidants (maxi-
mum superoxide produced i.e. 0% superoxide scav-
enged).

Brightfield images of BuOE MPs were taken on an
inverted light microscope (Vistavision) at 10X on each
sampling day to monitor any size or color changes.

BuOE Release Measurements

Supernatants of BuOEMPs were collected on days 0,
28, 56, 84 during the previous analysis and were used to
determine release. Inductively couple plasma mass
spectrometry (ICP-MS) was used to detect the amounts
of BuOE in the supernatant solutions for each time-
point. ICP-MSwas used to quantify the release of BuOE
from the vehicle MP over 84 days. To prepare samples
for ICP-MS, samples were diluted 1:10 in 2% nitric acid
containing 50 parts per billion gallium. Samples were
then transferred into 96well plates using an autosampler
(Elemental Scientific, Inc (Omaha, NE) model SC-
DX4). Each sample was run in aliquots of 100 lL in
triplicate with a 2% nitric acid rinse between each trip-
licate set. The ICP-MS (Agilent 7500cx, Santa Clara,
CA)was run at a sample flow rate of 55–60lL/min. ICP-
MS was conducted in mix reaction/collision mode with
3.5 mL/min hydrogen gas and 1.5 mL/min helium to
remove interferences. The instrument was set to operate
at forward power (1500 W) with a carrier argon flow of
1.0 L/min and make-up flow of 0.1 L/min. The spray
chamber used a micronebulizer (Glass Expansion)
maintained at 2 oC. Samples containing supernatant
were compared to a standard dilution of BuOE with a
concentration range of 1.3 nM to 0.399 lM naked
BuOEprepared andprocessed in the samemanner as the
supernatant samples. Parts per billion measurements
from the unknown samples were compared to the mea-
surements from the standard to determine the unknown
concentrations.

BuOE Microparticle Cytocompatibility and Cellular
Interaction

Vehicle and BuOE MP Disinfection and Media Prepa-
ration

Prior to in vitro testing, MPs were disinfected with
an ethanol soak. Lyophilized vehicle MPs (3 distinct
batches) and BuOE MPs (3 distinct batches) were
resuspended in 1X PBS in 100% ethanol at 2 mg/mL
and placed on a tube rotator at 10 rpm for 1 h. Then,

MPs were isolated through centrifugation at
10,000 rpm for five minutes and washed once with 1X
PBS. After washing, the disinfected MPs were resus-
pended in complete nucleus pulposus (NP) culture
media, which consists of basal NP cell medium sup-
plemented with 1% Penicillin–Streptomycin, 1%
growth supplement and 2% fetal bovine serum (Sci-
enCell, 4801) to achieve 100 lg/mL MPs for in vitro
experiments.

Nucleus Pulposus Cell Culture

Nucleus pulposus (NP) cells are the matrix-pro-
ducing cells in the core of intervertebral discs. Previous
research have elucidated ROS as an instigator for
cellular senescence and catabolic phenotype in human
NP cells.23 Due to these findings, in vitro testing of
BuOE MPs was performed on human NP cells. Hu-
man NP cells (ScienCell, 4800) from three separate
donors were expanded on poly-L-Lysine (PLL)-coated
(2 lg/cm2, Sciencell, 0413) T-75 flasks and used at
passages 3–4. For cell viability and metabolic activity
studies, NP cells were seeded on PLL-coated 48-well
plates at recommended seeding density of 5,000 cells/
cm2. For MP uptake studies, NP cells were seeded on
Permanox� 8-well chamber slides (177445PK, Thermo
Scientific) at 5,000 cells/cm2. In all well types, cells
were allowed to adhere for 24 h, then the media was
replaced with either complete NP media (control),
vehicle MPs in media (100 lg/mL) or BuOE MPs in
media (100 lg/mL) and cells were cultured for three
days for viability and metabolic activity assessments or
four days for MP uptake experiment. During viability
and metabolic activity analysis, MP-media solution
would need to be removed during assays; therefore,
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three separate sets of well plates with NP cells were
prepared with one for each of the three assay time-
points (days 1, 2, 3 post-MP treatment). Throughout
the experiments, NP cells were cultured under hypoxic
conditions (5% CO2, 3.5% O2, 91.5% N2) in a hypoxia
incubator chamber (Stem Cell Technologies, 27310) in
a 37 �C incubator. Cell health and proliferation was
monitored using brightfield imaging on an inverted
plate imager (Cytation 1, Imaging Reader, BioTek) at
4X magnification on days 1, 2, and 3.

Vehicle and BuOE MP Cytocompatibility

Vehicle MP and BuOE MP cytocompatibility was
assessed using a cytotoxicity assay and a metabolic
activity assay. A CYQUANTTM LDH cytotoxicity
assay (C20300, ThermoScientific) was used to measure
cell death. NP cells were cultured in six replicate wells
in 48-well plates and treated with or without vehicle
and BuOE MPs, as stated above. To perform LDH
cytotoxicity assay, three wells were lysed with Lysis
buffer (from kit) for 45 min to obtain maximum LDH
controls per experimental group. After 45-min incu-
bation, duplicates of 50 lL media aliquots from the
lysed cells (max LDH), controls, vehicle MPs, BuOE
MPs and respective MP media blanks were transferred
to a 96-well plate and assay was performed according
to manufacturer’s instructions. Percent cytotoxicity
was calculated based on Eq. 2.

%Cytotoxicity ¼ Controls or MP treated LDH activityð Þ
Maximum LDH activityð Þ � 100%

ð2Þ

After removing media aliquots for LDH assay,
cellular metabolic activity was assessed using Ala-
marBlue HS cell viability reagent (A50100, Thermo-
Fisher). Cells were incubated with 10% v/v
AlamarBlue reagent in media for 2 h at 37 �C under
hypoxia. Absorbance of the media was read at 570 nm
and 600 nm and the cellular metabolic activity was
calculated based on the percent of AlamarBlue
reduction as described in the manufacturer’s protocol.
LDH and AlamarBlue experiments were repeated to
test cytocompatibility three batches of each vehicle
MPs and BuOE MPs on three separate NP cell donors.

Cellular Uptake of Vehicle and BuOE MPs

To assess whether vehicle MPs and BuOE MPs can
be internalized in NP cells, immunocytochemistry and
confocal microscopy was performed to closely visual-
ize NP cells and MPs after incubation period. NP cells
were cultured on 8-well chamber slides as stated above
then fixed with 4% paraformaldehyde (PFA) for
15 min and triple-washed three times with 1X PBS for

10 min. Cells were permeabilized with blocking buffer
solution consisting of 0.3% v/v TritonX-100 (93443,
Sigma-Aldrich) and 3% v/v goat serum (G9023, Sig-
ma-Aldrich) in 1X PBS for 10 min. Vehicle MPs and
BuOE MPs were labelled with primary antibody
mouse anti-CS56 (1:200, C8035, Sigma-Aldrich) in
blocking buffer at 4 �C overnight and secondary anti-
body anti-mouse AlexFluor647 (1:1000, Ab150118,
Abcam) for one hour at room temperature. Cells were
also stained with a cytoskeletal marker using Phal-
loidin-iFluor488 reagent (1:1000, ab175753, Abcam)
during secondary antibody incubation. ProLong Gold
antifade reagent (P36934, Invitrogen) and a no.1.5
glass coverslip was applied on the stained cells. Fluo-
rescent images were taken using an upright ZEISS
LSM 510 confocal microscope (Carl Zeiss
Microimaging, Inc.). Ten images of internalized MPs
in cells were taken at 40X magnification and the MP
diameter was measured in 24 to 35 MPs using Zen Blue
3.2 software (Carl Zeiss Microimaging, Inc.).

Statistics

All analyses were carried out using Prism version
7.03 (GraphPad). MACS-A polymerization efficiency
were compared using unpaired t-test. MP size distri-
bution did pass a Shapiro–Wilk normality test, so
Mann–Whitney test was used to compare MP size. A
minimum of three batches of vehicle MPs and BuOE
MPs were used. A histogram of MP diameter with
2.5 lm bin size was generated and a multiple t-test was
conducted to compare the percent frequency per bin.
Long term BuOE activity, cytotoxicity and cell meta-
bolic activity were normalized to controls and signifi-
cance was analyzed via a two-way ANOVA with a
Tukey’s post-hoc test with a significance of 0.05. For
MP uptake assessment, average diameter of internal-
ized vehicle MPs and BuOE MPs were compared using
unpaired t-test.

RESULTS

BuOE was Successfully Encapsulated in MACS-A MPs

MACS-A MPs were successfully fabricated and
implemented as a drug delivery vehicle for BuOE.
Vehicle MPs were confirmed to be cross-linked
MACS-A as seen in the round purple bodies stained
with DMMB which stains chondroitin sulfate
(Fig. 2a). BuOE is water-soluble and forms a dark
brown solution. When mixed with MACS-A solution,
BuOE was successfully encapsulated in MACS-A MPs
after cross-linking, as seen in images of brown-colored
BuOE MPs with and without DMMB staining
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FIGURE 2. BuOE were successfully encapsulated into MACS-A microparticles. (a) Color images show successful fabrication of
vehicle MACS-A microparticles (MPs) and encapsulated BuOE MACS-A MPs. DMMB staining (purple) in vehicle MACS-A MPs
confirm presence of chondroitin sulfate which was also visible in BuOE MPs. Scale bar: 100 lm. (b) Photo of final lyophilized MPs:
vehicle MPs, BuOE MPs. BuOE MPs stayed encapsulated in powder form even after lyophilization as seen by the dark brown color
compared to vehicle MPs. SEM images showed no difference in surface microstructure of vehicle and BuOE MPs at 5,000x,
10,000 3 and 250,000x. Scale bars from left to right: 50 mm, 10 lm, 5 lm, 100 nm. (c) Percent frequency distribution of MP
diameter were not significantly different between vehicle and BuOE MPs and within n = 3 batches per group. Average diameter of
vehicle and BuOE MPs were 17.44 6 7.48 lm and 22.02 6 15.26 lm (Mean 6 SD, n = 3 batches), respectively.
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(Fig. 2a). Vehicle and BuOE MP diameters ranged
between 1 and 121 lm. The average MP diameter for
BuOE MPs were significantly higher than vehicle MPs
(Table 1), although not substantially
(22.02 ± 15.26 lm v. 17.44 ± 7.48 lm). Figure 2c
plots the frequency distribution of MP diameter and
analysis revealed no significant differences in the per-
centage of MPs per diameter suggesting vehicle and
BuOE MPs have similar size distribution. After
lyophilization, vehicle MPs form a white powder
(Fig. 2b) and BuOE MPs form a dark brown powder
(Fig. 2b). This suggests that BuOE remains encapsu-
lated inside or bound onto the MPs and is not affected
by lyophilization. Encapsulation efficiency of BuOE
was 3.1% (Table 1). The encapsulated BuOE MP
weighs approximately 6.3 lg BuOE per mg of MACS-
A (Table 1). Another property that was characterized
is MACS-A polymerization efficiency determined by
weight. MACS-A polymerization efficiency was sig-
nificantly decreased in BuOE MPs compared to vehicle
MPs (Table 1). This suggests that BuOE encapsulation
could be interfering with MACS-A cross-linking;
therefore, resulting in a lower yield of MACS-A in the
BuOE MPs. Reduced MACS-A cross-linking could
also explain the low encapsulation efficiency for BuOE
MPs. Despite this, SEM revealed vehicle and BuOE
MPs are spherical in shape and have similar rough
surface microstructure (Fig. 2b). Further, at 250,000X
the nanostructure of vehicle MPs and BuOE MPs are
similar and exhibit a dense porous network. Overall,
this data concludes that MACS-A MPs can be suc-
cessfully used as a delivery vehicle for BuOE.

Encapsulated and Released BuOE Maintained
Superoxide Scavenging Ability

Naked BuOE and BuOEMPs were stored at 37 �C in
1X PBS (pH 7.3–7.5) to study the effects of temperature
on the MP morphology, drug release, and stability of
superoxide scavenging activity. Throughout the 84-day
incubation, BuOEMPs did not change in shape or size,
however, the color of BuOE MPs on day 84 were less
brown compared to day 0 (Fig. 3a). This led to further
investigation to quantify the release of BuOE fromMPs.

Results from ICP-MS analysis revealed that BuOE was
released from the MPs into the supernatant over time
(Fig. 3b). Average BuOE released from three MP bat-
ches significantly increased from 7.56 lg on day 0 to
13.4, 16.3, 18.5 lg on days 28, 56 and 84, respectively.
Statistical analysis did not detect significant differences
in releasedBuOEbetween the three distinctMPbatches.

To assess if encapsulated and released BuOE was
still able to scavenge superoxide, a superoxide scav-
enging assay was performed. BuOE MP pellet and
supernatant each scavenged around 80% of superoxide
present and was not significantly different from naked
BuoE on day 0 (Fig. 3c). This data suggests that BuOE
encapsulation does not inhibit its function to scavenge
superoxide and at 0.4 lM BuOE, BuOE MPs provides
high enough potency to scavenge superoxide in long
term superoxide scavenging study. Over time, BuOE
MP pellet and released BuOE (supernatant) had no
significant differences in superoxide scavenging activ-
ity; however, naked BuOE drastically decreased in
scavenging activity from day 0 to day 28 and decreased
further on days 56 and 84. BuOE MP pellet and
supernatant maintained significantly higher superoxide
scavenging activity compared to naked BuOE on days
28, 56 and 84, scavenging between 46.9–80.2% and
73.0–85.9% of superoxide, respectively. These findings
indicate that BuOE MPs have the potential ability to
release drug at a treatment site and scavenge super-
oxide for months at physiological temperature and pH.

BuOE MPs are Cytocompatible with Human NP Cells
In Vitro

NP cell proliferation was not hindered by the pres-
ence of 100 lg/mL vehicle and BuOE MPs and cells
reached confluency similar to control group by day 3
post-treatment (Fig. 4a). Cell death and metabolic
activity assays demonstrate that vehicle and BuOEMPs
are cytocompatible with human NP cells in vitro (3 do-
nors). Cell death measured by the LDH assay indicated
low, less than 10%, cytotoxicity in controls, vehicle
MPs, and BuOE MPs at all time points (Fig. 4b). Per-
cent cytotoxicity of vehicle MPs did not significantly
differ from controls. Interestingly, BuOE MPs had sig-
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TABLE 1. Summarizes the characterized properties of vehicle MPs and BuOE MPs.

Vehicle MP(Mean ± SD, n = 3) BuOE MP(Mean ± SD, n = 3)

Diameter, average ± SD (lm) 17.44 ± 7.48 22.02 ± 15.26 #

MACS-A polymerization efficiency (%) 49.9 ± 8.0 29.0 ± 6.0 *

BuOE encapsulation efficiency (%) – 3.1 ± 0.5

BuOE:MACS-A weight ratio (lg/mg) – 6.3 ± 0.4

#p < 0.0001 comparing BuOE MP to vehicle MP.
*p < 0.05 comparing BuOE MP to vehicle MP.
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nificantly lower levels of LDH compared to vehicleMPs
on days 1 and 3 and controls on day 1 post-treatment,
which might be due to BuOE’s antioxidative property
and ability to maintain cell health. In addition, meta-
bolic activity of both vehicleMP-treated andBuOEMP-
treated cells normalized to same-day controls did not
significantly change on days 1, 2 and 3 post treatment
(Fig. 4c). This suggests vehicleMPs and BuOEMPs did
not impact cellular metabolism. No significant differ-
ences in cytotoxicity and cell metabolic activity were
detected between MP batches or NP cell donors (Sup-
plementary Fig. 2) indicating there were no donor or
batch-to-batch variability for MP cytocompatibility.
These results demonstrate that vehicle MPs and BuOE
MPs are non-cytotoxic to human NP cells.

NP Cells Uptake Vehicle and BuOE MPs

NP cells readily take up both vehicle MPs and BuOE
MPs (Fig. 5). Representative image projections taken
using confocal microscopy showedNP cells stainedwith

actin filament staining outside of both vehicle MPs
(Fig. 5a) andBuOEMPs (Fig. 5b). Cross-sectional view
of NP cells confirmed uptake vehicle MPs ranging
between 4.03–12.81 lm and BuOE MPs ranging
between 2.04 and 23.89 lm (Fig. 5c). Average diameter
of BuOE MPs were internalized by NP cells
(9.54 ± 5.78 lm) were significantly higher than diame-
ter of internalized vehicle MPs (7.32 ± 2.41 lm) which
is consistent with data above that BuOE MPs have sig-
nificantly larger diameter thanvehicleMPs.For context,
the averageNPcell diameter is 15.4 ± 5.1 lm.Novisual
differences or preferential uptake of BuOE MPs com-
pared to vehicle MPs were observed through qualitative
analysis. These results show that vehicleMPs andBuOE
MPs do not adversely affect NP cells and MPs can be
modified for intracellular or extracellular targeting by
varying the size of MPs. Preliminary work has shown
that increasing the homogenization speed significantly
decreases vehicle MP diameter (Supplementary Fig. 3);
however, these parameters have not been tested for
BuOE MP fabrication.
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FIGURE 3. Encapsulated and released BuOE maintained scavenging activity in vitro. (a) Images of BuOE MPs over time before
and 84 days after 37 �C incubation. BuOE MPs became more clear (less brown) compared to day 0 (before incubation) which may
indicate release of BuOE without degradation of vehicle MPs. Scale bar: 100 lm. (b) ICP-MS detected manganese in supernatant of
BuOE MP samples after incubation suggesting release of BuOE out from MPs after over 84 days. (c) Before 37 �C incubation (day
0), average superoxide scavenging activity of naked BuOE (0.4 lM) was not significantly different compared to BuOE MPs (pellet
and supernatant). After 28, 56 and 84 days of incubation, scavenging activity of naked BuOE significantly decreased from 89.7% to
2.3%, -2.3 and -10.9%, respectively. BuOE MP pellet and supernatant did not significantly differ over time. Released BuOE in
supernatant scavenged significantly higher amounts of superoxide (83.6, 81.7, 73.0%) after 28, 56 and 84 days of incubation while
BuOE MP pellets scavenged 79.4, 60.2, 46.9% of superoxide. Error bars represent the average from n = 3 MP batches. *p < 0.05.
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DISCUSSION

Our results demonstrate that BuOE can be suc-
cessfully encapsulated inside a MACS-A MP delivery
vehicle with an average particle size of 22 lm. The
means of BuOE binding on the MACS-A MP matrix
was not explored in this study. However, since man-
ganese porphyrins are highly cationic6,65 and CS are
highly negatively charged polysaccharides that have
the ability to bind positively charged molecules, BuOE
could be loaded in the MPs via electrostatic interac-

tions.4,45 The encapsulated BuOE slowly released over
an 84-day time course where the non-released and re-
leased BuOE both maintains superoxide scavenging
capacity. Further, this work is the first study to
examine the effects of BuOE treatment and NP cells
and demonstrate that vehicle and BuOE MPs are
cytocompatible and can be internalized by NP cells.

ROS imbalance and oxidative stress are involved in
the pathology of many age-related illnesses such as
degenerative disc disease and osteoarthritis.33 How-
ever, most treatments only treat the disease symptoms
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FIGURE 4. Vehicle MACS-A MPs and BuOE MPs are both cytocompatible with human nucleus pulposus (NP) cells in vitro. (a)
Representative brightfield images of NP cell culture in vitro with and without MPs. Cells were able to proliferate and reach
confluency comparable to control group after 3 days in culture with either vehicle MPs or BuOE MPs. Scale bar: 100 lm. (b) LDH
cytotoxicity assay measured less than 10% cytotoxicity levels in controls, vehicle MPs and BuOE MPs suggesting MPs are not
cytotoxic to NP cells. No significant differences were detected in percent cytotoxicity of vehicle MPs compared to controls, while
percent cytotoxicity of BuOE MPs were significantly lower than controls on day 1 and vehicle MPs on days 1 and 3. (c) Calculated
cell metabolic activity using AlamarBlue assay was normalized to same-day control group. There were no significant differences in
cell metabolic activity on days 1, 2 and 3 post-MP treatment which suggests MPs do not impact NP cellular metabolism. Bars and
error bars represent mean and standard deviation between three control replicates and nine MP replicates (Three batches of MPs
tested on three NP cell donors). *p < 0.05.
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such as pain and do not target the underlying causes of
degeneration. Antioxidant therapeutics that scavenge
ROS and restore oxidative balance can potentially be
combined with current medications to be an effective
treatment to halt disease progression. Previous studies
have tested the antioxidative and protective effect of
genistein80 and catalase-loaded polymer capsules50

from oxidative stress on NP cells. Targeting ROS with
antioxidants can also reduce pain due to intervertebral
disc degeneration as previous research has determined
that ROS directly stimulates NP cells to secrete sub-
stance P, a neuropeptide transmitter involved in pain
signaling.87 In this work, we chose BuOE, a manganese
porphyrin analog and SOD mimic, as a potential
antioxidant therapeutic for applications in degenera-
tive disc disease and osteoarthritis.

Manganese porphyrins have been researched for
many decades and chemists have optimized the design
of the redox-active compound to mimic SOD enzymes
in vivo.5 In comparison to other manganese por-
phyrins, BuOE was designed to be more lipophilic
which allowed the drug to cross the blood brain bar-
rier52 and reduced cytotoxicity.65 A limitation of BuOE
pharmacokinetics is the rapid clearance from plasma
and circulation after subcutaneous injection in mice.3

One strategy to increase drug availability is to use
micro/nanoparticles as delivery vehicles. To date, there
are only few studies that have developed drug delivery
systems as carriers for manganese porphyrins.1,41

Schlichte et al. have shown encapsulating BuOE inside
a lipid-coated silica nanoparticle resulted in slow re-
lease over 72 h in vitro which prevented hypotensive
effects of BuOE after intraperitoneal injection in vivo.71

Hence, particulate delivery systems with controlled
drug release are needed to prevent adverse effects of
naked BuOE. In this study, we have successfully
encapsulated BuOE into chondroitin sulfate MPs as a
drug delivery system and showed its cytocompatibility
with NP cells. Nevertheless, in vivo assessments are
needed to assess safety and dosing of our BuOE MP
formulation.

Advancements in drug delivery research have engi-
neered MPs as drug depots where the carrier can be
tuned to slowly degrade and release the cargo,27

thereby increasing drug retention in the local tissue.
Our results demonstrate slow release of BuOE into the
supernatant during 84-day incubation at 37 �C but did
not observe any visible degradation of our vehicle and
BuOE MPs after months of storage at either 37 �C,
4 �C, and � 20 �C. Preliminary testing to digest vehicle
MPs showed they are robust and do not breakdown in
the presence of chondroitinase or papain (data not
shown). Therefore, BuOE released over months in vitro
is likely due to passive diffusion. Our data also
demonstrated that encapsulation of BuOE in MACS-

A MPs does not inhibit its superoxide scavenging
ability but rather maintained its activity for up to
84 days after 37 �C incubation. The extended longevity
of BuOE MPs superoxide scavenging activity com-
pared to naked BuOE could be due to the combinatory
effect of MACS-A since CS also has potential to
scavenge ROS.15 The self-renewing capabilities of
BuOE also depends on the oxidation–reduction state
of Mn3+ as it can act as a pro-oxidant then cycling
back to an Mn2+ antioxidative state,5 but more work is
needed to understand BuOE recycling and how this
phenomenon may change due to BuOE encapsulation.
On the other hand, the decrease in superoxide scav-
enging activity of naked BuOE is consistent with pre-
vious anecdotal evidence that the drug itself loses its
scavenging activity over time. However, it is unclear
why the superoxide scavenging activity of naked BuOE
dropped below zero on day 84. This may be a result of
variability in xanthene oxidase enzyme activity
between samples. The naked BuOE samples and assay
blanks both received XO as a superoxide generator,
but naked BuOE samples could have higher levels of
superoxide generated than the negative controls
blanks; hence, resulting in a negative percentage of
superoxide scavenged for day 84 samples. Further
research is needed to assess BuOE’s lifespan and how
the interaction between BuOE and MACS-A could
positively increase or maintain superoxide scavenging
ability. In addition, MPs have larger loading capacity
compared to nanoparticles47 and can be modified to
increase loading volumes to further extend the avail-
ability of BuOE although release kinetics will need to
be verified. Injecting BuOE MPs locally into degener-
ated discs or osteoarthritic cartilage may be a potential
approach for long term ROS scavenging.

Further, these BuOE MPs are composed of pre-
dominantly CS-A. MACS-A MPs were selected as the
vehicle for BuOE MPs because of the role of CS-A in
maintaining healthy joints. Anti-catabolic properties
of CS-A promoted its use as a supplement for treat-
ment of osteoarthritis to strengthen and rebuild the
articular cartilage ECM.34 CS-A has also shown anti-
inflammatory effects in osteoarthritis including reduc-
tion of joint swelling and preventing joint space nar-
rowing.14,76 CS-A can reduce pro-inflammatory
cytokines such as TNF-a and IL-1b as well as ROS
and reduce activation of MMPs.40 CS-A also prevents
IL-1b-induced p38MAPK phosphorylation and NF-
jB nuclear translocation,40 but the exact mechanism of
how CS interact with cells to elicit this anti-inflam-
matory activity is not fully understood. CS-A also
exhibits antioxidative properties in vitro which may
help contribute to its anti-inflammatory effects.15,20,77

Our DMMB staining of CS clearly demonstrates that
our vehicle and BuOEMPs have robust amounts of CS
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present and thus the use of MACS-A MPs for deliv-
ering BuOE credits further investigation for potential
additional benefits such as reducing inflammation and
healing joint tissues.

Interestingly, the LDH assay revealed that BuOE
MPs significantly decreased apoptosis of NP cells com-
pared to control cells. These data suggest that BuOE
may have some anti-apoptotic effect. Previous literature
has consistently shown BuOE and other manganese
porphyrins enhance apoptosis in cancer cells while pre-
serving healthy cells.43,85 This differential effect on
normal versus cancer cells could be due to the altered
redox environment in cancer. Further study is needed
into the NP cell redox environment and mechanisms of
BuOE anti-apoptotic effect to understand these effects.

Our in vitro data also demonstrated that MPs were
clearly taken up by NP cells. Superoxide is mainly gen-
erated in the mitochondria and released into the cytosol
during cell respiration and cannot cross the cell mem-
brane, thus release of BuOE from MPs and NP cells
internalization of the BuOEMPs is essential to function.
While naked BuOE readily crosses the cell membrane,53

cellular uptake of BuOEMPs provides additional access
to scavenging capacity for long term intracellular ROS
scavenging. MP uptake could further enhance retention
of BuOEat the site of administration. Thus, our findings
of robust uptake of BuOE MPs could help facilitate
decreasing intracellular superoxide. Additionally,
MACS-A MP fabrication can be modified to form
smaller MPs to facilitate intracellular ROS scavenging
as noted in Supplemental Fig. 3. The size of internalized
MPs is large, ranging up to 22 lm. Nevertheless, this
result is not surprising since NP cells are phagocytic in
nature.44 Jones et al. demonstrated NP cells ingesting
latex beads as efficiently as phagocytic cells such as
monocytes, macrophages and apoptotic cells.44 A

potential route of internalization could be via the
hyaluronan receptor for endocytosis (HARE), a scav-
enger receptor for hyaluronan, chondroitin sulfate and
dermatan sulfate.31 Chondrocytes express HARE to
internalize hyaluronan,36 but it is unclear whether NP
cells which are chondrocyte-like cells also express
HARE to bind and internalize CS.

A major limitation of this work is the lack of
exploration of the ability of BuOE MPs to prevent or
alleviate oxidative damage in NP cells. However,
extensive literature has demonstrated that BuOE and
other manganese porphyrins can prevent oxidative
damage in fibroblasts,48 neurons,37 and chondro-
cytes16,19 by scavenging ROS and simultaneously
reducing senescence and inflammation. Thus, we be-
lieve that BuOE MPs will be able to have similar
healing effects in degenerate NP cells. Future work will
include validation that BuOE MPs can prevent or
alleviate oxidative damage in NP cells. Downstream
byproducts and signaling pathways after BuOE MP
treatment can also be characterized to determine the
mechanism of reduction in oxidative damage. In con-
clusion, we have demonstrated that BuOE MPs can be
successfully fabricated and maintain potent superoxide
scavenging capabilities up to 84-days. Furthermore,
BuOE MPs are not cytotoxic and can be taken up by
NP cells and thus hold the potential for reducing
oxidative damage in disease states.
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bFIGURE 5. NP cells uptake vehicle and BuOE MPs. Human
NP cells cultured with 100 lg/mL (a) vehicle MPs or (b) BuOE
MPs were fixed and labelled with actin using Phalloidin
(green) while MPs were stained with CS-A antibody (magenta).
(i) Maximum intensity projection of Z-stack fluorescent
images show vehicle and BuOE MPs colocalized with NP
cells. (ii) 3D view revealed NP cells surrounding and closely
attaching onto MPs. (iii) 2D cross-sectional views confirmed
that MPs were internalized by the NP cells as seen with
positive actin staining enveloping the MPs. A single NP cell
can also uptake more than one MP. (c) Internalized BuOE MPs
were significantly larger in diameter compared to internalized
vehicle MPs. Average diameter of vehicle MPs taken up by NP
cells was 7.32 6 2.41 lm while for internalized BuOE MPs,
average diameter was 9.54 6 5.78 lm. Error bars represent
the average and standard deviation of vehicle MP (35 MPs)
and BuOE MP (24 MPs) diameter internalized by NP cells.
Scale bar: 10 lm, *p < 0.05.
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