
O R I G I N A L  R E S E A R C H

Effective Oxidation-Responsive Polyester 
Nanocarriers for Anti-Inflammatory Drug 
Delivery

Pan He 1 

Bingtong Tang1 

Yusheng Li1 

Yu Zhang2 

Xinming Liu2 

Xin Guo1 

Dong Wang3 

Peng She3,4 

Chunsheng Xiao 2

1School of Materials Science and 
Engineering, Changchun University of 
Science and Technology, Changchun, 
130022, People’s Republic of China; 2Key 
Laboratory of Polymer Ecomaterials, 
Changchun Institute of Applied 
Chemistry, Chinese Academy of Sciences, 
Changchun, 130022, People’s Republic of 
China; 3Department of Orthopaedics, 
The Seventh Affiliated Hospital of Sun 
Yat-sen University, Shenzhen, 518107, 
People’s Republic of China; 4Joint Surgery 
Department, The First Hospital, Jilin 
University, Changchun, 130021, People’s 
Republic of China 

Background: High levels of oxidants, such as reactive oxygen species (ROS) and reactive 
nitrogen species (RNS), are typical characteristics of an inflammatory microenvironment and 
are closely associated with a various inflammatory pathologies, eg, cancer, diabetes, athero
sclerosis, and neurodegenerative diseases. Therefore, the delivery of anti-inflammatory drugs 
by oxidation-responsive smart systems would be an efficient anti-inflammatory strategy that 
benefits from the selective drug release in an inflammatory site, a lower treatment dose, and 
minimizes side effects.
Purpose: In this study, we present the feasibility of an oxidation-sensitive PEGylated 
alternating polyester, methoxyl poly(ethylene glycol)-block-poly(phthalic anhydride-alter- 
glycidyl propargyl ether) (mPEG-b-P(PA-alt-GPBAe)), as novel nanocarrier for curcumin 
(CUR), and explore the application in anti-inflammatory therapy.
Methods: The copolymers used were obtained by combining a click reaction and a ring- 
opening-polymerization method. CUR was loaded by self-assembly. The in vitro drug 
release, cytotoxicity toward RAW 264.7 cells and cellular uptake were investigated. 
Furthermore, the anti-inflammatory effects of CUR-loaded polymeric nanoparticles (NPs- 
CUR) were investigated in lipopolysaccharide (LPS)-stimulated RAW 264.7 macrophages 
and tested in a murine model of ankle inflammation.
Results: Fast drug release from NPs-CUR was observed in trigger of 1 mM H2O2 in PBS. 
Compared with NPs and free drugs, the significant anti-inflammatory potential of NPs-CUR 
was proven in activated RAW 264.7 cells by inhibiting the production of TNF-α, IL-1β, and 
IL-6 and increasing the level of an anti-inflammatory cytokine IL-10. Finally, a local 
injection of NPs-CUR at a dose of 0.25 mg/kg suppressed the acute ankle inflammatory 
response in mice by histological observation and further reduced the expression of pro- 
inflammatory cytokines in the affected ankle joints compared to that of free CUR.
Conclusion: Both the significant in vitro and in vivo anti-inflammatory results indicated that 
our oxidation responsive polymeric nanoparticles are promising drug delivery systems for 
anti-inflammatory therapy.
Keywords: oxidation responsiveness, PEGylated polyesters, nanosized micelles, anti- 
inflammatory therapy, curcumin delivery

Introduction
Uncontrolled inflammation is closely associated with various pathologies, such as 
atherosclerosis, asthma, neurodegenerative diseases, and cancer.1,2 Recently, in 
several studies, it was suggested that the major cause of disease severity and 
death in coronavirus disease 2019 (COVID-19) infected patients was virally 
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induced-hyperinflammation.3,4 One striking feature of 
inflammation is the oxidative stress caused by overproduc
tion of reactive oxygen species (ROS). Moreover, ROS- 
derived oxidants, including hydrogen peroxide (H2O2) at 
the inflammatory site is highly reactive to proteins and 
DNA, and causes necrosis or apoptosis.5 Therefore, it is 
of significance to scavenge the over-generated oxidants 
and to target the delivery of anti-inflammatory agents for 
anti-inflammatory therapy.6

Oxidation-responsive polymeric vesicles have been 
proven to be efficient and sufficient drug delivery systems 
(DDS) for anti-inflammatory agents, because the polymer 
carrier reacted with oxidants, down-regulated ROS level 
and released the incorporated drug in the high oxidizing 
environment at the inflammatory site.7,8 Lee et al prepared 
H2O2-responsive polymeric prodrug nanoparticles (NPs) 
of vanillin with peroxalate ester bonds and acid-labile 
acetal linkages, which degraded in cells by acid and oxi
dative stress, released antioxidant and anti-inflammatory 
drug vanillin simultaneously, and thus inhibited the 
expression of TNF-α and iNOS in lipopolysaccharide 
(LPS)-stimulated RAW 264.7 cells.9 The authors also 
developed vanillyl alcohol-based anti-oxidant polymer 
nanoparticles to treat doxorubicin-induced cardiomyopa
thy, and macroparticles loaded with Manganese porphyrin 
for the treatment of acute liver failure in mice.10,11 Tirelli’s 
group pioneered in the development of hydrophobic poly 
(propylene sulphide) (PPS)-based polymeric nanoparticles, 
which were conversed to hydrophilic polysulphoxide and 
ultimately polysulphones by H2O2, leading to oxidation- 
triggered particle destabilization.12 Most interestingly, 
PPS-based nanoparticles were found to be pharmacologi
cally active materials, which showed ROS-scavenging 
activity and reduced the production of cytokines by LPS- 
activated macrophages.13 In their recent work, PEGylated 
PPS nanoparticles were applied for ischemic stroke ther
apy and showed reduced post-stroke inflammation and 
damage through scavenging ROS in a mouse model of 
stroke.14 Besides sulfide, polymers containing thioether, 
thioketal, boronic acid groups and polystannanes exhibited 
oxidative responses, whereas their biocompatibility and 
biodegradation properties needed improving as DDS.15–17

Curcumin (CUR), 1,7-bis-(4-hydroxy-3-methoxy- 
phenyl)-hepta-1,6-diene-3,5-dione, has received significant 
attention as a natural phenolic antioxidant and an anticancer 
drug. Mounting evidence has proven the anti-inflammatory 
role of CUR and its antiproliferative effects on tumor cells.18 

In fact, the antitumor properties of CUR are ascribed to its 

antioxidant and free-radical scavenging capabilities.19 

However, the extreme hydrophobicity and poor hydrolytic 
stability of CUR have limited its clinical applications. To this 
end, various drug delivery platforms have been developed for 
the incorporation of CUR to improve its water solubility and 
therapeutic activity.20 Sung and colleagues developed dual 
responsive nanoparticles as CUR carriers that are composed 
of poly-(1,4-phenyleneactone dimethylene thioketal) and 
chitosan-derivatives, which disintegrated under oxidative 
stress and reduced pH in inflamed conditions. The released 
CUR reduced the level of excess oxidants in LPS-stimulated 
macrophages, and exhibited an enhanced anti-inflammatory 
activity in a mouse model of ankle inflammation.6 CUR- 
encapsulated yeast β-glucan particles (GPs) showed 
enhanced anti-inflammatory potential in vitro, and have 
been proven to reduce GPs-mediated IL-1β and TNF-α cyto
kine production in isolated porcine peripheral blood mono
nuclear cells.21 In addition, PEGylated CUR prodrug 
micelles and cyclodextrin have been used as CUR carriers 
to improve CUR’s solubility, stability, and bioavailability.22

Recently, we synthesized a class of PEGylated alternat
ing polyesters by ring-opening alternating copolymerization 
(ROAP).23–25 The hydrophobic thioether pendant groups of 
one copolymer were selectively oxidized to hydrophilic 
sulfoxide by 50 mmol of H2O2, leading to dissociation of 
the self-assembled micelles and release of the payload.24 To 
improve the oxidative sensitivity of polymer, phenylboronic 
acid pinacol ester was conjugated to another PEGylated 
polyester by combining ROAP using the “click” chemistry 
reaction. The obtained copolymer, methoxyl poly(ethylene 
glycol)-block-poly(phthalic anhydride-alter-glycidyl propar
gyl ether) (mPEG-b-P(PA-alt-GPBAe)), could assemble 
into nanoparticles and encapsulate Doxorubicin with 
a high loading content. Accelerated drug release was 
observed in the trigger of 1 mmol of H2O2 in acidic PBS 
and an enhanced anticancer effect was achieved both 
in vitro and in 4T1 tumor-bearing mice.25

In the present work, the potential of mPEG-b-P(PA-alt- 
GPBAe) copolymers as oxidation responsive carriers of 
CUR and their anti-inflammatory effects were evaluated 
both in vitro and in vivo (Scheme 1). Firstly, the H2O2- 
triggered CUR release in PBS, the cytotoxicity, and the 
cellular uptake were investigated. Subsequently, the inhi
bition of proinflammatory cytokine production by NPs, 
free CUR, and CUR-loaded NPs was evaluated in LPS- 
stimulated RAW 264.7 cells by enzyme linked immuno
sorbent assay (ELISA). Finally, the anti-inflammatory 
effects of different CUR formulations were tested in 
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a mouse model of ankle inflammation. Due to the H2O2- 
scavenging effects and responsive ability of the PEGylated 
copolymers, significant anti-inflammatory properties of the 
CUR-loaded nanoparticles are expected.

Materials and Methods
Preparation of Blank Polymeric 
Nanoparticles (NPs)
The target oxidation sensitive copolymer mPEG-b-P(PA- 
alt-GPBAe) was obtained as described in our previous 
study.25 For the preparation of blank NPs, 25 mg of 
mPEG-b-P(PA-alt-GPBAe) were dissolved in 1.5 mL of 
dimethyl formamide (DMF), and then added dropwise into 
10 mL of water. The mixture was stirred for 2 h at room 
temperature, and then dialyzed against deionized (DI) 
water using a dialysis membrane (MWCO 3500 Da) for 
24 h. After DMF was removed, part of the obtained poly
meric nanoparticles were diluted and characterized by 
dynamic light scattering (DLS) on a Zetasizer (Nano-ZS, 
Malvern Instruments, UK) and by transmission electron 
microscopy (TEM) on a JEM-1011 transmission electron 
microscope (JEOL Inc., Tokyo, Japan) with an accelerat
ing voltage of 100 kV. The other part of NPs was freeze- 
dried and stored.

The oxidation-sensitive behavior of mPEG-b-P(PA-alt- 
GPBAe) NPs was evaluated by monitoring the size 
changes by DLS. In brief, NPs in 0.1 mg/mL were treated 
with 0.1 mol H2O2 and incubated at room temperature for 
24 h, subsequently, DLS was performed at 2, 4, 8, 12, and 
24 h, respectively. Finally, the morphology of the NPs was 
analyzed by TEM.

Preparation of CUR-Loaded 
Nanoparticles and in vitro Drug Release
CUR was purchased from Heowns Biochemical Technology 
Co., Ltd (Tianjin, China), and was used as received. In brief, 
5 mg of CUR and 20 mg of polymer were mixed in 1.5 mL 
of DMF under vigorous stirring. Then, CUR-loaded nano
particles (NPs-CUR) were prepared by the aforementioned 
dialysis method. Dialysis was conducted in the dark to 
protect CUR from degradation. NPs-CUR were obtained 
after lyophilization. The encapsulated CUR content was 
determined by a UV-vis spectrometer at λ = 426 nm 
(Lambda 365, PerkinElmer, USA). The drug loading content 
(DLC) and drug loading efficiency (DLE) were calculated 
according to the following formulation:

DLC (%) = (weight of loaded CUR in NPs-CUR 
/weight of NPs-CUR) × 100%

DLE (%) = (weight of loaded CUR/weight of feeding 
CUR) × 100%

The release of oxidation-triggered CUR was performed 
by dialysis of 5.0 mg of NPs-CUR against 50 mL of PBS 
with 1 mmol of H2O2. At predetermined times, 1 mL of the 
released solution was collected and replaced by 1 mL of 
fresh PBS containing H2O2. The concentration of released 
CUR was measured by a UV-vis spectrometer (UV-1800, 
Shimadzu, Kyoto, Japan) using a standard curve.

Cell Culture and Cell Viability Studies
RAW 264.7 cells were purchased from BeNa Culture 
Collection Company (Beijing, China), and cultured in 
complete Dulbecco’s modified Eagle’s medium (DMEM, 
GIBCO) medium containing 10% (V/V) inactivated fetal 

Scheme 1 Chemical structures of curcumin and its polymeric carrier mPEG-b-P(PA-alt-GPBAe), and a schematic illustration of the anti-inflammatory mechanism of NPs- 
CUR in an activated macrophage model.
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bovine serum (FBS), streptomycin (50 U mL−1) and peni
cillin (50 U mL−1) at 5% CO2 and at 37 °C. MTT, 
3-(4,5-Dimethyl-thiazol-2-yl)-2,5-diphenyl tetrazolium 
bromide, was purchased from Sigma-Aldrich (Shanghai, 
China). In brief, RAW 264.7 cells in 180.0 μL DMEM 
were seeded into wells of a 96-well-plate at a density of 
1.0×104/well and incubated overnight. Then, the super
natant was replaced with DMEM containing NPs-CUR 
or free CUR at a CUR dose of 1.25 μM to 40 μM, or the 
equivalent amount of unloaded NPs. After 24 h, 20.0 μL 
MTT stock solution (5 mg mL−1) was added to each well 
and cells were cultured for another 4 h.

The supernatant of each well was discarded and 
replaced with 150 μL DMSO. After shaking for 10 min
utes, the absorbance of the above-mentioned solution was 
measured at 490 nm (A490) on a Bio-Rad 680 microplate 
reader (Bio-Rad, Hercules, CA, USA). Cell viability (%) = 
(Asample/Acontrol) × 100%, where Asample and Acontrol repre
sent the A490 of the sample and control (PBS) wells, 
respectively.

To evaluate the cytotoxicity toward LPS-activated 
RAW cells, macrophages were stimulated using an LPS 
dose of 1.0 μg/mL for 24 h, and were then seeded in 96- 
well-plates for 12 h. Next, DMEM containing three differ
ent formulations with a CUR dose of 1.25 μM to 40 μM 
were added and cells were incubated for another 24 
h. Subsequently, cells were submitted for MTT assay 
evaluation.

Cellular Uptake/Internalization
LPS-stimulated RAW 264.7 cells were seeded on 
a coverslip in 6-well plates at a density of 4 × 104 cells 
per well, and incubated for 24 h. Subsequently, the super
natant was discarded and replaced with DMEM containing 
NPs-CUR. After incubation for another 2 h to 8 h, the cells 
were washed with PBS and fixed with 4% formaldehyde 
for 30 min. Finally, the green fluorescence of CUR (λex = 
456 nm) was monitored by confocal laser scanning micro
scopy. (CLSM, LSM 780; Carl Zeiss, Germany) 

In vitro Anti-Inflammatory Effects of 
NPs-CUR
RAW 264.7 cells were seeded in 6-well plates (4 × 104 

cells per well), left to adhere overnight, and were incu
bated for 2 h with NPs-CUR or free CUR at a CUR 
dose of 10 μM, or the equivalent amount of unloaded 
NPs. Subsequently, macrophages were stimulated with 

1.0 µg/mL of LPS for 24 h. Cells treated with PBS and 
without LPS treatment served as controls. Supernatant 
was collected by centrifugation at 3000 rpm for 20 min 
at room temperature. Levels of TNF-α, IL-1β, IL-6, and 
IL-10 were quantified using an ELISA Kit (Dayou®, 
Dakewe Biotech Co., Ltd.; Shenzhen, China), following 
the manufacturer’s instructions.

In vivo Anti-Inflammatory Effects of 
NPs-CUR
Adult female C57BL/6 mice (8 weeks old, 20–25 g) 
were purchased from the Beijing Vital River 
Laboratory Animal Technology Co., Ltd (Beijing, 
China), and were housed in controlled temperature 
rooms (23 ± 2°C), under a 12/12 h light-dark cycle, 
with access to water and food ad libitum. All animal 
procedures were performed in accordance with the 
Guidelines for Care and Use of Laboratory Animals of 
Jilin University, and approved by the Animal Ethics 
Committee of Jilin University. Mice were randomly 
separated into 4 groups (3–5 mice per group). Healthy 
mice that did not receive any treatment were used as the 
control group (Control). LPS (2 mg/kg) was injected 
into the ankles of mice in other 3 groups. Four h later, 
NPs, free CUR or NPs containing CUR at a dose of 
0.25 mg/kg were injected into one of the inflamed 
ankles (NPs, CUR and NP-CUR group, respectively); 
the other inflamed ankle received PBS and represented 
the PBS group. Six h later, mice were sacrificed. The 
ankle joints were excised, cleaned with PBS, immersed 
in 4% buffered paraformaldehyde overnight, and decal
cified using a 10% (w/v) EDTA for 20 days. After 
embedding in paraffin, ankle joint tissue was cut into 
5 mm sections and stained with hematoxylin-eosin 
(H&E). Sections were also used for immunofluorescence 
analysis using antibodies directed against CD86, CD206, 
iNOS, TNF-α, IL-1β and IL-6. H&E-stained sections 
were imaged by a Nikon TE2000U microscope for 
detailed evaluation of inflammation. The levels of cell 
surface markers, iNOS, and inflammatory cytokines in 
the tissue were determined by CLSM using a LSM 780 
(Carl Zeiss, Jena, Germany). In addition, the relative 
positive areas of proinflammatory cytokines were mea
sured using ImageJ software (National Institutes of 
Health, Bethesda, Maryland) for semiquantitative 
analyses.
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Statistical Analysis
All experiments were conducted at least in triplicate, and 
the results are shown as the mean value ± standard devia
tion (SD). *P < 0.05 was considered statistically signifi
cant. **P < 0.01 and ***P < 0.001 were considered highly 
significant.

Results and Discussion
NPs Formation and the 
Oxidation-Sensitive Behavior
The detailed synthesis route and the 1H-NMR spectrum of 
the target oxidation sensitive polymer used in this study 
are shown in the supporting information. As illustrated in 
Figure S1, mPEG-b-P(PA-alt-GPBAe) was synthesized by 
combining the click reaction and a ROAP method using 

mPEG-OH as the macroinitiator and a phosphazene base 
as the catalyst, which was similar to what was used in our 
previously reported study.24,25 All the proton or carbon 
resonance peaks were assigned in accordance with the 
proposed structure of mPEG-b-P(PA-alt-GPBAe) in the 
1H-NMR and 13C-NMR spectra (Figure S2 and S3). The 
average molecular weight was determined to be 13.9 kDa 
with a narrow polydispersity value of 1.06 as determined 
by gel permeation chromatography (Figure S4). In this 
study, the obtained amphiphilic copolymer, mPEG-b-P 
(PA-alt-GPBAe), could self-assemble in water into nano- 
sized micelles with a PEG shell and a polyester core, 
called NP). CUR was encapsulated into NPs with a DLC 
of 13.2% and a DLE of 60.7%, respectively. The CUR- 
loaded NPs obtained were abbreviated as NPs-CUR. The 
interaction between the drug and phenyl-containing 

Figure 1 TEM images of (A) NPs and (B) NPs-CUR. (C) Hydrodynamic diameter distribution of NPs and NPs-CUR. Variation of the diameter distribution (D) and TEM 
image (E) of NPs treated with 100 mM H2O2 for 24 h. (F) Proposed degradation mechanism of mPEG-b-P(PA-alt-GPBAe) by H2O2 and the oxidation products involved.
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mPEG-b-P(PA-alt-GPBAe) in NPs-CUR should be hydro
phobic plus π-π interaction. Both blank NPs and drug- 
loaded NPs were solid, smooth, and spherical in shape, 
and the size was uniform (Figure 1A and B). DLS profiles 
demonstrated that the average diameter of the NPs was 
40.2 nm, and the polydispersity index (PDI) was 0.217. In 
addition, NPs-CUR were slightly larger size (49.4 nm) and 
showed a broader distribution (PDI = 0.336) compared 
with NPs (Figure 1C).

To verify the oxidation sensitivity of NPs, the size 
change of NPs in the presence of 100 mM H2O2 was 
monitored. This concentration is somewhat higher than 
the normal ROS level, and was used to prove the concept 

of ROS-degradability. As shown in Figure 1D, the size and 
distribution of the blank NPs did not change significantly 
after 4 h, however, the DLS profile started to show two 
peaks after 8 h. The extra peak indicated that some of the 
particles grew from 40 nm to 150–200 nm, which was 
attributed to the swelling and dissociation of NPs upon 
treatment with H2O2. At 12 h, the particle size distribution 
was the widest with a PDI value of 0.406. Interestingly, 
after incubation in H2O2 solution for 24 h, the diameter of 
the larger particles decreased, and the presence of peaks at 
20 nm indicated that the original NPs were almost com
pletely disrupted. The TEM image in Figure 1E demon
strates that after incubation in H2O2 solution for 24 h, the 
sizes of the NPs varied, the structure became looser, and 
the edges were irregular. This could be explained by the 
proposed oxidation-degradation mechanism that is shown 
in Figure 1F.26,27 The hydrophobic phenylboronic pinacol 
ester groups reacted with H2O2 and underwent quinone- 
methide rearrangement, which resulted in hydrolysis of the 
carbamate linker, and finally the generation of hydrophilic 
R-NH2 terminal groups. Thus, the NPs first swelled and 
disassociated 24 h later. This ROS-responsive behavior of 
NPs is useful for controlled drug release in a high oxida
tive environment, such as at sites of inflammation.

In vitro Drug Release of NPs-CUR
The in vitro drug release behavior of NPs-CUR is shown 
in Figure 2. In PBS without H2O2 (Group A), only 12.2% 
of CUR was gradually released in 12 h, which was likely 
due to the physical diffusion of CUR from the hydropho
bic core of NPs into PBS. In contrast, NPs exhibited 

Figure 2 Cumulative drug release profiles of NPs-CUR in PBS at pH 7.4 without 
H2O2 (A) or with 1.0 mM H2O2 (B). Data are presented as the average 
release percent ± standard deviation (n=3). ***P < 0.001 and **P < 0.01 were 
considered statistically significant.

Figure 3 The in vitro cytotoxicity of NPs, CUR and NPs-CUR against (A) native and (B) LPS-stimulated RAW264.7 macrophages after incubation for 24 h. *P < 0.05 was 
considered statistically significant.
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a much faster drug release rate by trigger of 1.0 mM H2O2 

(Group B), which resulted in 25.6% of CUR release in 12 
h, which was more than twice of that in Group A. The 
percentage of cumulative CUR release at 24 h was 25.1% 
and 34.4% for Group A and Group B, respectively. From 
the data presented in Figure 1D and E, we speculated that 
the oxidation-responsive drug release was attributed to 
a looser structure, a larger size distribution, and subse
quently dissociation of the NPs after reaction with H2O2. 
Taken together, the results obtained in the in vitro drug 
release study confirmed the oxidation sensitivity of 
mPEG-b-P(PA-alt-GPBAe) NPs.

Cytotoxicity and Cellular Uptake of 
NPs-CUR
To examine the cytotoxicity towards native or LPS-activated 
RAW264.7 cells, free-form CUR, NPs, or NPs-CUR were 
incubated with RAW264.7 cells at a CUR dose of 1.25 μM to 
40 μM for 24 h; cells without any treatment were used as 
controls. The MTT assay results presented in Figure 3A and 
B showed that the viability of cells in the NPs-treated group 
was above 90%, indicating good biocompatibility of 
PEGylated alternating polyester copolymers at the test con
centrations used. In contrast, dose-dependent cytotoxicity was 
observed for the groups treated with either free-form CUR or 
encapsulated CUR. The cell viability of the NPs-CUR group 
at a dose of 10 μM was ~85% and deceased to ~68% when 

increasing the dose to 20 μM. In previous studies, it was 
demonstrated that low concentrations of CUR increased the 
level of ROS.28 Therefore, a moderate concentration of 10 
μM CUR was chosen for the cell viability studies.

To monitor the ROS-insulting conditions of RAW264.7 
macrophages, cells were incubated with various concentra
tions of H2O2 and incubated for 4 h. Obvious cytotoxicity by 
H2O2 was observed in a dose-dependent manner (Figure 
S5A). However, treatment of 1 mM H2O2 (IC50 value), 
significantly increased the cell viability in the presence of 
NPs at concentrations from 0.063 to 0.50 mg/mL (Figure 
S5B), thereby indicating a protective effect of mPEG-b-P 
(PA-alt-GPBAe) NPs to cells from oxidative damage.

The internalization of NPs was investigated by mon
itoring the green fluorescence of the loaded CUR using 
CLSM. A gradual increase of the fluorescence intensity 
from 2 h to 8 h revealed greater accumulation of CUR in 
RAW 264.7 cells and indicated a successful cellular uptake 
of NPs-CUR (Figure 4).

In vitro Anti-Inflammatory Activity of 
NPs-CUR
A well-defined model of macrophage activation at sites of 
inflammation involves treatment of RAW264.7 cells with 
LPS, which results in the overproduction of oxidants and 
irreversible oxidative cellular damage. We tested the anti- 
inflammatory effects of NPs-CUR, free CUR, and NPs in this 

Figure 4 CLSM images of LPS-activated RAW 264.7 cells incubated with NPs-CUR for 2h to 8h. Scale bars: 50 μm.
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LPS-stimulated macrophage model at a CUR dose of 10 μM. 
As shown in Figure 5A–C, the levels of pro-inflammatory 
cytokines TNF-α, IL-1β, and IL-6 were remarkably elevated 
in LPS-activated macrophages compared to non-activated 
controls (P < 0.001), but were decreased to different degrees 
by all CUR-containing formulations. The average TNF-α 
concentration of NPs-CUR-treated cells was 284.5 ng/L, 
which was far lower than that of untreated activated cells, 
ie, 426.7 ng/L (P < 0.001), and 18.6% lower than that of NPs 
groups (P < 0.05). Unfortunately, no statistical differences of 
TNF-α levels were between free CUR and NPs-CUR-treated 
groups (Figure 5A). A similar inhibitory pattern was 
observed for IL-1β (Figure 5B). The average concentrations 
of IL-6 in NPs, free CUR, and NPs-CUR-treated groups were 
88.2, 80.1, and 69.3 ng/L, respectively (Figure 5C), which 
was significantly lower than that of control or LPS groups (p 
< 0.05). Among pro-inflammatory cytokines, TNF-α 

secreted by activated macrophages plays a crucial role for 
the induction of other cytokines. The reduction of TNF-α 
secretion by our NPs-CUR formulation may promote the 
inhibition of IL-1β and IL-6 in LPS-stimulated RAW cells.

Apart from pro-inflammatory cytokines, the level of 
anti-inflammatory cytokine IL-10 was also evaluated. In 
our case, the increased levels of IL-10 were determined as 
follows: NPs-CUR > NPs > free CUR (Figure 5D). The 
best anti-inflammatory effect of NPs-CUR might be attrib
uted to the protection of CUR during the blood circulation, 
and selective oxidation-triggered drug release at the 
inflammatory site.

In vivo Anti-Inflammatory Activity of 
NPs-CUR
To further evaluate the in vivo anti-inflammatory effect of 
NPs-CUR, a mouse model of acute ankle inflammation 

Figure 5 The concentrations of pro-inflammatory cytokines, including TNF-α (A), IL-1β (B), IL-6 (C), and IL-10 (D) in the supernatant of LPS) (1 μg/mL)-stimulated 
RAW264.7 macrophages after treatment with NPs, CUR and NPs-CUR at a CUR dose of 10 μM. Cells treated with PBS without LPS stimulation were used as a control. 
Data are presented as the average ± standard deviation (n=5). *P < 0.05, **P < 0.01 and ***P < 0.001 were considered statistically significant.
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was established by a local injection of LPS (0.2 mg/kg). 
Mice were treated with the same dose of PBS, NPs, free 
CUR, and NPs-CUR. Compared to the healthy ankle of the 
control group in Figure 6A, many inflammatory cells, 
which stained blue by hematoxylin, had infiltrated into 
the mouse ankle in the PBS-treated group, which was 
indicative of a success inflammation model induced by 
LPS. We also noticed that mice with an inflamed ankle 
mice moved more slowly than the healthy one.

Although the administration of free-form CUR could 
regulate inflammation by inhibiting pro-inflammatory cyto
kines in macrophages in vitro (Figure 5), a mild infiltration 

of inflammatory cells was observed in H&E-stained sections 
of CUR-treated mice (Figure 6A). As expected, the most 
potent inflammatory inhibition was observed in mice treated 
with NPs-CUR compared with NPs and free drug. As shown 
in histopathological sections of the NPs-CUR group, very 
few inflammatory cells infiltrated in the affected ankle joint. 
Taken together, these results highlighted the importance of 
NPs carriers for in vivo delivery of CUR.

CD86 and CD 206 are typical surface markers for 
classically activated macrophages (M1) and alternatively 
activated macrophages (M2), respectively.29 As shown in 
Figure 6B and C, the lowest CD86 level and a maximum 

Figure 6 (A) Microscopy images of H&E and immunofluorescence analyses (CD 86 and CD 206) in a healthy mouse ankle (Control group), or LPS-infused ankles after 
treatment with PBS, NPs, free CUR or NPs-CUR at a CUR dose of 0.25 mg/kg. Scale bar is 100.0 mm. Statistical analysis by Image J for the fluorescence intensity of (B) CD 
86 and (C) CD 206, respectively. *P < 0.05 and **P < 0.01 were considered statistically significant.
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Figure 7 Immunofluorescence analyses of a healthy ankle (Control group) or LPS-affected ankles after treatment with PBS, NPs, free CUR or NPs-CUR. (A) Images with 
scale bar of 100.0 mm. Statistical analysis by Image J for the fluorescence intensity of (B) iNOS, (C) TNF-α, (D) IL-1β, and (E) IL-6). *P < 0.05 and **P < 0.01 were 
considered statistically significant.
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CD 206 intensity were observed in the ankle of the NPs- 
CUR-treated group, which implied a potent ability of NPs- 
CUR to modulate macrophage polarity from the pro- 
inflammatory M1 state to the anti-inflammatory M2 state. 
This was likely because the local ROS stress was reduced 
by NPs and the treatment by released CUR in the inflam
matory site.

The levels of pro-inflammatory cytokines in the 
affected joints are key indicators of disease severity; con
sequently, immunofluorescence analysis of sections of 
inflamed ankle joints was performed to subsequently 
determine the differences in inflammatory conditions. As 
shown in Figure 7A, the expression of TNF-α, IL-1β, and 
IL-6 in the ankle sections was found to be increased in 
PBS-treated mice, but were reduced to different degrees 
after treatment with NPs, free CUR, or NPs-CUR com
pared with the healthy group. There were statistical differ
ences of the cytokine levels between free-form CUR and 
NPs-CUR-treated groups (P < 0.01, Figure 7C–E). In 
addition, both pure NPs and NPs-CUR dramatically 
decreased the in vivo iNOS levels compared with PBS or 
CUR-treated groups (Figure 7B), which was indicative of 
the ROS-consumption ability and thus an inflammation 
inhibitory effect of polymeric NPs.

It is beyond doubt that the excessive generated ROS 
together with the pro-inflammatory cytokines, such as 
TNF-α, IL-6, and IL-1β can cause significant damage to 
inflammatory cells.30 In this study, NPs composed with 
mPEG-b-P(PA-alt-GPBAe) reacted with H2O2 after cellu
lar uptake, and reduced the oxidation stress of cells, and 
subsequently reduce the severity of inflammation. 
Subsequently, the NPs disassociated and the encapsulated 
CUR was selectively released at the inflammatory site 
(Scheme 1). It is well-established that CUR plays 
a critical role in controlling the signal transduction path
ways involved in inflammatory responses, most likely 
through blocking of the nuclear transcription factor 
kappa B (NF-κB) signaling pathway.19 As a result, intra
cellularly released CUR from NPs reduced the TNF-α 
production, and thus downregulated the expression of 
other cytokines, such as IL-1β and IL-6. Thus, both the 
in vitro and in vivo results indicated a significant inflam
mation regulatory effect of CUR treatment delivered by 
oxidation-sensitive polymeric NPs carriers.

Conclusion
In summary, ROS-sensitive NPs with an average dia
meter of 40.2 nm were obtained by self-assembly of 

a PEGylated polyester. The formulation, NPs-CUR, 
could effectively be triggered by 1 mM H2O2 to release 
the encapsulated CUR. Compared with NPs and free 
drug, NPs-CUR significantly inhibited the expression of 
pro-inflammatory cytokines, and markedly increased the 
production of anti-inflammatory cytokines both in vitro 
and in a murine model of LPS-induced ankle inflamma
tion. Our results reveal that NPs carriers, which respond 
well to the low concentrations of H2O2 found in biolo
gical environments, exhibit enhanced anti-inflammatory 
activity of encapsulated drug. Future studies of our oxi
dation responsive NPs will involve the delivery of other 
clinical rapid-clearance anti-inflammatory agents to 
inflammatory sites, such as triamcinolone acetonide and 
dexamethasone, for the treatment of osteoarthritis.
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