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Biologically produced reactive oxygen species (ROS) are important signaling molecules in the human

body. Despite their importance under normal conditions, abnormal overproduction of ROS under unba-

lanced or irregular homeostasis can cause severe inflammatory diseases. Various antioxidants have been

developed in the biomedical field to resolve high levels of ROS; however, high doses of natural antioxi-

dants such as polyphenol can induce side effects on health. Further, synthetic antioxidants are still con-

troversial in regards to their safety and their complicated synthesis. Inspired from our previous work, a

nitric oxide-scavenging nanogel designed for treating rheumatoid arthritis, we report herein a biocompa-

tible tannic acid (TA)-based nanogel as an effective ROS scavenger. A polymeric phenylboronic acid-

tannic acid nanogel (PTNG) was prepared by simply mixing through to the formation of phenylboronic

ester bonds between polymeric phenylboronate and TA. We focused on the reaction of phenylboronic

ester with H,O,, which readily consumes H,O, molecules, and applied it as an antioxidant. In addition, TA

is a well-known antioxidant, specifically a free radical scavenger; thus, we expected combinatory ROS

scavenging effects for PTNG. Various ROS scavenging assays revealed the significant antioxidant effects

of PTNG. Under an induced inflammation model in vitro, our PTNG showed high biocompatibility as well

as strong anti-inflammatory effects. Furthermore, in the zymosan-induced peritonitis mouse model, a
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1. Introduction

Reactive oxygen species (ROS) are highly reactive molecules
containing at least one oxygen atom, produced from the mito-
chondrial electron transport chain or from NADPH oxidase on
the plasma membrane. Several ROS, including hydrogen per-
oxide (H,0,), the hydroxyl radical (OH"), and the superoxide
anion (0,7) are used as signaling molecules, thus they are
necessary to maintain metabolism and cellular functions such
as cell proliferation, differentiation," signal transduction,?
pathogen defense,” and regulation of inflammation.® In
normal physiological conditions, the formation and elimin-
ation of ROS is well balanced by intrinsic antioxidants. When
the balance of ROS is broken through a deficiency of antioxi-
dants or mutation of ROS-producing systems, however, abnor-
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representative acute inflammation model in vivo, PTNG reduced significant neutrophil recruitment and
pro-inflammatory cytokines, indicating successful alleviation of inflammation. On the basis of these
results, we suggest that PTNG has great potential as an antioxidant and should find application in the
treatment of further ROS-overproducing inflammatory diseases.

mally overproduced ROS cause pathologically deleterious
effects on humans by impairing proteins, lipids, and DNA. In
particular, many reports have revealed that overproduction of
ROS is strongly correlated with chronic inflammatory diseases,
including rheumatoid arthritis,” atherosclerosis,® stroke,”
cancer,® etc. Hence, scavenging abnormally produced ROS can
be considered to be one of the alternative methods for treating
inflammatory diseases.

Natural antioxidants including polyphenol, carotenoids,
vitamin E and vitamin C draw great attention in antioxidant
therapy thanks to their significant biological functions such as
anti-inflammatory effects, as well as antibacterial effects and
anti-aging effects. However, high doses of natural antioxidants
are required to achieve a therapeutic effect, and this might
cause harmful effects on health.”™"* Therefore, several syn-
thetic antioxidants have also been studied in order to enhance
antioxidant effects in moderate doses. In that perspective,
ROS-scavenging nanoparticles (ROS-SNPs) have recently been
developed in order to investigate their antioxidant effects as
well as their potential further application in the treatment of
inflammatory disorders. For instance, metal oxide-based
ROS-SNPs such as cerium oxide (CeO,) and manganese oxide

This journal is © The Royal Society of Chemistry 2020
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(Mn3;0,) have recently been developed. Based on the ROS-
scavenging ability of cerium oxide from the chemical balance
between Ce®* (reduced state) to Ce*" (oxidized state). Kwon
et al. proposed mitochondria targeting cerium oxide nano-
particles for treating Alzheimer’s disease.'” Yao et al. reported
that manganese oxide nanoparticles can eliminate ROS even
more effectively than cerium oxide, and is more stable than
other natural antioxidants.'® Although several metal oxides
exhibit great ROS-scavenging ability, there is concern regarding
low biocompatibility and potential toxicity."’>° Another inter-
esting strategy for eliminating ROS based on natural products
has been reported. The p-cyclodextrin-based, nanoparticle-har-
nessing, and ROS-responsive phenylboronic acid pinacol ester
group was developed by Zhang et al®>' It showed good anti-
oxidant and anti-inflammatory effects in vitro, and biomedical
application of it as an anti-inflammatory agent was proposed.
Despite the above advantages, an immediate application
might be impeded by complex and difficult synthetic pro-
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cedures. Therefore, a ROS-scavenging system showing good
biocompatibility, facile preparation, and a strong ROS-elimi-
nating capability would be a proper candidate for use as an
alternative anti-inflammatory agent.

Recently our group reported polymeric phenylboronate
(pPBA) and its biomedical application as drug delivery
system.>” It was simply synthesized by a spontaneous ring-
opening reaction with poly(maleic anhydride) and grafted PBA
moiety on a polymer backbone that could form phenylboronic
ester by binding with 1,2- or 1,3-diol and catechol groups.
Inspired by our previous work, we focused on natural antioxi-
dants having catechol groups for easy formulation of a ROS-
scavenging phenylboronic ester. Among the natural antioxi-
dants, tannic acid (TA) has 10 catechol or gallol groups per
molecule and possesses innate free-radical scavenging effects
derived from the catechol groups, thus many reports have
highlighted the potential of TA as an antioxidant, anti-carcino-
gen, and anti-inflammation agent.>**® Accordingly, we devel-
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Scheme 1 (a) Preparation and administration of self-assembled PTNG and (b) illustration of combinatorial ROS-scavenging effects of PTNG; the
phenylboronic ester bond consumes H,O,, and TA scavenges the free radical, respectively.
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oped a biocompatible antioxidant nanoparticle with an easy
synthetic method. By simple mixing of pPBA and TA, a self-
assembled pPBA-TA nanogel (PTNG) was prepared through
interaction between grafted PBA moieties and catechol groups
in TA. The phenylboronic ester group in PTNG is readily
broken by H,O, to release TA, which means consuming H,O,
under degradation. Furthermore, released TA is also a strong
free radical scavenger, thus we expected that PTNG would
show synergistic ROS-scavenging effects from phenylboronic
ester groups and released TA, resulting in greatly enhanced
anti-inflammatory effects in vitro and in vivo (Scheme 1).

2. Materials and methods
2.1 Reagents

Hydrogen peroxide (34.5% H,0,) solution was purchased from
Samchun, Korea. Tannic acid, poly(methyl vinyl ether-alt-
maleic anhydride) (pMVEMA, Mn ~80 000 ¢ mol™"), 3-amino-
phenylboronic acid (PBA-NH,) monohydrate, phorbol 12-myr-
istate 13-acetate (PMA), zymosan A from Saccharomyces cerevi-
siae, lipopolysaccharide (LPS), and thiazolyl blue tetrazolium
bromide (MTT) were purchased from Sigma (St Louis, MO).
Dulbecco’s modified Eagle’s medium (DMEM) and fetal
bovine serum (FBS) were purchased from Capricorn scientific
(Ebsdorfergrund, Germany). Modified Eagle’s medium alpha
(MEM-a), an Amplex® Red hydrogen peroxide/peroxidase assay
kit, and antibodies for flow cytometry (PE-Cy5 anti-mouse
F4/80, PE anti-mouse CD11b, and FITC anti-mouse Ly6G) were
purchased from Thermo Fisher Scientific (Carlsbad, CA).
ROS-Glo H,0, assay was purchased from Promega (Madison,
WI). A myeloperoxidase (MPO) assay kit and a DCFDA cellular
ROS assay kit were purchased from Abcam (Cambridge, MA).
ELISA kits for mouse IL-6 and TNF-o were purchased from
Koma Biotech (Korea). CT-26 (murine colon cancer) and RAW
264.7 (murine macrophage) cell lines were purchased from
Korean Cell Line Bank (Korea).

2.2 Instrumental methods

Absorbance and fluorescence for the ROS assay, ELISA, and
MTT assay were measured by a multi-mode microplate reader
(SpectraMax® i3, Molecular Devices) and analyzed by the
SoftMax® Pro 6 software. Fluorescence microscope images
were obtained using a Nikon Eclipse Ti-E and were analyzed
with NIS-Elements software (ver. 4.2). Confocal laser scanning
microscope (CLSM) images were obtained using an Olympus
FV-3300 and were analyzed using OLYMPUS FLUOVIEW
Viewer (ver. 1.7). Flow cytometry was performed using a cell
analyzer (FACSCalibur, Becton Dickinson) and the data was
analyzed using BD CellQuest software. All obtained data were
statistically analyzed by GraphPad Prism 7.

2.3 Synthesis of polymeric phenylboronate (pPBA)

We synthesized polymeric phenylboronate (pPBA) by grafting
PBA-NH, onto a poly(maleic anhydride) backbone (pMVEMA),
following our previously reported method. First, PBA-NH,
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(320 mg, 2 mmol) and poly(methyl vinyl ether-a/¢-maleic anhy-
dride) (1 g, 6.4 mmol) were dissolved in dry dimethyl sulfoxide
(DMSO), and the PBA-NH, solution was added to the pMVEMA
solution to initiate the spontaneous ring opening reaction.
After 24 h, NaOH was added into the reaction mixture to
hydrolyze any remaining succinic anhydride moiety, followed
by dialysis with deionized water for 3 days (MWCO = 10 kDa)
and lyophilization. The conjugated PBA molar ratio was calcu-
lated by "H NMR (yield: 80%).

'H NMR (D,0, 300 MHz): 7.7-7.0 (m, Ph, 4H); 3.8-3.5 (m,
-CH-, 1H); 3.5-3.1 (m, -OCH3, 3H); 3.1-2.4 (m, anhydride,
2H); 2.4-1.4 (m, ~CH,-, 2H).

2.4 Synthesis of polymeric phenylboronate-tannic acid nanogel

Formation of the PTNG was carried out by simple mixing of
PPBA and TA solutions at the desired ratio. In detail, PTNG
was formulated with molar ratios of [PBA]:[TA] from 50:1 to
1:1 by mixing 100 mM [PBA] and the corresponding volume
of 10 mM [TA], followed by the addition of 10x glycine-NaOH
buffer (pH 8.5), with the balance filled by DW. [PBA]: [TA] =
10:1 PTNG was used for further studies. From this point on,
the concentration of PTNG will be regarded as its [PBA] equi-
valent. For binding assay between PBA and TA, 1 mM [PBA]
was used, varying with the amount of [TA]. Fluorescence
spectra of [PBA] were measured at A., = 388 nm.

2.5 Assessment of ROS-responsive and scavenging properties
of PING

For evaluation of ROS-responsive properties, 100 pM [PBA] of
PTNG was incubated in 100 pM H,O, for 2 h, and hydrodyn-
amic size was measured by DLS. A transmission electron
microscope (TEM) image was obtained at 24 h after adding
100 pM H,0, into the PTNG solution.

Free-radical scavenging ability was measured by DPPH
assay. In brief, pPBA, TA, or PTNG corresponding to 100 pM
[PBA] equivalence were added into 500 pM DPPH in EtOH
solution and incubated in darkness for 15 min. Absorbance of
the remaining DPPH was measured at 517 nm, and that of
non-treated DPPH was regarded as 100%.

For assessment of H,0, scavenging ability, commercially
available chemiluminescence-based ROS-Glo™ H,0, assay was
used as a non-HRP-based assay. 200 uM H,0, was added to
samples including pPBA, TA, or PTNG corresponding to
100 pM [PBA] equivalence and incubated at room temperature
(RT) for 2 h. From this point, we proceeded following the man-
ufacturer’s protocols.

The HRP-based assay was regarded as a total ROS assay,
and we used Amplex Red® H,0, assay. Similarly, 200 pM H,0,
was added into samples including pPBA, TA, or PTNG corres-
ponding to 100 pM [PBA] equivalence and incubated for 2 h at
RT. The next step was conducted following the manufacturer’s
protocols.

2.5 Cell viability

Cytotoxicity after treatment of pPBA, TA, and PTNG were evalu-
ated dose-dependently against mouse colon cancer cell line

This journal is © The Royal Society of Chemistry 2020
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(CT-26) and macrophage cell line (RAW 264.7). Briefly, cells
were seeded on a 96-well plate at a density of 8000 cells per
well for CT-26, and at 10 000 cells per well for RAW 264.7, in
DMEM and incubated overnight. The medium was replaced by
200 pL of fresh MEM-a, 200 ng mL™" of PMA in-medium, or
200 uM of H,0, in-medium, then pPBA, TA, or PTNG corres-
ponding to 0-200 uM [PBA] equivalence was added. After incu-
bation for 24 h, viability of residual cells was evaluated by MTT
assay. For evaluation of toxicity of PMA and H,0,, RAW 264.7
cells were cultured with either 0-1000 ng mL™" PMA or
0-1000 pM H,O, for 24 h, and viability was evaluated by
MTT assay.

For the MTT assay, the medium was replaced by the
addition of 200 pL of 0.5 mg mL™" of MTT in DMEM, and the
solution was further incubated in darkness for 4 h. The
medium was carefully discarded, and the residual crystals were
fully dissolved by 100 pL of DMSO. Absorbance was measured
at 570 nm, and the relative absorbance of non-treated cells was
regarded as 100% viability. The ROS protection rate was
calculated by the following: Protection rate (%) = 100 x
(viabilityros+sampie — Viabilityros)/(viabilitynon-treat — Viabilityros).

2.6 Extracellular ROS and extracellular pro-inflammatory
cytokine level

In order to demonstrate the ROS-scavenging effect at the cellu-
lar level, extracellular level of ROS, and pro-inflammatory cyto-
kine (IL-6 and TNF-a) after treatment of pPBA, TA, and PTNG
were evaluated dose-dependently against RAW 264.7 after acti-
vation with either 200 ng mL™" PMA or 200 pM H,O,. Briefly,
cells were seeded on a 12-well plate at a density of 200 000 cells
per well and incubated overnight. The medium was replaced
by 1 mL of fresh MEM-a, MEM-a with 200 ng mL™" of PMA, or
200 pM of H,0,, and with the addition of pPBA, TA, or PTNG
corresponding to 0-200 pM [PBA] equivalence. After incu-
bation for 24 h, the medium was carefully collected and centri-
fuged (3000 rpm, 10 min) to discard dead cells and debris
from the medium. The supernatant was carefully transferred
into a 96-well plate for quantification of whole ROS by
Amplex® Red ROS assay, and cytokines by ELISA. For all
assays, the protocol of the manufacturer was carefully fol-
lowed. Fluorescence at 560/590 nm and absorbance at 450 nm
were measured for the Amplex® Red ROS assay and ELISA,
respectively.

2.7 Intracellular ROS level by fluorescence microscopy

Intracellular ROS level was determined by ROS-responsive
DCF-DA. Briefly, RAW 264.7 cells were seeded on the 6-well
confocal plate at a density of 100 000 cells per well and incu-
bated overnight. The medium was replaced by 2 mL of fresh
MEM-a, MEM-a with 200 ng mL™" of PMA, or 200 pM of H,0,,
and the addition of pPBA, TA, or PTNG corresponding with
0-200 pM [PBA] equivalence. After incubation for 24 h, cells
were washed thoroughly and the medium was replaced by
fresh DMEM containing 25 pM of DCF-DA. After incubation
for 10 min, cells were fixed with 10% MeOH for 5 min and
were observed by fluorescence microscopy at FITC channel.

This journal is © The Royal Society of Chemistry 2020
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2.8 Animal

All experiments involving animals were approved by the
POSTECH Biotech Center Ethics Committee (POSTECH-2019-
0021) under guidelines and regulations provided by Postech
Institutional Animal Care and Use Committee (IACUC). Female
BALB/c mice (4-week old, 16 + 2 g) were supplied from Joong
Ah Bio (Suwon, Korea) and housed under optimal lighting,
temperature, and humidity, with access to water and food
ad libitum. An acclimation period of at least 72 h was provided
for all mice prior to the performance of any experiment.

2.9 Hemolysis assay

Mouse whole blood was obtained from female Balb/c mice and
readily diluted 10-fold with PBS. Erythrocytes were collected by
centrifugation (2000 rpm, 15 min) and the pellet was re-sus-
pended into 10-fold PBS. Samples (pPBA, pMVEMA, TA, and
PTNG) were mixed at a final concentration of corresponding
[PBA] = 200 pM and incubated at 37 °C for 6 h. Then, the
remaining erythrocytes were centrifuged (2000 rpm, 15 min) to
obtain the hemolysis supernatant, and the absorbance at
541 nm was measured. PBS and a 1x lysis buffer were regarded
as 0% and 100% hemolysis, respectively.

2.10 In vivo peritonitis model

In order to induce acute peritonitis, 800 pL of 1 mg mL™"
zymosan was injected i.p., and 200 pL of 200 nmol [PBA] equi-
valent samples (PBS, pMVEMA, pPBA, TA, or PTNG) were admi-
nistered i.p. at 1 h. After 5 h, mice were anesthetized and 2 mL
of cold PBS was injected into the peritoneum, mice were gently
shaken, and peritoneal lavage (>1.5 mL) was collected. Also,
whole blood was obtained by heart puncture and serum was sep-
arated to measure the cytokine level by ELISA. Extracted perito-
neal lavage was centrifuged (400g, 8 min) to separate cells and
exudate. Cytokine (IL-6 and TNF-a) level of the exudate was eval-
uated by ELISA and MPO activity using a commercially available
kit. The pellet was dispersed in ACK lysis buffer to eliminate
erythrocytes, the cells were washed and then counted by hemo-
cytometer. Also, cells were re-suspended at a density of 1 x 107
cells per mL. For flow cytometry, FcR was blocked, followed by
staining with PE-Cy5 anti-mouse F4/80, PE anti-mouse CD11b,
and FITC anti-mouse Ly6G for 30 min in darkness. Cells were
washed, fixed with 10% NBF, and analyzed by flow cytometry.

3. Results and discussion
3.1 Formation of pPBA-TA nanogel (PTNG)

We firstly synthesized pPBA, which reacts with the catechol
group of TA to form a phenylboronic ester group, by following
our previous protocol. In brief, amine-functionalized PBA
(PBA-NH,) was simply mixed with poly(methyl vinyl ether-ait-
maleic anhydride) (pMVEMA), the product was purified by
dialysis. Successful synthesis of pPBA was confirmed by 'H
NMR and its conjugation ratio was around 30% (Fig. S1at).”?
Next, we investigated the formation of nanogels by simply
mixing pPBA and TA in different molar ratios, and the size of
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Fig. 1 Characterization of PTNG. (a) Hydrodynamic size of PTNG and (b) intrinsic fluorescence of PBA varying with the ratio of PBA and TA. TEM
image of PTNG (c) without H,O, and (d) after treating with H,O, (scale bars = 200 nm and 100 nm, respectively).

samples was analyzed by dynamic light scattering (DLS). We
postulated that the best ratio of [PBA] to [TA] would be 5 to 1,
because only five outer catechol groups of TA might react with
the PBA moiety in pPBA, while inner catechol groups may not
interact with the PBA moiety due to steric hindrance. Although
we observed the most compact size in the ratio of 5 to 1, the
distribution of sizes was not clearly uniform (Fig. S1bf¥).
However, compared with the ratio of 5-to-1, the 10-to-1 sample
showed a uniform distribution with a particle size of around
250 nm. Furthermore, the size of samples with too high of a
TA ratio, such as 2-to-1 or 1-to-1, was over the nanoscale
because of intramolecular hydrogen bonding between TAs
(Fig. 1a).>® Hence, we chose the ratio of 10-to-1 as the best con-
dition for further formulation of PTNG. We also performed the
binding affinity test to check the interaction between PBA and
TA, and observed quenching of the intrinsic PBA fluo-
rescence.”” Correlated with hydrodynamic size, when the ratio
of TA to PBA increased, fluorescence of PBA was reduced, and
the ratio of 5-to-1 showed the lowest fluorescence intensity at
380 nm, indicating successful formation of hydrogen peroxide
(H,0,)-responsive phenylboronic ester (Fig. 1b).

3.2 ROS-responsive property and scavenging of pPBA-TA
nanogel (PTNG)

Phenylboronic ester is a widely used chemistry in the bio-
medical field and includes smart delivery>’*® and probe

1152 | Biomater. Sci,, 2020, 8, 1148-1159

systems®® that exploit the H,O,-responsive property. In this
study, we observed the H,0,-responsive property of PTNG by
monitoring the size change by both DLS and TEM. As shown
in Fig. 1c, d, and S1b,T while fresh PTNG showed a uniform
size distribution and particles maintained their spherical
shape at approximately 200 nm in size, a decrease in size and
an irregular distribution of size were observed after treatment
with H,0,. The result verified that the phenylboronic ester
bond formation in PTNG was cleaved by H,0,, resulting in col-
lapse of the PTNG.

From the result of H,O,-responsive disruption of PTNG, we
expected it to be a strong ROS scavenger by (1) consuming
H,0, for degradation of phenylboronic ester and (2) innate
ROS scavenging effects of released TA, a well-known anti-
oxidant and free radical scavenger. On the basis of the idea, we
investigated ROS-scavenging property of PTNG by total ROS,
H,0,, and free-radical scavenging assay. First, for evaluating
the total ROS level, we used horseradish peroxidase (HRP)-
based ROS quantification assay. It is worth noting that
although the HRP-based ROS assay is well known for quantifi-
cation of H,0,, actually both H,0, as a substrate and Fe(v)
oxide radical as an intermediate are involved in the peroxidase
cycle.?® Therefore, we assumed that the H,0, and radical are
scavenged by phenylboronic ester and TA, respectively, and
regarded HRP/H,0, assay as the total ROS quantification
method. As expected, PING significantly reduced the ROS

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 ROS scavenging ability relating to (a) total ROS, (b) free radical (DPPH), and (c) H,O, scavenging assay (n = 3, mean + SD).

level, resulting from combination effects of TA and phenyl-
boronic ester. pPBA and TA also decreased some level of ROS,
which is derived from the ROS scavenging nature of phenyl-
boronic acid and catechol, respectively (Fig. 2a). An increase in
the ROS-scavenging ability of PTNG with an increase in PTNG
concentration was also observed (Fig. S2at). Next, we investi-
gated the free-radical scavenging ability by colorimetric 2,2-
diphenyl-1-picrylhydrazyl (DPPH) radical assay. As expected,
TA, a well-known antioxidant, showed strong inhibition effects
of the DPPH free radical, whereas the effect of pPBA was negli-
gible. Interestingly, PTNG also had a certain level of capability
for scavenging free radicals, which might be derived from the
remaining catechol groups of TA after binding with PBA
(Fig. 2b). Consistent with the above results, the concentration
of PTNG was proportional to the inhibition of free radicals
(Fig. S2bf¥). Last, to focus only on H,0,, we assessed H,O,-
scavenging ability of PTNG by non-HRP-based H,0, assay. Due
to the formation of the phenylboronic ester group, PTNG sig-
nificantly reduced H,O, levels, more than the capability of
PPBA, showing increased scavenging ability with an increase
in the concentration. Also noteworthy is that there was a negli-
gible scavenging effect of TA against H,O, (Fig. 2¢ and S2cf¥).
Taken together, these results prove the potential of our PTNG
as a strong ROS scavenger to reduce various ROS, including
free radicals and H,0,, based on combined scavenging effects
from components of PTNG, which are H,0,-scavenging
phenylboronic ester and radical scavenging TA.

3.3 Invitro anti-inflammatory effect of PING

It is widely known that generation of ROS or RNS accelerates
the process of inflammation because ROS or RNS itself can be
exploited as a signal molecule of the inflammatory response.’
Accordingly, our group has reported that scavenging nitric
oxide (NO) can alleviate the inflammation in in vitro and
in vivo arthritis models.** Since our nanogel exhibited superior
antioxidant effects in comparison with each component, pPBA
or TA, we thus expected PTNG to act as an alternative anti-
inflammatory agent. Prior to demonstration of the therapeutic
effect, we evaluated the toxicity of the nanogel in vitro by treat-
ment against murine macrophage (RAW264.7) and colon
cancer (CT-26 cell line). As shown in Fig. S3,1 all of the com-

This journal is © The Royal Society of Chemistry 2020

ponents exhibited over 80% of viability even at [PBA] = 200 pM,
meaning that our PTNG is highly biocompatible.

Next, the anti-inflammatory effect of PTNG was evaluated
by the stimulation of RAW264.7 cells with phorbol 12-myristate
13-acetate (PMA), an inflammation activator.’*** In brief,
extracellular total ROS were quantified by Amplex® Red assay,
whereas intracellular ROS were evaluated by DCF-DA fluo-
rescence. Moreover, the in vitro levels of TNF-a and IL-6, repre-
sentative pro-inflammatory cytokines, were evaluated by ELISA.
For treatment of PMA - although the cytotoxicity of PMA was
negligible over a broad range - we chose 200 ng mL™" as the
model dose for further studies (Fig. S41).>> The intracellular
and extracellular ROS levels were significantly increased when
stimulated by PMA, whereas that of the PTNG-treated group
was comparable with that of the non-stimulated group
(Fig. 3a—c). Interestingly, the intracellular ROS level from TA-
treated group, examined by fluorescence of DCF-DA, was rela-
tively lower than that of pPBA-treated group (Fig. 3a and b). We
believe that the much lower molecular weight of TA might
affect facile uptake of an antioxidant, resulting in a different
level of intracellular ROS level. The strongest antioxidant effect
of PTNG can be explained by favorable uptake of the more par-
ticle-like structured PTNG compared with that of the linearly
entangled pPBA.>>* Similar to the intracellular ROS level,
degree of inflammation, determined by pro-inflammatory cyto-
kines (TNF-a, IL-6), was most alleviated by treatment with
PTNG (Fig. 3d and e).

Not only direct stimulation of macrophages with PMA but
also elevated levels of extracellular ROS, i.e. H,0,, induce acute
inflammation because ROS itself is a signal molecule of the
inflammatory response.>® We therefore postulated that suc-
cessful scavenging of extracellular ROS may prevent the inflam-
matory response. A viability test evaluated in the 0-1000 pM
H,0, range showed severe toxicity at high concentration, so we
selected 200 pM H,0,, which represented around 50% viability
as a model ROS level (Fig. S5). First, we studied the effect of
ROS scavengers on viability. Briefly, 0-200 pM [PBA] of pPBA,
TA, or PTNG was treated with 200 pM H,0, against the RAW
264.7 cell line, and viability was measured by MTT assay.
Similar to the ROS scavenging property, PTNG had the highest
protection ability against ROS-induced cell toxicity among the
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Fig. 3 Investigation of ROS scavenging effects in vitro after PMA treatment. (a) Fluorescence images of RAW 264.7 cells (scale bar = 25 pm) after
staining with ROS-responsive dye (DCF-DA) and their (b) ROI quantification. (c) Extracellular ROS level and (d and e) pro-inflammatory cytokine
levels (TNF-q, IL-6) of RAW 264.7 cells (n = 3, mean + SD, # compared with other groups, *p < 0.05, **p < 0.01, ***p < 0.001).

other samples (Fig. S6%). Second, the extra- and intracellular
ROS levels were quantified by the same methods as that used
for PMA-induced acute inflammation. Our PTNG showed the
strongest ROS scavenging effect; interestingly, pPBA was much
stronger than TA, inconsistent with PMA study (Fig. 4a and b).
Nevertheless, the result can be explained by the unique scaven-
ging properties of TA or pPBA against different ROS species. As

1154 | Biomater. Sci., 2020, 8, 1148-1159

mentioned in the various ROS quantification assays, catechol-
containing TA was not an effective scavenger against free H,0,,
whereas pPBA or PTNG was.>”*® Consequently, extracellular
ROS was not effectively eliminated by TA, resulting in higher
remaining extracellular and intracellular ROS levels (Fig. 4c).
In the case of inflammation, the level of cytokine was not sig-
nificantly different between the samples, which could have

This journal is © The Royal Society of Chemistry 2020
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matory cytokine levels (TNF-a, IL-6) of RAW 264.7 cells, compensated with viability (n = 3, mean + SD, # compared with other groups, *p < 0.05,

**p < 0.01, ***p < 0.001).

been caused by differing viability at each condition (Fig. S5b
and S71). After compensation with viability under the same
conditions, inflammatory cytokine level per H,O,-treated cell
was significantly reduced by PTNG (Fig. 4d and e).

Taken together, we demonstrated an outstanding ROS
scavenging effect of phenylboronic ester-based PTNG in vitro

This journal is © The Royal Society of Chemistry 2020

under intracellular (PMA) or extracellular (H,O,) ROS gene-
ration. TA was not an effective scavenger against H,0, in vitro,
as observed in previous ROS scavenging assays. Moreover,
effective scavenging of cellular ROS was highly correlated with
pro-inflammatory cytokines including IL-6 and TNF-a.
Therefore, our findings strongly suggest that a ROS scavenger
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such as PTNG can be exploited as an alternative anti-inflam-
matory agent for the treatment of inflammatory diseases.

3.4 Invivo anti-inflammatory effect of PTNG

In accordance with our previous results, an excellent anti-
inflammatory effect of PTNG derived from its ROS scavenging
property, we further examined PTNG for treating inflammatory
disease. Prior to administration, in vivo biocompatibility of our
materials was confirmed by hemolysis assay (Fig. S87).
Negligible hemolysis was observed for all materials except TA,
which exhibited some proportion of hemolytic property
(~10%), which might be derived from strong interaction
between the catechol group and the membrane of erythro-
cytes.* Before therapeutic evaluation, biodistribution of PTNG
was also monitored by in vivo fluorescence image to ensure
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that nanogel sufficiently remains in peritoneum to show anti-
inflammatory effect. In similar with therapeutic evaluation
in vivo, we used the zymosan-induced acute peritonitis (ZIP)
model.* Briefly, zymosan was administrated intraperitoneally
(i.p.), followed by i.p. injection of our materials after 1 h to
monitor the biodistribution. Fortunately, peritoneal distri-
bution of PTNG was observed for at least 4 h, whereas clear-
ance through hepatic pathway was clearly occurred in 48 h
(Fig. S91).*"** Encouraged from biodistribution results, we
finally evaluated therapeutic effect of PTNG as an anti-inflam-
matory agent in vivo. After 5 h post-administration of our
materials in ZIP model, the peritoneal cavity was washed with
saline to analyze the cytokines in peritoneal lavage and
recruited inflammatory cells; serum was also collected to
measure the level of whole-body inflammation (Fig. 5a). As
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Fig. 5 In vivo therapeutic model of PTNG for treatment of zymosan-induced peritonitis (ZIP). (a) Overall experimental timeline for ZIP mouse
model. Quantification of pro-inflammatory cytokines including (b) TNF-a and (c) IL-6 in the peritoneal lavage and (d) TNF-a and (e) IL-6 in the
serum, (n = 3, mean + SD, # compared with sample groups, *p < 0.05, **p < 0.01, ***p < 0.001).
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was done in the cellular study, the pro-inflammatory cytokine
level of both peritoneal lavage and serum showed quite
obvious zymosan-induced acute inflammation. In contrast,
PTNG significantly reduced the level of inflammation (Fig. 5b—
e).**** The components of PTNG including pPBA and TA also
declined inflammation to some degree, but the difference
between them was not significant. Moreover, the number of
recruited peritoneal cells, standing for level of inflammation,
showed a similar tendency with cytokine levels (Fig. S107).
Nonetheless, not only the number but also the type of
recruited cell is another important criterion to estimate the
level of inflammation; thus, the population of recruited cells
was analyzed by flow cytometry. As shown in Fig. 6a, the popu-
lation of neutrophils was greatly increased by challenging with
zymosan, and treatment by antioxidants reduced a certain
level of infiltrated neutrophils (CD11b™8"/Ly6GM&"), as would
be expected.”” Interestingly, the population of peritoneal
macrophage (CD11b"8"/F4/80"8") showed a reversed ten-
dency; several studies have shown that the population of resi-
dent macrophages (large peritoneal macrophage, LPM) is
greatly decreased in the case of inflammation, which might be
caused by their movement into lymph nodes (Fig. 6b).**™*
Therefore, we believe that scavenging the ROS prevented an
initial activation of residual macrophages, followed by the
inhibition of chemotaxis-mediated recruitment of neutrophils
and inflammatory monocytes/macrophage, as revealed by

This journal is © The Royal Society of Chemistry 2020

results of flow cytometry and local and systemic pro-inflamma-
tory cytokine levels. An activity value of myeloperoxidase
(MPO), a representative marker of active neutrophils, showed a
similar tendency in accordance with the neutrophil popu-
lation, implying the inhibition of neutrophils after treatment
with antioxidants (Fig. 6¢).**° In addition, there was no sig-
nificant toxicity observed by histological analysis with H&E
staining of major organs and peritoneum (Fig. S11}). Taken
together, our ROS-responsive PTNG can be utilized as an anti-
inflammatory agent by itself, derived from its strong ROS
scavenging capability (Fig. 6d).

4. Conclusion

In this study, we reported a facile preparation of biocompatible
antioxidants. By mixing polymeric phenylboronic acid with
tannic acid, a natural antioxidant, our nanogel (PTNG) was
easily produced by the formation of phenylboronic ester with
innate H,0O, responsiveness. Due to the high reactivity of
phenylboronic ester as well as the inherent radical scavenger
TA, PTNG exhibited superior ROS scavenging behavior in com-
parison with the components. Effective scavenging of ROS suc-
cessfully reduced inflammation of macrophages induced by
PMA or external ROS, as revealed by the internal ROS and pro-
inflammatory cytokine level. Furthermore, PTNG was treated
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in zymosan-induced peritonitis model mice, and change of
pro-inflammatory cytokine levels in serum, in peritoneal
lavage, and in peritoneal cell population indicated a signifi-
cant alleviation of induced inflammation in vivo. In con-
clusion, we strongly believe that our study has provided an
alternative approach for the treatment of inflammatory dis-
eases by scavenging overproduced ROS.
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