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ABSTRACT

Rheumatoid arthritis (RA) is a chronic systemic autoimmune disease, which is characterized by synovial
inflammation and autoimmunity. The main cause of the disease is the imbalance of the proportion of
pro-inflammatory macrophages (M1-type) and anti-inflammatory macrophages (M2-type) in the syn-
ovial tissues of the joint. To restore this balance, in our study, the interleukin-10 encoding anti-inflam-
matory cytokines (IL-10 pDNA) and chemotherapeutic drug dexamethasone sodium phosphate (DSP)
were co-loaded into human serum albumin (HSA) preparing pDNA/DSP-NPs to actively target macro-
phages in synovium tissue to promote M1-M2 polarization. Confocal laser scanning microscope and
western blot were used to demonstrate the targeting ability of co-delivery nanoparticles. In vivo, the
real-time fluorescence imaging system and HPLC were used to study the tissue distribution and
pharmacokinetics of nanoparticles, and the results showed that the accumulation of nanoparticles in
the inflammatory joint site was higher. Its pharmacodynamics were evaluated in collagen-induced
arthritis (CIA) rat model, and it demonstrated that the pDNA/DSP-NPs significantly reduced the expres-
sion of serum inflammatory factors and alleviated joint swelling and bone erosion, suggesting the
favorable therapeutic effect. The synergistic treatment effect of IL-10 pDNA and DSP in this system
was achieved by reducing the secretion of pro-inflammatory factors (TNF-o, IL-1B) and increasing the
expression of anti-inflammatory factors (IL-10) to promote the M1-M2 polarization of macrophages.
Our strategy is promising for co-delivery of gene drugs and chemical drugs by biomimetic natural
materials to promote macrophages polarization so that to achieve synergically treatment of inflamma-
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tory disease.

1. Introduction

Rheumatoid arthritis (RA) is a chronic, systemic inflammatory
disease characterized by inflammation of the joints and
destruction of cartilage and bone, affecting about 1% of peo-
ple in the world (van der Woude & van der Helm-van Mil,
2018; Sparks, 2019). Although the cause of RA induction is
unknown, it is characterized by the infiltration of activated
macrophages (namely M1-type macrophage), into the syn-
ovial space, leading to the secretion and release of pro-
inflammatory factors, including TNF-a, IL-1B, IL-6, metallopro-
teinase, and active oxides, which ultimately aggravate pro-
gress of the disease (Pandey et al., 2017). However, in RA the
anti-inflammatory macrophage is called M2-type macro-
phage, which could secret IL-10 that has anti-inflammatory
effect. Therefore, inhibiting the level of pro-inflammatory fac-
tors and enhancing anti-inflammatory factors so as to

facilitate macrophage polarization from M1
showed a promising strategy for RA treatment.

The study showed that glucocorticoids (GCs) are the most
widely used first-line therapy drugs for RA treatment in clin-
ics for their desirable anti-inflammatory effects (Baschant
et al, 2012). It's proved that GCs can inhibit the secretion of
pro-inflammatory factors, as well as up-regulate the level of
anti-inflammatory factors such as IL-4, IL-10, which further
inhibit the production of pro-inflammatory factors (Barnes,
1998; Vandewalle et al., 2018). However, due to the nonspe-
cific targeting of GCs, they always result in adverse reactions
after long-term administration, such as osteoporosis, muscle
atrophy, and impaired immune function, greatly limiting their
clinical use (Wang et al.,, 2016; Wang & Sun, 2017). Targeting
drug delivery system based on nanoparticles has great
potential for selectively accumulating drugs to the disease
site, and it also shows the advantages of reducing dose and
side effects.

to M2-type

CONTACT Ji Tian @ tianji@swmu.edu.cn e Analysis and Testing Center, School of Pharmacy, Southwest Medical University, 1-1 Xianglin Road, Luzhou,
Sichuan, 646000, People’s Republic of China; Chunhong Li @ lispringhong@126.com @ Department of Pharmaceutical Sciences, School of Pharmacy,
Southwest Medical University, 1-1 Xianglin Road, Luzhou, Sichuan, 646000, People’s Republic of China

*Xiu Zheng, Xin Yu, and Chenglong Wang contributed equally. All authors have given approval to the final version of the manuscript.

@ Supplemental data for this article can be accessed here.

© 2022 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which permits
unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.


http://crossmark.crossref.org/dialog/?doi=10.1080/10717544.2022.2057616&domain=pdf&date_stamp=2022-03-31
https://doi.org/10.1080/10717544.2022.2057616
http://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1080/10717544.2022.2057616
http://www.tandfonline.com

1026 X. ZHENG ET AL.

Since the microenvironment of RA is complex, it's difficult
for a single glucocorticoid to achieve an anti-inflammatory
effect effectively. Previous studies have been devoted to the
development of the combination therapy of nucleic acid
drugs and chemical drugs, to improve the therapeutic effect
and reduce the toxicity of chemical drugs(Li et al, 2020;
Zhong et al., 2022). It's reported that IL-10 is a major anti-
inflammatory and immunosuppressive cytokine produced pri-
marily by activated M2-type mononuclear macrophages
(Fickenscher et al., 2002; Mosser & Zhang, 2008). However,
the stability, short half-life, and enzymatic degradation of
genetic drugs such as IL-10 limited their clinical application
and required high doses and frequent administration
(Fosgerau and Hoffmann, 2015). It has been shown that
wrapping IL-10 plasmid DNA into uncoagulated alginate
nanoparticles can effectively repolarize macrophages from
the M1 to the M2 state (Jain et al., 2015; Degboé et al.,
2019). IL-10 inhibits the release of pro-inflammatory cyto-
kines produced by macrophages, including TNF-o, IL-18, and
IL-6 (Fickenscher et al., 2002; Teng et al., 2011). Therefore, it
plays an important role in inflammatory and autoimmune
diseases and is a potential therapeutic agent for rheumatoid
arthritis (Mosser & Zhang, 2008; Castillo & Kolls, 2016). The
PORF5-mIL-10 plasmid DNA (IL-10 pDNA) is an anti-inflam-
matory IL-10 cytokine encoding plasmid DNA, which could
efficiently express IL-10 in the cell. To this end, it is beneficial
to combine one of the widely used GCs dexamethasone
sodium phosphate (DSP) with IL-10 pDNA to synergistic ther-
apy RA through multiple mechanisms to inhibit pro-inflam-
matory factors and increase anti-inflammatory factor levels
and achieve the macrophage polarization from M1 to
M2-type. For effectively delivery DSP and plasmid to intra-
cellular, it's beneficial to deliver that by targeting the drug
delivery system.

Human serum albumin (HSA) is one of the fascinating vec-
tors not only for its characteristics such as water-soluble,
non-toxicity, biodegradation, and non-immunogenicity, but it
can also camouflage as endogenous cells, which can escape
the capture of immune cells and prolong the cycle time(Yan
et al, 2019; Lyu et al, 2021). It's reported that glycoprotein
SPARC (secreting a protein acidic and rich in cysteine) levels,
a member of the stromal cell component family of the extra-
cellular matrix (ECM) in inflammatory joints may increase
with inflammatory cell invasion, neovascularization, and bone
erosion (Liu et al., 2019). In RA, the overexpression of SPARC
promotes the accumulation of drugs in the inflammatory
microenvironment due to the high affinity of SPARC for albu-
min, which contributes to the active targeting of albumin-
based nanoparticles (Mi et al., 2017; Zhao et al., 2018). In
addition, because synovial cell metabolism is upregulated,
arthritic joints metabolize more albumin as a source of nitro-
gen and energy than healthy tissues (Rall et al., 1996). Fast
metabolism increases albumin demand in RA joints, which
can further facilitate bionic delivery of HSA-based nanopar-
ticles to these sites. It has been shown that the albumin-
loaded drug delivery system accumulates and remains for a
longer time in arthritic joints (Liu et al, 2019; Zhong et al.,
2022). Inspired by this fact, it's reasonable to engage HSA to

be both a carrier and a targeting ligand developing active
targeting drug delivery.

In this study, we prepared human serum albumin-loaded
IL-10 pDNA and DSP nanoparticles (pDNA/DSP-NPs) for bio-
mimetic drug delivery aiming at RA treatment (Scheme 1).
Western blot and immunohistochemical staining confirmed
that human serum albumin could actively target the synovial
tissues, and simultaneously cell uptake proved that activated
macrophages could effectively absorb Cy5-pDNA-NPs. The
real-time fluorescence imaging system in vivo verified that
DID-labeled human serum albumin nanoparticles could accu-
mulate in inflammatory joints, due to the active targeting
effect of albumin. The synergistic treatment of IL-10 pDNA
and DSP exhibited significant therapeutic efficacy in colla-
gen-induced arthritis rats compared with other treatment
groups. Our research holds potential value for the co-delivery
of IL-10 pDNA and DSP by natural materials for the treat-
ment of inflammatory disease.

2. Materials and methods
2.1. Materials

Dexamethasone sodium phosphate (DSP, purity >99%) was
supplied by Solarbio Science &Technology (Beijing, China).
Methanol and acetonitrile (HPLC grade) were purchased from
Kelong Chemical Reagent Factory (Chengdu, China).
Triethylamine. Coumarin. Cy5-NHS. HSA (human serum albu-
min) was obtained from Beijing Biotopped Science &
Technology (Beijing, China). MTT ( 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium  bromide), Lipopolysaccharide
(LPS) and dimethyl sulfoxide (DMSO) were all supplied by
Solarbio Science & Technology (Beijing, China). Other
reagents were analytical grade.

2.2. Cells and animals

RAW264.7 (a murine macrophage-like cell line) and HUVEC,
cultured in DMEM medium (Hyclone, USA) with 10% fetal
bovine serum (FBS) (Gibco, USA) and 1% (v/v) penicillin/
streptomycin (Hyclone, USA) were both gained from Chinese
Academy of Sciences (Shanghai, China). Cells were incubated
in a 5% CO, environment at 37 °C, and the cell medium was
changed every other day.

Male Sprague-Dawley (SD) rats were obtained from the
laboratory animal center of Southwest Medical University. All
animal experiments were performed by the Animal
Management Rules of the Ministry of Health of the People’s
Republic of China (document No. 55, 2001) and the
Principles of Laboratory Animal Care (NIH publication
#85-23, revised in 1985).

2.3. IL-10 pDNA extraction and purity detection

The pcDNA3.1 plasmid encoding the mouse cytokine IL-10
(mIL-10) was transformed into lyophilized GT100 E. coil
(Yingrun Biotechnology, Changsha, China) and cultured in a
medium containing sodium chloride, yeast, and peptone.
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Scheme 1. Schematic of preparation and anti-inflammatory therapy of human serum albumin nanoparticles targeting macrophages. pDNA/DSP-NPs in rheumatoid
arthritis (RA) joints through the ELVIS effect, increased demand for rheumatoid joint albumin, the intrinsic high affinity between HSA and locally overexpressed
SPARC (secreted protein acidic and rich in cysteine) in synovial tissues of RA, effective treatment of RA.

Liquid lysogeny broth (LB) was sterilized in an autoclave for
30min at 121°C. This followed by adding 100 pg/mL ampicil-
lin after the above solution cooled down. Plasmid purifica-
tion was followed by the protocol of the endo-free maxi
plasmid kit, and the ratio of OD260/0D280 was 1.9-2.0,
which was an acceptable purity.

2.4. Preparation of HSA-based pDNA/DSP co-delivery
nanoparticles (pDNA/DSP-NPs)

pDNA/DSP-NPs were prepared by a desolvation technology
as described previously (Look et al., 2015). In principle, 1 mL
human serum albumin solution (20mg/mL in ultrapure
water) was incubated with 250 pg IL-10 pDNA and 10mg
DSP continuously stirred (550 rpm) for 1h, followed by add-
ing 2.7 mL ethanol 96% (v/v) at a rate of 1 mL/min under agi-
tation (550rpm). Then 11.8uL 8% glutaraldehyde solution
was added and stirred at 220 rpm for at least 12 h to achieve
adequate crosslinking. Finally, it was re-dispersed in PBS by
centrifugation (10,000g, 20min) to obtain pDNA/DSP-NPs.
Blank NPs, pDNA-NPs, and DSP-NPs were prepared in the
same way.

2.5. Characteristics of pDNA/DSP-NPs

The size, PDI, and zeta potential of all preparations were
measured using Malvern Zetasizer Nano ZS90 (Malvern
Instruments, Malvern, UK). pDNA/DSP-NPs were analyzed by
transmission electron microscopy (TEM, JEM1200EX, Japan).

The absorbance spectra of HSA, IL-10 pDNA, free DSP, and
pDNA/DSP-NPs were measured by ultraviolet (UV)-visible
(vis)-near-infrared (NIR) spectrophotometer. Encapsulation
efficiency (EE) and drug loading efficiency (DLE) of DSP were
measured using high-performance liquid chromatography
(HPLC, LC-2030, Japan). The amount of IL-10 pDNA was
determined by fluorescence spectrophotometry (PerkinElmer,
USA). pDNA/DSP-NPs were diluted in 3 mL of acetonitrile and
sonicated for 10min to extract IL-10 pDNA and DSP com-
pletely. EE was calculated using the formula EE (%) = my/
m;x100%, DLE (%) = my/m,,x100%, where mq is the weight
of DSP encapsulated in HSA, m, is the weight of total DSP,
and m,, is the weight of pDNA/DSP-NPs.

Hoechst 33258 dye was used as a plasmid fluorescent
marker. The amount of IL-10 pDNA entrapped into the
pDNA/DSP-NPs was calculated by subtracting the detected
free IL-10 pDNA (Myee) from the total amount of IL-10 pDNA
(Miora) Used. pDNA/DSP-NPs were dried in a freeze-drying
oven and weighed (m,). The blank NPs supernatant was
used as a control. The fluorescence intensity of the mixture
was measured at 343 nm (excitation) and 445 nm (emission).
The calculated equation of EE and DLE was as followed.
EE = (mtotal'mfree)/mtotalx100%; DLE = (mtotal'mfree)/mWX1OO%'

2.6. Drug release and stability of pDNA/DSP-
NPs in vitro

Drug release was determined by dialysis in vitro. Briefly,
1.5mL pDNA/DSP-NPs and free DSP (same content of DSP)
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were separately put in a dialysis bag (molecular weight cut-
off of 10kDa), which were added to 50 mL phosphate-buf-
fered saline (PBS) with stirring at 100rpm at 37 °C. At a fixed
point in time of 0.25, 0.5, 1, 2, 4, 6, 8, 12, 24, 30, 36, 48, 54,
60, and 72h. DSP concentration was determined by HPLC,
and the cumulative amount released was calculated. To test
the stability of pDNA/DSP-NPs, we measured the particle size
and PDI through DLS at 4°C in PBS solution for 7days in
succession. In addition, the stability of naked pDNA and
pDNA/DSP-NPs in 50% bovine serum was determined at
37°C. The samples were taken out at the specified time
point of 0.5, 1, 2, 4, 6, 8, and 10h at 37°C, and then were
determined by agarose gel electrophoresis.

2.7. Cytotoxicity and hemolysis assay of pDNA/DSP-NPs

RAW264.7 and HUVEC cells were seeded into 96-well plates
(1 x 10* per well) and incubated in a 5% CO, environment at
37°C overnight. Free DSP, blank NPs, and pDNA/DSP-NPs
were prepared in culture medium without serum and antibi-
otics, then 200 uL of each preparation was added to wells at
DSP concentrations of 10-50 ug/mL (n=15). After 24 h, the
medium was discarded, and cells were washed three times
with PBS solution, followed by added 20puL of MTT (5mg/
mL) solution and 180 uL of complete medium. Cells were cul-
tured for another 4h, then the medium was replaced with
150 uL DMSO and cultures were shaken for 15min at 37°C.
Absorbance at 490 nm was measured using a Varioskan Flash
microplate reader (Thermo Fisher, USA). Relative cell viability
(%) was calculated using the equation as followed: Cell via-
bility = (sample — blank)/(negative control — blank) x 100.

Cardiac blood was collected from normal rats, and 3 mL
of saline was added to 1mL of whole blood, shaken well,
centrifuged at 2500 rpm for 10 min, and 2% red blood cell
suspension was obtained. Free DSP, blank NPs, DSP-NPs, and
pDNA/DSP-NPs were prepared at 1.8, 18, and 180 pg/mL,
respectively. The preparation (500 pL) and 2% red blood cell
suspension (500 pL) were mixed evenly, and the mixture was
heated in a water bath (37°C) for 3 h. After centrifugation at
3000 rpm for 10 min, the supernatant (100 pL) was accurately
absorbed into the 96-well plate. Saline and ultra-pure water
were used as negative and positive controls. The hemoglobin
released from erythrocytes was detected at 540 nm using a
Varioskan Flash microplate reader.

2.8. Cellular uptake of pDNA/DSP-NPs

To evaluate the uptake of nanoparticles into RAW264.7 cells,
IL-10 pDNA was labeled with Cy5-NHS, and DSP was
replaced with coumarin, and then cultured for 24 h with LPS
at a final LPS concentration of 100ng/mL. Subsequently,
they were treated with different preparations for 4h and cell
uptake was assessed using a confocal laser scanning micro-
scope (CLSM) (Leica SP8, Germany).

2.9. Determination of inflammatory factors

RAW264.7 cells were inoculated into 6-well plates (5 x 10°
cells per well), then cultured for 4h. LPS was then added to
a final concentration of 100 ng/mL and cultured for 24 h. The
medium was replaced separately with a 1 mL fresh medium
containing PBS, naked pDNA, free DSP, pDNA/DSP, pDNA-
NPs, DSP-NPs, or pDNA/DSP-NPs (the total drug concentra-
tion was 200 pg/mL). After incubation for 24 h, the medium
was collected and centrifuged at 2000 rpm for 5min. On day
15 after treatment, serum and joint tissues of CIA rats were
collected from each group and treated by the appropriate
biological sample treatment method. Levels of inflammatory
cytokines (TNF-o, IL-1B, and IL-10) were measured using
enzyme linked immunosorbent assay (ELISA) according to
the manufacturer’s protocol.

2.10. Animal model of collagen-induced arthritis

Male SD rats (200+20g) were used to establish collagen-
induced arthritis (CIA) model as described (Brand et al.,
2007). In brief, bovine type Il collagen (2mg/mL; Chondrex,
USA) was emulsified with the same amount of complete
freund’s adjuvant (5mg/mL; Chondrex, USA) to prepared
emulsion. Then 100 uL of the above emulsion was injected
intradermally into the base of the rat tail. One week later,
50 uL of the emulsion prepared by equal bovine type Il colla-
gen and equal incomplete freund’s adjuvant were injected
into the tail of a per rat. We monitored RA progress daily.

2.11. Pharmacokinetics

After 14 days of initial immunization, the arthritis index score
(Al) of each rat’s feet was scored daily. CIA rats with an Al
score of >4 were selected to study the pharmacokinetics
in vivo. The rats were randomly divided into 12 groups and
injected with pDNA/DSP and pDNA/DSP-NPs (DSP with a
dosage of 3mg/kg). Serum and joint tissues samples were
collected at 0.5, 1, 2, 4, 6, and 8h, respectively. The concen-
tration of DSP was determined by HPLC.

2.12. Distribution of pDNA/DSP-NPs in CIA rats

CIA rats were intravenously injected with free DID or DID-
NPs. At 2, 4, 8, 12, or 24h after administration, rats were
anesthetized and analyzed using the IVIS® Spectral Imaging
System (Kodak, USA). After 24 h of fluorescence imaging, the
rats were sacrificed for analysis of tissue distribution ex vivo.

In addition, the distribution of pDNA/DSP-NPs in different
tissues of rats was quantitatively analyzed. pDNA/DSP and
pDNA/DSP-NPs were injected intravenously into CIA rats
(DSP with a dosage of 3mg/kg), and different tissues (heart,
liver, spleen, lung, kidney, joints) were collected at 0.5, 2, 4,
and 6h. Then these tissues were homogenized with 0.9%
sodium chloride (equivalent to twice the weight of the tis-
sue). The content of DSP was determined by HPLC.



2.13. Therapeutic efficacy of pDNA/DSP-NPs in CIA rats

On days 16, 19, 22, 25, and 28 after the induction of arthritis,
each group was intravenously injected with saline, naked
pDNA, free DSP, pDNA/DSP, pDNA-NPs, DSP-NPs, and pDNA/
DSP-NPs. Three normal rats served as naive controls. All ani-
mals were assessed for paw swelling every three days, start-
ing 16days after induction, including body weight, ankle
diameter, paw thickness, paw volume, joint photos, and Al
score. The scoring criteria refer to the literature report
(Crielaard et al., 2012):0, no evidence of erythema or swel-
ling; 1, erythema and mild swelling confined to the tarsals or
ankle joint; 2, erythema and mild swelling extending from
the ankle to the tarsals; 3, erythema and moderate swelling
extending from the ankle to metatarsal joints; 4, erythema
and severe swelling encompassing the ankle, foot, and digits,
or ankyloses of the limb.

The ankles of each group were dissected 15days after
treatment. The joints were soaked in 4% paraformaldehyde
for 24 h. Methods Micro-CT was used to scan the hind limb,
and the structural changes of the joint of rats were ana-
lyzed (Quan et al., 2016; Wei et al., 2018). By using the Data
Viewer, the calcaneus was aligned along the sagittal face,
starting from 0.2mm of the talus plate, a 40-50 layer
(Tmm) area was selected as the perceptual region (ROI),
and BMD, BV/TV, BS/TV, Tb.Th, Tb.N, and Tb.Sp was calcu-
lated. In addition, the dissected ankles were fixed in
4% paraformaldehyde for 72h, followed by decalcified in
15% neutral EDTA solution for 15 days at room temperature
and embedded in paraffin. Sections were stained with
hematoxylin-eosin (H&E), safranin O (SO), and toluidine
blue staining.

On day 30, serum alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) levels were measured to
detect the hepatotoxicity of pDNA/DSP-NPs.

2.14. Western blot and immunohistochemical staining

The synovial tissues of rats were dissected for western blot.
The synovial tissue was frozen with liquid nitrogen and then
was lysed by homogenization with a lysis buffer containing
protease inhibitors. The supernatant was collected through
centrifuged at 14,000g for 15min at 4°C, and the protein
concentration was quantified with the BCA protein quantifi-
cation kit (Beyotime Biotechnology, China), followed by was
heated at 100°C for 10 min. The total protein of each sample
was loaded into 40png, and separated by 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). Exposed the film using the Chemi Doc touch imaging
system (Bio-Rad, USA). We used the primary antibody SPARC
(1:1000) against the above protein and made GAPDH as the
internal control antibody.

The synovial tissues were obtained 15 days after the initial
immunization and then were used for detecting SPARC
expression levels by immunohistochemical staining, with the
primary antibody SPARC (1:500) against the above protein.
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2.15. Statistical analysis

Data were expressed as mean + SD. Differences between the
two groups were assessed for significance by Student’s t-test,
and differences between three or more groups were
assessed by one-way ANOVA and Dunnett's multiple com-
parison test. p <.05 was considered statistically significant.
The histograms were built using GraphPad Prism soft-
ware 7.0.

3. Result
3.1. Characterization of drug-loaded nanoparticles

After the identification by the nanodrop ultra-micro spectro-
photometer (Thermo, USA) and agarose gel imaging system
(Bio-Rad, USA), the purity and quality of the IL-10 pDNA
could meet the experimental requirement (Supplemental
Figure STA), and 2mg of IL-10 pDNA can be extracted per
liter of medium. Dynamic light scattering (DLS) results
showed that the average particle size of pDNA/DSP-NPs was
242.5+4.50nm (Figure 1(D)), with a narrow size distribution.
Compared with the hydrodynamic particle size of
160.93 + 1.26 nm of blank nanoparticles (Supplemental Figure
S2A), 194.57+2.14nm of pDNA-NPs (Figure 1(B)), and
197.27 £5.71 nm of DSP-NPs (Figure 1(C)), the particle size of
pDNA/DSP-NPs had increased, indicating that pDNA and DSP
were successfully encapsulated in HSA. The potential of
pDNA/DSP-NPs  was —23.97+1.10mV, and PDI was
0.22 +0.008. EE of pDNA/DSP-NPs was 83.36 +0.03% for DSP,
and 90.96 £0.03% for pDNA and the DLE was 10.54 + 2.09%,
which were both extremely higher than other single-drug
nanoparticles (Figure 1(A)). The size and morphology of
pDNA/DSP-NPs were observed by transmission electron
microscopy (TEM) as shown in Figure 1(E)). The results
showed that the morphology of pDNA/DSP-NPs was spher-
ical and regular with the average particle size of about
100 nm, which was slightly smaller than the corresponding
DLS measurement value, and that might be caused by the
breakdown of the dehydration process. There were obvious
pDNA and DSP peaks at 240nm and 260 nm in the UV-vis-
NIR spectrum, which confirmed that pDNA and DSP existed
in pDNA/DSP-NPs, and HSA also had a specific absorption
peak at 280 nm (Supplemental Figure S2B).

Moreover, the stability of pDNA/DSP-NPs at 4°C was
studied. As shown in Figure 1(F-G), the size and PDI of
pDNA/DSP-NPs hardly changed for 7 consecutive days,
exhibiting its excellent stability in vitro. As detected by agar-
ose gel electrophoresis, IL-10 pDNA was encapsulated by
HSA and incubated with serum for 10h, and the band was
still clearly visible (Supplemental Figure S1B). It showed that
HSA could protect IL-10 pDNA from being degraded by
nuclease in serum so that IL-10 pDNA could still maintain
its integrity.

3.2. Drug release from pDNA/DSP-NPs in vitro

Compared to the free DSP group, the release of DSP from
pDNA/DSP-NPs was much slower. By around 8 h, nearly 70%
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Figure 1. Characterization of pDNA/DSP-NPs. (A) Size, PDI, zeta, encapsulation efficiency, and drug loading efficiency of pDNA and DSP in NPs, pDNA-NPs, DSP-
NPs, and pDNA/DSP-NPs. Size distribution of pDNA-NPs (B), DSP-NPs (C), and pDNA/DSP-NPs (D). (E) TEM images of pDNA/DSP-NPs. The stability of pDNA/DSP-NPs
was measured in terms of particle size (F) and PDI (G) at 4 °C during storage. Results were presented as mean =SD (n=3). (H) In vitro release of DSP from Free
DSP and pDNA/DSP-NPs, the concentration of DSP was determined by HPLC. Results were presented as mean + SD (n = 3). Cytotoxicity of formulations with DSP at
different concentrations (10, 20, 30, 40, 50 png/mL) in RAW264.7 cells (I) and HUVEC cells (J). Results were presented as mean£SD (n =5).

and 40% of DSP was separately released from the free DSP
and pDNA/DSP-NPs, and there was a significant difference. In
addition, only 64.59% of DSP had been released at 72 h, sug-
gesting the sustained-release property of pDNA/DSP-NPs
(Figure 1(H)).

3.3. Cytotoxicity and hemolysis assay of pDNA/DSP-
NPs in vitro

The results showed that pDNA/DSP-NPs with different concen-
trations of DSP had no obvious toxicity to RAW264.7 and
HUVEC cells, and the cell survival rate of each group was
higher than 80% (Figure 1(I-J)). With the increase of DSP con-
centration, the cell survival ability of the free group showed a
more obvious downward trend, indicating that HSA coating
can help reduce the toxicity of DSP. In addition, the cell viabil-
ity of blank NPs and pDNA/DSP-NPs showed the same trend,
revealing the biocompatibility and nontoxicity of HSA.

We incubated pDNA/DSP-NPs with different drug concen-
trations and 2% red blood cell suspension at 37°C for 4h.
The results showed that the hemolysis rate of each group

did not cause obvious hemolysis of the red blood cells (not
more than 5%) at the highest dosage (180pg/mL)
(Supplemental Figure S3A-B). This indicated that all groups
were biocompatibility preparations, and the possibility of
hemolysis in vivo was minimal, which could be used for
intravenous injection of rats in the later experiment.

3.4. Active targeting study of pDNA/DSP-NPs

We observed the endocytosis of nanoparticles containing
Cy5-pDNA and coumarin in RAW264.7 cells using a confocal
laser scanning microscope (CLSM) and detected a strong sig-
nal in cells. They had a very high overlapping effect and
were attached around the nucleus (Supplemental Figure S4),
indicating that nanoparticles co-loaded with Cy5-pDNA and
coumarin were successfully absorbed via RAW264.7 cells.
Next, we detected the uptake of naked Cy5-pDNA and Cy5-
PDNA-NPs in LPS-activated RAW264.7 cells. Results revealed
that Cy5-pDNA-NPs were taken up in large quantities than
naked Cy5-pDNA, indicating their high affinity with activated
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macrophages (Figure 2(A)). These results confirmed that acti-
vated macrophages could efficiently ingest nanoparticles.

In addition, through western blot and immunohistochemi-
cal staining, we confirmed that SPARC was overexpressed in

the synovial tissues of the CIA rats model, and its expression
was up to 2-3 times higher than that in normal synovial tis-
sues (Figure 2(B,C)). Due to the increased demand for joint
albumin and the high affinity between albumin and SPARC,
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Figure 3. Induction of macrophage switching from M1 to M2 by pDNA/DSP-NPs. Expression of inflammatory cytokines treated with different preparations. Level of

IL-1B (A), TNF-o (B), and IL-10 (C) in cell-free supernatants, IL-18 (

unpaired Student’s t-test).

the biomimetic nanoparticles could actively deliver thera-
peutic drugs to the inflammation joint site.

3.5. Macrophages polarized from M1-type to M2-type

As shown in Figure 3(A-C), compared to PBS, pDNA/DSP-NPs
significantly inhibited the expression of pro-inflammatory fac-
tors (TNF-o. and IL-1B). In addition, pDNA/DSP-NPs significantly
inhibited the expression of TNF-o. and IL-1 and increased the
secretion of IL-10 than pDNA-NPs and DSP-NPs.

Furthermore, the levels of TNF-a, IL-1f, and IL-10 in serum
and joint tissues of rats treated with all groups were
detected. Compared with other groups, pDNA/DSP-NPs
group showed the lowest level of TNF-o and IL-1B (Figure
3(D,E,G,H)). It's worth noticing that the anti-inflammatory fac-
tor IL-10 increased the most significantly after pDNA/DSP-
NPs treatment, especially in joints (Figure 3(F1l)). Taken
together, these results suggested that the administration of
pDNA/DSP-NPs in CIA rats could significantly reduce the

D), TNF-o (E), and IL-10 (F) in serum, and IL-1B (G), TNF-ot (H), and IL-10 (1) in joint. Results were
presented as mean £ SD (n=3). *p < .05, **p < .01, ***p < 001, ****p < 0001 vs saline. p < .05,

#p < 01, pDNA-NPs or DSP-NPs vs pDNA/DSP-NPs (two-tailed

expression of pro-inflammatory cytokines and increase the
expression of anti-inflammatory factors, thus contributing to
the therapeutic effect of RA. Targeted accumulation of
pDNA/DSP-NPs activity might lead to better anti-inflamma-
tory effects. Therefore, our results showed that co-delivery
nanoparticles had synergetic anti-inflammatory effects by
regulating the level of inflammatory factors so as to promote
the M1-M2 re-polarization.

3.6. Pharmacokinetics of pDNA/DSP-NPs

High-performance liquid chromatography (HPLC) was used
to determine the plasma concentration of DSP at different
times for pDNA/DSP or pDNA/DSP-NPs groups, and the con-
centration-time curve of the DSP as shown in Supplemental
Figure S5A. At all-time points tested, the drug concentration
showed a slow downward trend as time prolongs. Of note
particularly, the plasma drug concentration level of pDNA/
DSP-NPs group was higher, and the peak bloodconcentration
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was 40.85+2.16 mg/L. In addition, the area under the AUCy 1
and T,,, of pDNA/DSP-NPs was 4.26 and 3.65 times that of
pDNA/DSP group, and the drug duration was much longer
(Supplemental Figure S5B), suggesting the bioavailability of
the nanoparticles was higher than that of free drugs.
Furthermore, we tested the pharmacokinetic parameters of
DSP in the joints, and the results also exhibited that drug-
loaded nanoparticles had a longer circulation time and the
drug concentration was higher than free drugs (Figure
4(AB)). Therefore, it might be promising to choose HSA-
based nanoparticles as the treatment strategy for chronic dis-
ease rheumatoid arthritis.

3.7. Biodistribution of pDNA/DSP-NPs in CIA rats

The concentration of DSP in blood was higher for pDNA/DSP-
NPs than pDNA/DSP at all times (Supplemental Figure S6A-D).
Next, we used DID instead of the drug to prepare DID-NPs
and evaluated its joint accumulate ability by measuring the
fluorescence intensity. We conducted a quantitative analysis
and could be seen that DID group gradually decreased after
8h, while the fluorescence of DID-NPs persistently rose until
24h and had a significant difference, compared with DID
group (Figure 4(Cl)). At 24h after administration, we could
find that DID-NPs also distributed more in the liver and spleen
(Figure 4(D-G)), which might be attributed to the uptake of
reticuloendothelial system (RES) phagocytes, however there
were more in the DID group. The fluorescence in blood for
DID-NPs was stronger than free DID at 24h, showing its
extended system circulation (Figure 4(H)). These results
showed that HSA-based nanoparticles could selectively aggre-
gate at inflammatory joints and had a longer retention time.

3.8. In vivo therapeutic efficacy of pPDNA/DSP-NPs

Figure 5(A) showed the timetable for induction and treatment
of arthritis. As presented in Figure 5(E) and Supplemental
Figure S7B, CIA rats treated with saline showed the most severe
paw swelling, compared to other groups. More importantly,
pDNA/DSP-NPs significantly alleviated paw swelling, and the
parameters gradually decreased, almost achieving the normal
group level. Similarly, ankle diameter also decreased gradually,
compared with other groups (Supplemental Figure S7A). In
addition, changes in the arthritis index were a key parameter in
assessing anti-inflammatory effects during the progression of
arthritis. As shown in Figure 5(D), the pDNA/DSP-NPs group
had the lowest arthritis index scores and trended to the normal
group, which was consistent with the results for paw thickness.
In addition, similar results were observed with macroscopic
detection based on joint morphology (Figure 5(B)).

Micro-CT analysis displayed that ankle joints in the saline
group still held a rough bone surface and severe bone ero-
sion after treatment. Notably, compared with the saline
group, pDNA/DSP-NPs group had a smoother bone surface
and higher bone density (Figure 5(C) and Supplemental
Figure S7(C)), which was closer to the normal group, indicat-
ing that pDNA/DSP-NPs effectively reversed bone erosion.
Compared with the normal group, trabecular parameters also
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confirmed that pDNA/DSP-NPs treatment could effectively
increase trabecular number (Th.N) (Figure 5(G)) and trabecu-
lar thickness (Tb.Th) (Figure 5(H)), while reduce trabecular
spacing (Tb.Sp) (Supplemental Figure S7D). For bone quality
parameters (Figure 5(F,1)), pDNA/DSP-NPs showed the best
effect of bone erosion repair. These results revealed that
pDNA/DSP-NPs could effectively terminate the progress of
bone injury and repair bone erosion in the CIA rat model.

H&E staining sections exhibited that saline group had the
most severe synovial hyperplasia and pannus hyperplasia,
accompanied by bone and cartilage destruction (Figure 6(A)).
However, the pathological changes of pDNA/DSP-NPs were
significantly improved. In addition, SO (Figure 6(B)) and tolui-
dine blue staining (Figure 6(C)) showed that there was a sig-
nificant loss of proteoglycan in the saline group, indicating
that articular cartilage was severely degraded and damaged.
While in the pDNA/DSP-NPs group, the positive areas of SO
and toluidine blue staining were larger compared to pDNA-
NPs or DSP-NPs, suggesting that cartilage injury was effect-
ively reversed, and it could effectively alleviate synovitis and
cartilage damage in CIA rats. In conclusion, co-delivery of
nanoparticles had a higher therapeutic effect.

3.9. Safety of pDNA/DSP-NPs in CIA rats

To evaluate the safety of pDNA/DSP-NPs, we measured the
AST and ALT levels of pDNA/DSP-NPs to determine their liver
function compared with other treatment groups (Figure
7(A,B)). All values were within the normal range, and there
was no significant difference for all groups. Moreover, there
was no significant difference in body weight between the
normal group and the pDNA/DSP-NPs group, indicating that
the developed HSA-based biomimetic nanoparticle had
favorable safety (Figure 7(C)).

4. Discussion

In this study, we explored the co-delivery of IL-10 pDNA and
DSP into HSA and evaluated their synergistic therapeutic
potential in a rat CIA model of RA. IL-10 pDNA and DSP
achieve synergistic anti-inflammatory effects by balancing
the expression of inflammatory factors. In vivo experiments
showed that co-loaded nanoparticles could effectively inhibit
the development of RA disease, alleviate synovium tissue
damage, and did not cause hepatotoxicity.

Compared with our previous studies using exosome as a
carrier (Li et al.,, 2022), the significance of using HSA as a car-
rier to encapsulate IL-10 pDNA and DSP is that HSA has the
advantages of simple production and low cost, and it's its
favorable targeting property (Lin et al.,, 2011; Chen et al.,, 2017;
Tian et al., 2017). Compared with albumin nanoparticles
loaded with a single drug, our double-drug loaded nanopar-
ticles had the advantage of high drug loading (Figure 1(A)).
We verified the low toxicity of pDNA/DSP-NPs (Figure 1(J))
and the low hemolysis rate (Supplemental Figure S3) in the
blood in vitro, suggesting the safety and applicability of HSA
as a drug carrier. Due to the overexpression of SPARC in the
inflammatory synovial tissue, HSA as a carrier had the
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advantage of actively targeting the inflammatory synovial tis-
sue. The overexpression of SPARC was observed by western
blot and immunohistochemical staining, which both proved
the active targeting effect of pDNA/DSP-NPs on the synovial
tissue of inflamed joints, and the results were consistent with
those of other studies (Briggs et al., 2002; Derosa et al., 2012;
Mi et al, 2017; Liu et al, 2019). This also showed that we
developed an active targeting drug delivery system based on
endogenous protein, and it's feasible to actively target SPARC
to achieve effective treatment of RA.

Re-polarization of M1-type macrophages into M2-type
macrophages is a promising treatment for inflammation
(Wang et al., 2019; Tan et al, 2022). IL.-10 pDNA could
express IL-10, which further inhibits inflammation in a variety
of ways by down-regulating the synthesis and expression of
pro-inflammatory cytokines in macrophages and T cells,
including IL-1B, IL-6, TNF, and interferon y (IFN-y), reducing
immune and inflammatory responses, inhibiting antigen-
presentation related events and promoting M1-to-M2 polar-
ization through positive feedback (Ip et al, 2017). DSP can
bind to glucocorticoid receptors in target cells and inhibit
the transcription of pro-inflammatory factors, thus inhibiting
the development of inflammation (Oray et al., 2016). In our
study, we co-delivery IL-10 pDNA and DSP by natural HSA to
achieve significantly improved therapeutic efficacy of RA by
the synergistic effect to promote M1-to-M2 polarization.

pDNA/DSP-NPs were prepared by the desolvation method,
which was robust and repeatable and did not require any

chemical attachments. In the preparation process, we added
ethanol to albumin to reduce the solubility, so that the albu-
min can be separated. To completely stabilize the prepar-
ation, we added glutaraldehyde to cross-link with the
nanoparticle by the combination of the aldehyde of glutaral-
dehyde with the amino of albumin (Karami et al., 2020). DLS
results displayed that the particle size of pDNA/DSP-NPs
increased from 160nm to 242nm, and the potential
decreased from —34mV to —22mV compared with single-
drug nanoparticles. It's reported that HSA-based nanopar-
ticles with a small amount of negative charge had a longer
cycle time and was better RA targeting effect (Blanco et al.,
2015; Ren et al.,, 2019), which was also proved by our in vivo
biodistribution results. The reason might be that nanopar-
ticles with a slightly negative charge were less likely to inter-
act with serum proteins and blood cells than those with a
slightly positive charge, further increasing their systemic cir-
culation time (Patel and Moghimi, 1998; Chen et al., 2010).
Pharmacokinetic and real-time fluorescence imaging results
also confirmed that the nanoparticle had a longer drug
retention time and accumulation. pDNA/DSP-NPs showed
favorable stability (Figure 1(F,G)), which also might be attrib-
uted to the strong charge on the surface of nanoparticles
enhancing the electrostatic repulsion, thus reducing the
aggregation of pDNA/DSP-NPs nanoparticles and improving
the stability. The results of in vivo therapeutic efficacy
showed that pDNA/DSP-NPs had the best therapeutic effect
because of the higher accumulation and longer time in
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inflammatory joints. To sum up, the combination of IL-10
pDNA and DSP can better inhibit the progression of RA com-
pared with the existing monotherapy.

5. Conclusion

In this study, we designed HSA-based pDNA/DSP-NPs by des-
olvation method for RA treatment. This biomimetic drug
delivery could extend blood circulation, selectively accumu-
lated in inflammatory tissues, and gradually release drugs in
disease sites. In vivo, real-time fluorescence imaging experi-
ment showed that DID-labeled HSA nanoparticles gathered
in larger numbers in inflammatory joints of CIA rats than free
DID. Furthermore, it exhibited that co-delivery nanoparticles
significantly enhanced the therapeutic effect by promoting
macrophage polarization from M1 to M2 type, compared to
single-drug nanoparticles. The safety experiment proved that
this biomimetic nanoparticle significantly inhibited joint
inflammation in CIA rats without obvious systemic toxicity.
Therefore, our strategy may provide a promising basis for
the IL-10 pDNA and DSP to the treatment of RA by synergis-
tic effect, which also reduced the side effects of DSP, and
showed greater clinical application prospects.
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