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ABSTRACT:   
Normalizing inflamed soils including reactive oxygen species (ROS), nitric oxide (NO), 

cellfree DNA, and regulating inflammation-related seeds such as macrophages, 

neutrophils, fibroblasts, represent a promising strategy to maintain synovial tissue 

homeostasis for rheumatoid arthritis (RA) treatment. Herein, ROS scavenging 

amphiphilic block copolymer PEGylated bilirubin and NO-scavenging PEGylated o-

phenylenediamine were fabricated to self-assemble into a dually responsive nanoparticle 

loaded with JAK inhibitor notopterol. The simultaneous ROS and NO depletion 

combined with JAK-STAT pathway inhibition could not only promote M2 polarization 

to reduce further ROS and NO generation, but also decrease cytokines and chemokines 

to prevent immune cell recruitment. Specifically, NBOP NPs responded to high level 

ROS and NO, and disintegrated to release notopterol in inflamed joints as the 

hydrophobic heads BR and oPDA were transformed into hydrophilic ones. The released 

notopterol could inhibit the JAK-STAT pathway of inflammatory cells to reduce the 

secretion of pro-inflammatory cytokines and chemokines. This strategy represented an 

effective way to regulate RA soils and seeds through breaking the positive feedback 

loop of inflammation aggravation, achieving an excellent anti-RA efficacy in a collagen-

induced arthritis rat model. Taken together, our work offered a reference to adjust RA 

soils and seeds for enhanced RA treatment. 
 

1. Introduction 

Rheumatoid arthritis (RA) is an autoimmune disease 

characterized by systemic inflammation and synovial 

hyperplasia, which gradually impairs the patient’s joint 

function and eventually leads to disability [1, 2]. 

Although non-steroidal anti-inflammatory drugs 

(NSAIDs), glucocorticoids (GCs), disease-modifying 

anti-rheumatic drugs (DMARDs) and biologics are 

widely employed in clinics to treat RA, most of the 

agents are far from satisfactory due to the limited 

therapeutic efficacy, poor bioavailability and severe 

side effects3e5. Emerging strategies for treating RA 

mainly focused on normalizing RA soils including 

superfluous reactive oxygen species (ROS), nitric oxide 

(NO), cell-free DNA, hypoxia as well as adjusting RA 

seeds such as endothelial cells10, fibroblasts, and 

immune cells [3]. The RA soils are generated or 

formed as a result of the RA seeds, which in turn 

regulate cell behavior as the rich source of biochemical 

signals. For instance, pro-inflammatory M1 

macrophages constantly produce ROS and NO while 

the high level of ROS and NO further induce the 

activation of M1 macrophages. Excessive ROS 

production increases the inflammatory cytokines such 

as tumor necrosis factor-a (TNFa), interleukin-1b (IL-

1b), and interleukin-6 (IL-6), which accelerate the 

progression of RA [4]. In addition, the high level of 

NO produced by activated macrophages plays an 

essential role in the inflammatory cascade as a pro-

inflammatory mediator. On the other hand, RA-related 

cells comprising of macrophages, endothelial cells, 

fibroblasts, neutrophils and so on, act as seeds and 

collectively participate in RA progression. To adjust 

RA seeds, regulating Janus kinase-signal transducer 

and activator of transcription (JAK-STAT) signaling 

pathway are promising in RA treatment by reducing 
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pro-inflammatory cytokine and chemokine generation 

in inflammatory cells [5]. The recruited macrophages 

in the RA joint are mainly polarized to the M1 

phenotype to generate ROS and NO and secret 

cytokines and chemokines, inevitably posing a positive 

feedback loop to aggravate inflammation. Thus, 

ROS/NO scavenging combined with JAK-STAT 

inhibition can be considered as a promising strategy to 

simultaneously adjust the seeds and growing soils for 

RA therapy. Nanomaterials have been regarded as 

potential platforms to deliver multiple therapeutic 

agents for cocktail therapy. Recently, rational-designed 

nano delivery systems have been fabricated to regulate 

RA soils and seeds. However, such all-in-one 

nanomedicine hardly realizes diverse spatiotemporal 

delivery patterns of agents compared with stimuli-

responsive nanotherapeutics. In fact, the delivery of 

different agents into corresponding therapeutic action 

sites can further enhance the efficacy of regulating the 

soil and seeds. Moreover, nanomaterials can be 

rationally modified to regulate RA soils by scavenging 

ROS and NO. For instance, Huang and co-workers 

constructed ROS-responsive nanoparticles based on 4-

phenylboronate-conjugated cyclodextrin, which can 

effectively deplete ROS in RA and significantly 

enhance the anti-inflammatory effect of loaded 

dexamethasone [6]. Rationally designed an injectable 

in situ polymerized aggregate hybrid gel platform for 

NO scavenging and sequential drug release. 

Nevertheless, there is still a lack of biomaterials for 

enabling ROS and NO depletion simultaneously with 

high stability and low off-target toxicity. In view of 

this, we fabricated dually ROS and NO responsive 

nanoparticles by taking advantage of the efficient ROS 

depletion capacity of endogenous compound bilirubin 

(BR) and NOscavenging compound molecule o-

phenylenediamine (oPDA). Two linear amphiphilic 

block polymers, BR-PEG and oPDA-PEG were 

constructed by covalently attaching BR and oPDA to 

polyethylene glycol (PEG) to self-assemble into 

nanoparticles fig. 1. The natural product-derived JAK-

STAT inhibitor notopterol was encapsulated to regulate 

inflammatory cells [7]. Specifically, NBOP NPs could 

passively target the inflammatory microenvironment by 

extravasation through leaky vasculature and subsequent 

inflammatory cell-mediated sequestration (ELVIS) 

effect. Upon reaching the inflammatory environment of 

the joint with high level ROS and NO, BR and oPDA 

at the hydrophobic end of the polymer could efficiently 

consume ROS and NO, respectively. The hydrophobic 

part was oxidized to hydrophilic compounds, resulting 

in the disintegration of NBOP to release. NBOP NPs 

not only down regulated ROS and NO for converting 

macrophage to M2 type, but also relieved inflammation 

by down regulating pro-inflammatory cytokines and 

chemokines. The strategy of adjusting RA growing 

soils (ROS/NO scavenging) and seeds could provide 

insights for developing efficient combination therapy 

of RA. 

 

2. Materials and methods 

2.1. Materials 

Notopterol was purchased from Sigma-Aldrich, 

Mumbai (Maharashtra, India). N-Hydroxy succinimide, 

o-phenylenediamine, mPEG2000-SH, mPEG2000-

NH2, isocyanoethyl methacrylate, DiR, coumarin 6, 

tetrahydrofuran and benzoin dimethyl ether was 

purchased from Sigma-Aldrich, Mumbai (Maharashtra, 

India). Bilirubin was obtained from AIIMS, Raipur 

(Chhattisgarh, India). 1-(3-Dimethylaminopropyl)-3- 

ethylcarbodiimide hydrochloride, acetonitrile and 

dimethyl sulfoxide were obtained from Sigma-Aldrich, 

Mumbai (Maharashtra, India). Chloroform, ether and 

hydrochloric acid were obtained from Loba Chemie 

Pvt. Ltd. Mumbai (Maharashtra, India). 

Lipopolysaccharide (LPS) was obtained from Sigma-

Aldrich Mumbai (Maharashtra, India). Methanol was 

purchased from Loba Chemie Pvt. Ltd. Mumbai 

(Maharashtra, India). 20, 70-Dichlorodihy- 

drofluorescein diacetate (DCFH-DA), 3-amino, 4-

aminomethyl- 20, 70-difluorescein, diacetate (DAF-FM 

DA), hydrogen peroxide assay kit and nitric oxide 

assay kit were obtained from Sigma-Aldrich, Mumbai 

(Maharashtra, India). Rat TNF-a, IL-6 and IL-1b 

ELISA kits were bought from Loba Chemie Pvt. Ltd. 

Mumbai (Maharashtra, India). 3-(4, 5-Dimethylthiazol-

2-yl)-2, 5-diphenyltetrazolium bromide (MTT), 

Dulbecco’s modified Eagle’s medium (DMEM), 

penicillin-streptomycin, fetal bovine serum (FBS), and 

trypsin with EDTA were purchased from Sigma-

Aldrich, Mumbai (Maharashtra, India). RAW264.7 

cells were purchased from Sigma-Aldrich, Mumbai 

(Maharashtra, India) and cultured in DMEM medium 

containing 10% FBS and 1% antibiotics (penicillin and 

streptomycin) at 37 C and 5% CO2. All other 

chemicals used was of highest analytical grade-

commercially available. 

 

 

 

http://www.jchr.org/


Journal of Chemical Health Risks 

www.jchr.org 

JCHR (2024) 14(1), 2053-2068 | ISSN:2251-6727 
  

 

2055  

 
Fig.1. Schematic illustration of the fabrication process of Not BR/oPDA-PEG (NBOP) nanoparticles and the therapeutic 

mechanism based on regulating RA soils and seeds. 

2.2. Synthesis of BR-PEG 

The synthetic method of BR-PEG was modified from 

the literature. Bilirubin (BR, 1.49 mg, 2.5 mmol/L) was 

dissolved in 1 mL of chloroform, 1-(3-

dimethylaminopropyl)-3-ethylcarbodiimide 

hydrochloride (EDC$HCl, 1.46 mg) and N-

hydroxysuccinimide (NHS, 0.88 mg) were both 

dissolved in 1 mL of chloroform, added to the round-

bottom flask in sequence and stirred for 1 h in the dark 

to activate carboxyl. Then mPEG2000-NH2 was 

dissolved in 1 mL of chloroform and mixed with the 

BR solution. The mixture was stirred at room 

temperature in the dark for 12 h, washed three times 

with 0.1 mol/L HCl, and the organic phase was 

collected. Chloroform was removed by rotary 

evaporation, and then the product was dissolved in 

methanol and the precipitate was removed by filtration. 

The product after rotary evaporation was dissolved in 

chloroform and stored until use.  

 

2.3. Synthesis of APUEMA 

2-[3-(2-Aminophenyl)ureido] ethyl methacrylate 

(APUEMA) monomer was synthesized for further 

fabrication of PEGylated o-phenylenediamine (oPDA) 

through the method in the reported literature [8]. 

Briefly, o-phenylenediamine (2.7 g, 25 mmol) was 

dissolved in 100 mL of anhydrous acetonitrile. 

Isocyanoethyl 2-methacrylate (3.88 g, 25 mmol) was 

dissolved in 20 mL of anhydrous acetonitrile and added 

dropwise to the o-phenylenediamine-containing 

acetonitrile solution. The mixture was stirred at room 

temperature overnight. The acetonitrile was removed 

by rotary evaporation and the residue was precipitated 

into excess diethyl ether to remove any unreacted o-

phenylenediamine and isocyanoethyl 2-methacrylate. 

The insoluble solid was collected and washed 3 times 

with ether. APUEMA was obtained as a white solid. 

 

2.4. Synthesis of oPDA-PEG 

oPDA-PEG was synthesized according to the synthetic 

method in the reported literature22. Briefly, 10 mg of 

APUEMA was dissolved in 2 mL of tetrahydrofuran, 

111 mg of mPEG2000-SH was dissolved in 3 mL of 

tetrahydrofuran, and 4 mg of benzoin dimethyl ether 

was dissolved in 1 mL of tetrahydrofuran as the click 

reaction catalyst. They were added to the round-

bottomed flask in sequence and stirred. The 

tetrahydrofuran solution was irradiated with ultraviolet 

light with a light power of 100 mW/cm2 and sealed in 

the dark. After 2 h, most of the tetrahydrofuran was 

removed by rotary evaporation. Excess ether was added 

to the remaining tetrahydrofuran solution to mix and 

centrifuge at 2000 rpm for 3 min (Thermo Fisher 

Scientific, Heraeus multifuge X3R, Waltham, MA, 

USA). The supernatant was discarded, and the 

procedure was repeated twice. The precipitate was 

vacuumdried down in a vacuum desiccator for 12 h at 

30 C to obtain oPDA-PEG. IR and 1H NMR 

spectrogram were used to characterize oPDA-PEG. 

2.5. Preparation of Not BR/oPDA-PEG (NBOP) 

nanoparticles 

The synthesis method of NBOP nanoparticles was 

modified from the literature. BR-PEG and oPDA-PEG 

were prepared into a 10 mg/mL solution in chloroform 

for use. The ratios of BR-PEG and oPDA-PEG were 

mixed in a ratio of 1:2 (m/m), 1:1 (m/m), and 2:1 

(m/m), respectively, and the total weight was 6 mg. 

Notopterol (Not) chloroform solution (10 mg/mL, 100 

mL) was added and then supplemented by 7 mL of 

deionized water, which was emulsified with an 

ultrasonic homogenizer the operating parameters are 

ultrasonic 5 s, interval 5 s, total time 5 min, 40 W. The 

mixture was fragmented by sonication in ice bath. 

Chloroform was removed by rotary evaporation to 

obtain NBOP nanoparticles with different 

BRPEG/oPDA-PEG ratios. NBOP nanoparticles were 

stored at 4 C in the dark for further use. Not BR-PEG 

(NBP) nanoparticles and oPDA-PEG (NOP) 

nanoparticles were fabricated via the same method. 

 

2.6. Characterization of NBOP nanoparticles 

The particle size, zeta potential and the stability of 

NBOP nanoparticles with different BR-PEG/oPDA-

PEG ratios were measured by Zetasizer based on 

dynamic light scattering (DLS) method to screen the 

appropriate ratio of BR/oPDA-PEG. The morphology 
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of NBOP nanoparticles was observed by scanning 

electron microscope. The UVeViseNIR spectra of Not, 

BR-PEG, oPDAPEG and NBOP nanoparticles were 

obtained by spectrophotometer. 

 

2.7. Encapsulation efficiency and drug loading of 

NBOP nanoparticles 

The concentration of Not was determined by high 

performance liquid chromatography (HPLC) using a 

ZORBAX Eclipse Plus C18 Column (5 mm, 4.6 mm  

150 mm, Waters) with an injection volume of 10 mL 

and a detection wavelength of 310 nm at 30 C. The 

mobile phase was water and acetonitrile with 0.1% 

formic acid by gradient elution at pre-determined ratios 

(v/v), from 65: 35 to 5: 95 (0e8 min), 5: 95 to 65: 35 

(8e10 min), 65: 35 (10e12 min) with the flow rate of 1 

mL/min. A standard curve could be obtained by 

performing linear regression processing on the 

absorbance values corresponding to each concentration. 

The encapsulation efficiency of drug Not was 

determined by the ultrafiltration method. Specifically, 1 

mL of NBOP aqueous solution was added to the filter 

layer of an Amicon Ultra-4 ultrafiltration tube and 

centrifuged at 4000 rpm for 20 min. The 

unencapsulated drug was centrifuged to the bottom of 

the ultrafiltration tube. The aqueous solution containing 

the unencapsulated drug and the aqueous solution of 

NBOP nanoparticles were diluted with methanol and 

demulsified by ultrasonic. The drug content was 

detected by HPLC. According to the standard curve, 

the concentration of Not in the solution was calculated, 

and then the drug loading and encapsulation efficiency 

of NBOP nanoparticles was evaluated as Eqs. (1) and 

(2), which were also used to determine the BR/oPDA-

PEG ratio. 

 

2.8. In-vitro drug release 

NBOP nanoparticles were dialyzed against PBS (pH 

7.4), H2O2/ PBS (1 mmol/L H2O2), NO/PBS (0.1 

mmol/L NO) and H2O2/NO/ PBS containing Tween 20 

(1%, w/w) at 37 C 1 mL of medium was taken out in 

each sample at 1, 2, 4, 8, 12, 24, 48 and 72 h, while 1 

mL of fresh medium was added. NO concentration in 

the samples was measured by HPLC. 

 

2.9. Cytotoxicity of NBOP nanoparticles 

The cytotoxicity of NBOP nanoparticles was evaluated 

using the MTT assay. RAW264.7 cells were seeded in 

96-well plates at a density of 1  104 cells/well, and 

incubated with or without LPS for 48 h. Different 

concentrations of NBOP nanoparticles were added to 

each well, and incubated at 37 C for 24 h. Then, the 

medium was replaced by 100 mL of MTT solution (1 

mg/mL) for 4 h incubation at 37 C 100 mL of DMSO 

was added to each well to shake for 10 min to dissolve 

the formazan crystals produced by living cells. The 96-

well plate was placed in a microplate reader and the 

absorbance value of each well was measured at 490 

nm. Cell viability (%) was calculated as Eq. (3): Cell 

viability (%) Z Atreated/Acontrol  100 (3) where 

Atreated and Acontrol represented the absorbance of 

cells treated with different formulations and control 

group, respectively. 

 

2.10. Cellular uptake of NBOP nanoparticles 

The uptake of nanoparticles by LPS-stimulated Raw 

264.7 cells was qualitatively investigated by an 

inverted fluorescence microscope and quantified by 

flow cytometry. RAW264.7 cells seeded in 24-well 

plate were treated for 24 h with or without LPS (10 

mg/mL). Then cells were incubated with coumarin-6-

labeled BOP nanoparticles (0.25 mg/mL) for 4 h and 

washed with PBS three times. Nuclei were stained with 

Hoechst 33,342 (1 mg/mL), followed by washing three 

times with PBS. The cells were imaged by an inverted 

fluorescence microscope. The fluorescence intensity 

was quantified by flow cytometry. 

 

2.11. Intracellular ROS scavenging 

RAW264.7 cells were seeded in a 24-well plate at a 

density of 5 104 per well, and LPS (10 mg/mL) was 

added to stimulate for 24 h. After the cells were treated 

with NBP (20 mmol/L), NOP (20 mmol/L) and NBOP 

nanoparticles (20 mmol/L) for 24 h, cells were treated 

with DCFH-DA (5 mmol/L) and observed by 

fluorescence microscope. Flow cytometry analysis was 

performed to quantify the DCFH-DA fluorescence 

intensity of the cells. The hydrogen peroxide level in 

culture supernatant was evaluated by employing a 

hydrogen peroxide assay kit. 

 

2.12. Intracellular NO scavenging 

RAW 264.7 cells (5 104 cells/well) were seeded and 

stimulated by LPS (10 mg/mL) for 24 h while cells 

without LPS stimulation were used as the control. The 

cells were treated with NBP (20 mmol/L), NOP (20 

mmol/L) and NBOP nanoparticles (20 mmol/L) for 24 

h and then treated with NO probe DAF-FMDA. The 

cells were observed by DMI8 fluorescence microscope. 

Flow cytometry analysis was performed to quantify the 

fluorescence intensity of the cells. Nitric oxide levels in 

cell supernatant of different groups were detected by a 

Griess assay kit. 

 

2.13. Pharmacokinetic study in vivo 

The pharmacokinetic experiments were investigated in 

mice as follows: 1. Free Not; 2. NBOP nanoparticles. 

The injection dose of Not was 5 mg/kg. Except for 

group 2 that was administered by intra peritoneal 

injection, the other groups were administered 

intravenously. Blood was collected at 30 min, 1, 2, 4, 6, 

8, 12, and 24 h after administration. An appropriate 
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amount of methanol was added to dissolve the drugs in 

the blood. The supernatant after centrifugation was 

collected for detection by HPLC (Waters). 

 

2.14. CIA rat model 

Collagen-induced arthritis (CIA) model was established 

in Wistar rats according to the protocol of manufacture 

(Chondrex, Inc., NE Redmond, WA). 2 mg/mL bovine 

type II collagen was emulsified with an equal volume 

of incomplete Freund’s adjuvant (IFA) to prepare a CII 

emulsion with a final concentration of 1 mg/mL. 

Except for the control group, the rats of other groups 

were intradermally injected with CII emulsion (200 

mL/rat) at the tail root, as the primary immunization. 

After 21 days, a booster immunization was performed 

with a similar method at the same concentration of CII 

emulsion. 

 

2.15. Biodistribution of NBOP in CIA and normal 

rats 

Normal and CIA rats received an intravenous injection 

of DiRlabeled NBOP. In addition, CIA model rats were 

also injected with free DiR intravenously. Rats were 

anesthetized without skin removal, and the distribution 

of nanoparticles was imaged using an in vivo 

fluorescence imaging system before administration and 

1, 3, 6, and 24 h after administration. The fluorescence 

intensity was analyzed using the Living Image 

software. 

 

2.16. In vivo therapeutic efficacy of NBOP 

nanoparticles 

The CIA model rats were randomly divided into six 

groups and treated with PBS, BP nanoparticles, OP 

nanoparticles, BOP nanoparticles, free Not and NBOP 

nanoparticles every three days, respectively. Most 

groups were intravenously injected except for the group 

of free Not using intra peritoneal injection. The dose 

was 5 mg/kg for notopterol and/or 15 mg/kg for BR-

PEG/oPDA-PEG. Throughout the therapy, arthritis 

scores (0e4) were examined according to the standard 

rule every three days: 0, normal; 1, mild erythema of 

ankle joints; 2, mild erythema and swelling extending 

from the ankle to the tarsals; 3, moderate erythema and 

swelling from ankle to metatarsal joints; 4, severe 

erythema and swelling of the entire paw. For each rat, 

the scores of four paws were summed to obtain the 

total/overall arthritic score. The volume and thickness 

of the hind paw were also measured every three days. 

On Day 30, the hind paws of rats receiving different 

treatments were photographed to evaluate the therapy 

outcome. 

 

2.17. Micro-CT analysis 

After anesthetized rats, local micro-CT scans were 

performed on the hind limbs of rats with microPET/CT. 

The obtained data were processed to form the 3D 

structure of joint. 

 

2.18. In vivo ROS and NO scavenging effect of 

NBOP nanoparticles 

The in vivo ROS and NO scavenging effect of NBOP 

nanoparticles were evaluated in CIA rat model as the 

literature reported. The serum of different treatment 

groups was collected at 24 h after injecting PBS, BP 

nanoparticles, OP nanoparticles, BOP nanoparticles, 

free Not and NBOP nanoparticles to evaluate the levels 

of H2O2 and NO in serum through using the hydrogen 

peroxide assay kit and nitric oxide assay kit, 

respectively. 

 

2.19. Histopathologic evaluation 

After all rats were sacrificed, the collected ankle joints 

were fixed and decalcified for 45 days. The samples 

were embedded and sliced to perform hematoxylin and 

eosin (H&E), safranin O, and toluidine blue (TB) 

staining. Immunohistochemical staining (JAK2, 

STAT3, STAT5) and immunofluorescence staining 

(iNOS, 

CD206) were also performed as described in the 

literature, to verify the JAK-STAT inhibition effect and 

M1-to-M2 polarization capacity of NBOP 

nanoparticles [9]. 

 

2.20. In vivo cytokine evaluation 

After all rats were sacrificed, the collected whole blood 

of CIA rat was allowed to clot at 37 C for 1 h, followed 

by centrifugation at 3500 rpm for 10 min. The serum 

samples were collected from the supernatant to 

measure the levels of TNF-a, IL- 6, IL-1b by using rat 

TNF-a, IL-6, IL-1b ELISA kits. 

 

2.21. Biosafety evaluation 

The body weight of CIA rats was recorded during the 

treatments. After sacrificing the rats, major organs 

(heart, liver, spleen, lung, and kidney) were collected 

and fixed with 4% paraformaldehyde to perform H&E 

staining. 

 

2.22. Statistical analysis 

All experiments were performed three times and all 

data were presented as mean with standard deviation 

(SD). Statistical significance was calculated by 

Student’s t-tests and one-way ANOVA using Graph 

Pad Prism 7. *P < 0.05, **P < 0.01, ***P < 0.001 were 

considered a significant difference. 

 

3. Results and discussion 

3.1. Synthesis of BR-PEG and oPDA-PEG 

PEGylated bilirubin (BR-PEG) was synthesized 

through conjugating hydrophobic bilirubin to 

hydrophilic PEG molecules via the amide bond. As 
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shown in Supporting Information Fig. S2, characteristic 

absorption bands derived from bilirubin and PEG-NH2 

could be observed in the infrared spectrum of BR-PEG, 

such as the band at 1700e1600 cm1 of bilirubin, and 

the stretching due to the hydroxyl group 3410 cm1 

absorption peak produced by vibration. Characteristic 

peaks from PEG-NH2 at 2888 and 1112 cm1 were also 

observed, proving that BR-PEG was successfully 

synthesized. BR-PEG had the characteristic chemical 

shift peak of its reactant (bilirubin and mPEG-NH2) in 

1H NMR spectra, which confirmed the structure of BR-

PEG. 2-[3- (2-Aminophenyl)ureido]ethyl methacrylate 

monomer, a novel nitric oxide (NO) responsive 

monomer containing ophenylenediamine (oPDA) 

functional groups were fabricated to be conjugated to 

thiol PEG (PEG-SH) to obtain oPDA-PEG via click 

reaction. The successful synthesis of oPDA-PEG has 

been demonstrated by IR spectroscopy and 1H NMR 

spectroscopy. Specifically, characteristic absorption 

bands derived from APUEMA and mPEG-SH could be 

observed in the IR spectrum of oPDA-PEG, such as the 

band at 1750e1500 cm1 of APUEMA, and the 3311 

cm1 absorption peak produced by the stretching 

vibration of the amide. At the same time, a 

characteristic peak from mPEG-SH at 2887 cm1 was 

also observed. oPDA-PEG also contained characteristic 

peaks of APUEMA and mPEG-SH in 1H NMR. 

 

3.2. Preparation and characterization of NBOP 

nanoparticles 

Amphiphilic PEGylated bilirubin and PEGylated o-

phenylenediamine could self-assemble to form 

nanoparticles due to the hydrophobic interaction. The 

hydrodynamic diameters of Not BR/ oPDA-PEG 

(NBOP) with 1/2, 1/1, and 2/1, and BR-

PEG/oPDAPEG ratios were 289.0 158.6, 137.7 2.1, 

177.4 16.8 nm, respectively (Fig. 1A). NBOP at the 

feeding ratio (1/1 BR-PEG/ oPDA-PEG) was optimal 

with uniform particle size and decent encapsulation 

efficiencies, which was used in the following 

experiments. The prepared NBOP nanoparticles 

possessed the average diameter of 137.7 nm (Fig. 1B) 

with a little positive potential of þ4.69 mV, and had the 

largest drug loading efficiency of 9.53% and 

encapsulation efficiency of 91.01%. Scanning electron 

microscopy (SEM) image of NBOP nanoparticles 

showed monodispersed spherical nanoparticles with a 

diameter of approximately 140 nm (Fig. 1C), which 

was consistent with the results measured using dynamic 

light scattering (DLS). The size of NBOP nanoparticles 

was suitable for drug delivery to treat RA via 

extravasation through leaky vasculature and subsequent 

inflammatory cell-mediated sequestration (ELVIS) 

effect. UVeVis spectroscopy was performed to further 

confirm the fabrication of NBOP nanoparticles. NBOP 

nanoparticles and Not exhibited a maximum absorption 

peak at around 310 nm, compared with no obvious 

absorbance for BR-PEG and oPDA-PEG (Fig. 1E). The 

long-term stability of NBOP nanoparticles was also 

investigated. The size and PDI of NBOP nanoparticles 

stored at 4 C did not show a significant change for 7 

days, suggesting the good stability of the NBOP 

nanoparticles. The in vitro release profiles of Not from 

NBOP were investigated by the dialysis method. Only 

54% of Not was released in the absence of H2O2 and 

NO. However, around 85% and 77% of total Not were 

released from NBOP nanoparticles after treatment of 1 

mmol/L H2O2 and 100 mmol/L NO for 72 h, 

respectively (Fig. 1F). These results indicated that 

NBOP nanoparticles exhibited dually ROS and NO 

responsive drug release due to the ROS-responsive 

moiety bilirubin and NO responsive moiety o-

phenylenediamine promoting NBOP disintegration in 

the presence of H2O2 and NO. 
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Fig.2. Physicochemical characterization of NBOP nanoparticles. (A) Particle size, PDI, potential, encapsulation 

efficiency and drug loading of NBOP at three ratios. (B) Particle size distribution, (C) SEM image, (D) stability test and 

(E) UV absorption spectrum of Not (100 mg/mL), BR-PEG (1 mg/mL), oPDA-PEG (1 mg/mL) and NBOP 

nanoparticles loaded with Not (100 mg/mL). (F) Drug release profiles of NBOP nanoparticles containing H2O2 (1 

mmol/L) and/or NO (100 mmol/L) in vitro. Data are shown as mean SD (n Z 3). 
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Fig.3. Cytotoxicity and uptake of NBOP nanoparticles. Cell viability of NBOP NPs in (A) M0 and (B) M1 cells. (C) 

Cellular uptake of free C6 and C6-labeled BOP nanoparticles in RAW264.7 cells pictured by fluorescent microscope. 

Scale bar Z 500 mm. Flow cytometry analysis of cellular uptake of CBP, COP and CBOP NPs in (D) M0 macrophages 

and (F) M1 macrophages. Quantitative analysis of the fluorescence intensity of CBP, COP, and CBOP NPs in (E) M0 

macrophages and (G) M1 macrophages. Data are shown as mean SD (n Z 3), *P < 0.05, **P < 0.01, ***P < 0.001 vs. 

indicated, ns, no significant difference in comparison with the control group. 

 

3.3. Cytotoxicity and uptake of NBOP nanoparticles 

MTT assay was performed to evaluate the biosafety of 

NBOP nanoparticles to M0 and M1 macrophages. 

RAW264.7 cells were pretreated with 

lipopolysaccharide (LPS) to allow M1 polarization to 

investigate the cytotoxicity of NBOP nanoparticles to 

M1 macrophages. As shown in Fig. 2A and B, no 

toxicity of NBOP nanoparticles was observed at the 

equivalent concentration range (0.625e20 mmol/L) in 

both M0 and M1 macrophages. It is worth noting that 

free Not at a concentration of 20 mmol/L showed 

strong toxicity when exposed to cells. The toxicity of 

Not and NBOP to MH7A cells was similar to that of 

RAW264.7 cells. These results indicated that bilirubin 

and o-phenylenediamine modification did not affect the 

biocompatibility of polyethylene glycol, and Not was 

safe for further use at a dose below 20 mmol/L. 

Macrophages are regarded as the most crucial roles in 

RA by generating pro-inflammatory cytokines to 

exacerbate inflammation. Thus, we next explored the 

cellular uptake of NBOP nanoparticles. Coumarin 6 

(C6) was loaded as model hydrophobic drug. 
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C6BR/oPDA-PEG nanoparticles exhibited much 

stronger green fluorescence compared with that of free 

C6 at 1, 2, 3 and 4 h, demonstrating that the 

encapsulation by BOP could significantly improve the 

cellular uptake (Fig. 2C). Interestingly, the uptake of 

CBOP nanoparticles by M0 macrophages was 2.1 times 

higher than that of C6BR-PEG nanoparticles and 6.2 

times higher than that of C6oPDA-PEG nanoparticles. 

Bilirubin modification significantly enhanced the 

cellular uptake efficiency, which might be attributed to 

the bilirubin receptor expressed in macrophages. 

Similar cellular uptake results were also observed in 

M1 macrophages (Fig. 2F and G). These results 

confirmed that NBOP nanoparticles could effectively 

target macrophages in vitro [10-12]. 

 

3.4. Intracellular ROS scavenging capability of 

NBOP nanoparticles 

2ʹ, 7ʹ-Dichlorodihydrofluorescein diacetate (DCFH-

DA) was employed to quantify the overall oxidative 

stress in cells for evaluating the intracellular ROS 

depletion capacity of NBOP. LPS stimulated 

macrophages (M1) showed a significantly brighter 

DCFH-DA fluorescence emission than M0 

macrophages (Fig. 3A). Not oPDA-PEG (NOP) 

nanoparticles did not influence the ROS level. 

However, Not BR-PEG (NBP) nanoparticles and 

NBOP nanoparticles both significantly reduced the 

green fluorescence, indicating an effective ROS 

depletion activity of bilirubin modification 

nanoparticles. The intracellular DCFH-DA signal was 

further quantified by flow cytometry (Fig. 3B). The 

fluorescence intensity of DCFH-DA in NBP and NBOP 

group decreased to about 39% and 64% compared with 

that in the LPS-stimulated macrophages, which was 

consistent with the fluorescence imaging result (Fig. 

3D). In addition, we evaluated the hydrogen peroxide 

level of the culture supernatant in the different 

nanoparticle-treated group by using hydroperoxide 

assay with the ferricexylenol orange complex. The 

hydrogen peroxide level of the NBP and NBOP group 

was reduced by 30.6% and 14.4% compared with that 

of the blank group in LPS-stimulated macrophages 

(Fig. 3C). These results revealed NBOP nanoparticles 

were promising candidates to relieve oxidative stress 

for RA therapy [13-15]. 

 

 
Fig.4. Intracellular ROS scavenging effect of NBOP nanoparticles. (A) Fluorescence imaging of the intracellular ROS 

treated by NBP (20 mmol/L), NOP (20 mmol/L) and NBOP NPs (20 mmol/L) using DCFH-DA (green) probe. Scale bar 

Z 200 mm. (B) Flow cytometry analysis of intracellular ROS level. (C) Hydrogen peroxide level in culture supernatant 
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treated by NBP, NOP and NBOP NPs. (D) Quantitative analysis of DCFH-DA intensity. Data are shown as mean SD. (n 

Z 3). *P < 0.05, ***P < 0.001 vs. indicated, ns, no significant difference in a comparison with LPS (þ) group. 

 

 
Fig.5. Intracellular nitric oxide depletion effect of NBOP nanoparticles. (A) Fluorescence imaging of the intracellular 

NO treated by NBP (20 mmol/L), NOP (20 mmol/L) and NBOP NPs (20 mmol/L) using DAF-FM DA (green) probe. 

Scale bar: 200 mm. (B) Flow cytometry analysis of intracellular NO level. (C) NO level in culture supernatant treated by 

NBP, NOP and NBOP NPs. (D) Quantitative analysis of DAF-FM DA intensity. Data are shown as mean SD (n Z 3). *P 

< 0.05, ***P < 0.001, vs. indicated, ns, no significant difference in a comparison with LPS (þ) group. 

 

3.5. Intracellular NO scavenging capability of 

NBOP nanoparticles 

Diaminofluorescein-FM diacetate a cell permeable 

fluorescent probe to detect intracellular NO was used to 

investigate the intracellular NO scavenging ability of 

NBOP. As shown in Fig. 4A, the DAF-FM DA signal 

was brighter in M1 macrophages than in the M0 

macrophages. The fluorescence intensity was 

significantly reduced after treatment of NOP and 

NBOP nanoparticles, while NBP nanoparticles did not 

attenuate green fluorescence. Flow cytometry was used 

to quantify intracellular DAFFM DA signal (Fig. 4B 

and D). The fluorescence intensity of DA-FM DA in 

M1 macrophages was significantly higher than that of 

M0, and the fluorescence intensity decreased by 4.2- 

and 12.3- fold after cells were treated with NOP and 

NBOP nanoparticles, respectively, indicating that the 

potent NO scavenging effect of NBOP nanoparticles. 

Moreover, the nitric oxide level in the culture 

supernatant was also evaluated by the Griess assay. 

NOP and NBOP also reduced the nitric oxide level in 

the culture supernatant, which was consistent with the 

DA-FM DA staining result (Fig. 4C). Hence, NBOP 

nanoparticles were effective in scavenging nitric oxide 

of macrophages for treating RA. 
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3.6. Biodistribution of NBOP in vivo 

The free drug not was injected intra peritoneally, and 

NBOP nanoparticles were injected intravenously into 

mice. The plasma concentration of the free drug was 

significantly lower than that of the NBOP group, and 

the area under the drug concentration time curve 

(AUC) of the NBOP group was 2.8 times that of the 

free drug. NBOP possessed a long circulation ability in 

blood and maintained a high drug concentration in the 

blood after 24 h of administration, which is beneficial 

to the drug delivery to the joint site to exert an anti-

rheumatoid arthritis effect. To investigate the effect of 

the hind paw joint site on drug distribution in normal 

and CIA model rats, we evaluated whether NBOP 

nanoparticles in the CIA model possessed the targeting 

ability. NBOP nanoparticles were labeled with DiR, a 

near-infrared fluorophore, and injected intravenously 

into normal and CIA rats. Fluorescent signals could be 

observed in the inflamed joints of CIA rats after 3 h 

post-injection and persisted for 48 h (Fig. 5A). In 

contrast, the fluorescent signal in the uninflamed joints 

of normal rats appeared only 6 h after injection. 

Notably, the mean flurencese intensity of the DiR BOP 

group was significantly higher than that of the DiR OP 

group at 48 h, which demonstrated the targeting ability 

after bilirubin modification. In CIA rats, the area under 

the time-fluorescence intensity curve was 3-fold higher 

in the NBOP group than in the free DiR group (Fig. 

5B). These results demonstrated that the NBOP group 

could target the inflamed joints of CIA rats, thereby 

enhancing drug delivery efficiency in the targeted 

tissues [16-18]. 

 

 
Fig.6. In vivo targeting of NBOP nanoparticles. (A) Fluorescence imaging of free DiR in CIA rats and DiR-labeled 

NBOP in normal and CIA rats at 0, 1, 3, 6, 24, and 48 h after intravenous injection. (B) Quantitative analysis of DiR 

intensity in (A). Data are shown as mean SD (n Z 3). 
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Fig.7. Therapeutic efficacy of NBOP nanoparticles. (A) Experimental outline for two immunizations and RA treatment. 

Rats received i.v. injection of PBS, BP nanoparticles, OP nanoparticles, BOP nanoparticles, NBOP nanoparticles, and 

i.p. injection of free Not (5 mg/kg, G5) every 3 days. (B) Weight changes of rats during treatment. (C) Paw volume of 

the rats in each treatment group at the end of the therapy. (D) Paw thickness of the rats in each treatment group at the 

end of the therapy. (E) Time-dependent clinical score for each rat in groups G2G6. (F) Clinical scores of the rats in each 

treatment group at the end of the therapy. Data are presented as mean SD (n Z 5). *P < 0.05, **P < 0.01, ***P < 0.001 

vs. indicated. 

3.7. In vivo therapeutic effects of the NBOP 

treatment in the CIA model 

The in vivo therapeutic efficacy of the NBOP 

nanoparticles was investigated on the CIA rat model as 

the treatment scheme outlined in Fig. 6A. Rats were 

randomly divided into 7 groups and administrated with 

PBS (referred to as G1), BP nanoparticles (G2), OP 

nanoparticles (G3), BOP nanoparticles (G4), free Not 

(G5) and NBOP nanoparticles (G6) twenty-eight days 

after the primary immunization. All treating groups 

didn’t show obvious weight loss (Fig. 6B). The anti-

RA efficacy was initially monitored by the hind paw 

volume, thickness, and clinical scores to reflect paw 

swelling extent in the CIA rats (Fig. 6C and D). 

Compared with severe swelling in the ankles and paws 

of the CIA rats treated by PBS, BP, OP and BOP 

nanoparticles exhibited a significant decrease in paw 

volume, demonstrating the drug-free nanocarriers could 

alleviate RA owing to the ROS and/or NO scavenging 

capacity. The paw volumes of rats in BOP group was 

obviously lower than those in BP and OP group, 

indicating the superior therapeutic potential of 

simultaneously scavenging ROS and NO. The free not 

group just revealed the moderate suppressing swelling 

effect due to the poor joint accumulation and rapid 

clearance. Notably, the NBOP group showed the most 

obvious therapeutic efficacy in normalizing paw 

volume, which was attributed to the combinational 

effect of ROS and NO depletion mediated by the 

carrier and JAK-STAT inhibition functioned by not.  

 

Similarly, the paw thickness in NBOP treated group 

was more significantly improved compared with the 

free Not group and BOP nanoparticle group (Fig. 6D). 

In addition, the clinical score is an important indicator 

to assess the anti-inflammatory effect during arthritis 
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progression [19-21]. As shown in Fig. 6E, the arthritis 

clinical score rapidly increased in the PBS group, while 

the increase in clinical score was significantly lower in 

the free Not, OP nanoparticle, BOP nanoparticle and 

NBOP nanoparticle group. The clinical scores at the 

end of therapy for NBOP were the lowest, which was 

consistent with the result of paw volume and paw 

thickness (Fig. 6F). A similar therapeutic outcome was 

observed in the hind paw images (Fig. 7A). The anti-

arthritis efficacy of NBOP nanoparticles was further 

evaluated via micro computed tomography (Micro-CT) 

imaging. After PBS treatment, rough bone surfaces and 

low bone mineral density were observed in the ankle 

and digits of rats due to severe bone erosion (Fig. 7B). 

After being treated with BP and OP groups, severe 

bone erosion in the ankle was slightly inhibited, which 

might be attributed to maintaining the mitochondrial 

structure and function of chondrocyte by scavenging 

ROS29. To be noted, excessive NO produced by RA in 

lesions could induce osteoclast upregulation, leading to 

bone resorption and chondrocyte apoptosis, and 

subsequently joint dysfunction [22-25]. A clear bone 

boundary with less bone erosion was observed in rats 

treated with OP and BOP nanoparticles, suggesting the 

therapeutic efficacy of NO scavenging to relieve bone 

erosions. Although the JAK inhibitor notopterol has 

been reported to decrease osteoclasts in synovial tissue 

for preventing bone erosions, severe bone resorption 

occurred in the ankle joint of rats treated with free drug 

not as a result of the poor accumulation of free not. In 

contrast, the ankle and digit bones of rats in NBOP 

groups had clear boundaries and few bone erosion as 

the normal group, indicating that NBOP nanoparticles 

were effective in bone protection for RA treatment [26-

28].

 

 
Fig.8. Representative images of the CIA rat model treated with NBOP nanoparticles. (A) Hind paw images of the 

treatment group at week 4 and week 8. (B) Micro-CT images of bone destruction in different groups. The yellow arrow 

indicated bone destruction and damage. The above row of images is processed using the volume rendering technique 

(VR), and the lower row of images is processed by the maximal intensity projection technique (MIP). 

We further confirmed the anti-arthritis efficacy by 

collecting the ankle joints of rats for histological 

examination at the study endpoint (Fig. 8A). H&E-

stained sections of ankle joints from the saline group 

revealed severe synovial hyperplasia, extensive pannus 

formation, and obvious cartilage destruction. BP and 

OP group could partially reduce synovial inflammation 

and decrease cartilage destruction compared with the 

saline group. The BOP group revealed less extensive 

cartilage damage and pannus formation than BP or OP 

group. The free Not group exhibited a restricted 

therapeutic efficacy in reversing these symptoms while 

the NBOP group showed the minimum pathologic 

features. The safranin O staining that stains 

glycosaminoglycans in cartilage exhibited a similar 

trend compared with H&E staining result. Severe 

cartilage damage was observed in the PBS group while 

BP and free Not groups didn’t exert an obvious 

relieving cartilage damage effect. OP and BOP groups 

could effectively reduce cartilage damage owing to the 

NO scavenging effect. The cartilage seemed intact in 

rats treated with the NBOP group and the positive areas 

for safranin-O staining were closer to those of the 

normal group, which could be attributed to an effective 

combination of NO depletion and JAK-STAT 

inhibition. We have also evaluated the H2O2 and NO 

levels in the RA rat serum after 24 h of sample 

injection to reveal the in vivo ROS and NO scavenging 

capacity. The result in Supporting Information Fig. S11 

exhibited that the level of H2O2 and NO in serum were 
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significantly elevated in the CIA rat group compared 

with the healthy rat group [29]. BOP and NBOP NPs 

could both decrease the H2O2 and NO to the normal 

level, in line with the in vitro ROS and NO scavenging 

results. The in vivo serum levels of pro-inflammatory 

cytokines (TNF-a, IL-6, IL-1b) were also measured 

after different treatments as another crucial index to 

evaluate therapeutic efficacy. BP, OP and BOP groups 

could significantly decrease the levels of TNF-a, IL-1b, 

and IL-6 without encapsulating other anti-inflammatory 

drugs, which verified the ROS and NO scavenging in 

relieving inflammation (Fig. 8BeD). Free Not showed 

moderate effect in lowering TNF-a, IL-1b, and IL-6 

while the lowest levels of the cytokines were measured 

in rats treated with NBOP nanoparticles. In addition, 

ROS and NO scavenging could facilitate inflammatory 

M1 macrophage switching to the anti-inflammatory M2 

phenotype [30, 31]. Thus, we performed 

immunofluorescence staining of the M1 biomarker 

(iNOS) and M2 biomarker (CD206) to indirectly reveal 

the ROS and NO scavenging effect of NBOP in vivo 

(Fig. 8E). The macrophages rat ankle joints showed 

strong immunofluorescence signal of iNOS but weak 

signal of CD206 in PBS group. By contrast, a low 

iNOS signal and high CD206 signal could be observed 

with BOP and NBOP NPs, indicating successful M1 

polarizing to M2. Moreover, the expression of JAK2, 

STAT3 and STAT5 was also investigated by 

immunohistochemical staining. Not and NBOP 

treatment induced lower expression levels of JAK2, 

STAT3 and STAT5 in inflamed joints compared with 

the PBS group while the BOP group didn’t inhibit 

JAK2, STAT3 and STAT5 obviously. No 

histopathological abnormalities or lesions after 

injecting different nanoparticles compared with those 

in the saline group, demonstrating the high 

biocompatibility of NBOP nanoparticles in vivo. These 

results demonstrated that NBOP nanoparticles 

effectively relieved synovial inflammation and 

decreased joint damage to suppress RA progression via 

combining ROS/NO depletion and JAK-STAT 

inhibition [32]. 

 

 
Fig.9. Histopathologic analyses and inflammation evaluations of CIA rat model treated with NBOP nanoparticles. (A) 

Histopatholog images of ankle joints were evaluated by using H&E and safranin-O staining (scale bar Z 100 mm). The 

serum concentration of pro-inflammatory cytokines includes (B) TNF-a, (C) IL-6, and (D) IL-1b. (E) The 

immunofluorescence staining of iNOS and CD206 for rat ankle joints after different treatments. Scale bar Z 10 mm. 

Data are shown as mean SD. (n Z 3). *P < 0.05, **P < 0.01, ***P < 0.001 in a comparison with PBS group. 

4. Conclusions 

Based on the purpose of inhibiting RA through 

regulating RA soils and seeds, we successfully 

synthesized BR-PEG, oPDAPEG and NBOP 

nanoparticles for the delivery of notopterol. NBOP 

nanoparticles could specifically eliminate ROS and NO 

in the inflammatory microenvironment, resulting in the 

cleavage of nanoparticles and the release of the potent 

therapeutic drug notopterol. NBOP nanoparticles 

possessed uniform particle size distribution, weak 

positive charge, and good stability, which were suitable 

as a nano-drug delivery system for RA treatment. 

NBOP not only significantly increased the cellular 

uptake by macrophages, but also reduced ROS and NO 

levels of pro-inflammatory M1 phenotype. The in vivo 

experiments showed NBOP had significantly enhanced 

therapeutic efficacy compared to free notopterol and 

BOP. The anti-inflammatory mechanism of NBOP 

nanoparticles is related to scavenging ROS/NO and 

inhibiting the JAK-STAT signaling pathway. This 

study provided a reference for regulating RA soils and 

seeds for effective RA therapy. 
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