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KEY WORDS Abstract Reducing the inflammatory response is a major goal in the therapy of rheumatoid arthritis

(RA). Herein, we integrated palladium nanoparticles (Pd NPs) with selenium nanoparticles (Se NPs)

and obtained a multiple nanosystem (Pd@Se-HA NPs) that could simultaneously scavenge hydroxyl rad-

Photothermal therapy; icals (+OH) and provide a photothermal effect. The Pd@Se-HA NPs were constructed by a simple self-

Anti-oxidation therapy; assembly method in which Se NPs were electrostatically bonded to Pd NPs; hyaluronic acid (HA) was

Core—shell structure linked to the NPs by ester bonding to provide macrophage targeting ability. The experiments show that
the combined therapy of eliminating +OH with Se NPs and utilizing PTT with Pd NPs could effectively
reduce the inflammatory response in macrophages more effectively than either individual NP treatment.
In addition, the outer layer of HA could specifically target the CD44 receptor to enhance the accumula-
tion of Pd@Se NPs at the lesion, further enhancing the therapeutic effect. After treatment for 15 days, the
Pd@Se-HA NPs nearly eliminated the inflammatory response in the joints of mice in an induced RA
model, and prevented joint damage and degradation.

Rheumatoid arthritis;
Inflammatory response;
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1. Introduction

Inflammatory responses play an important role in the initiation
and development of many diseases, and numerous studies show
that almost 90% of diseases have an inflammatory component' .
An excessive inflammatory response has become a factor pro-
moting the development of many diseases, such as cancer’ ©,
Alzheimer’s disease’ '’ and rheumatoid arthritis (RA)'''°.
Especially in RA, the inflammatory response can rapidly recruit
immune cells to joints, including macrophages, neutrophils and T
cells, and produce and secrete proinflammatory cytokines and
reactive oxygen species (ROS). This results in joint swelling, joint
degradation, and loss of mobility’° 2", In addition to proin-
flammatory cytokines, ROS are another damaging biological
product for patients. During the inflammatory response the high
concentration of ROS produced by macrophages can quickly
induce chondrocyte apoptosis and eventually cause cartilage
erosion. Hydroxyl radicals (+OH) are the most common in RA
patients'®?'"?* causing irreversible joint damage. Therefore,
eliminating the generation of <OH to prevent the damage of
articular cartilage during the inflammatory response is an urgent
problem.

Selenium (Se) is an essential nutrient for humans, and sele-
noenzymes are vital antioxidants in the body>*~*’. However, the
activities of selenoenzymes are inhibited in inflammatory micro-
environment, making it necessary to provide exogenous anti-
oxidants®® °. The development of nanotechnologies provides an
effective solution to such problems®' >, Selenium nanoparticles
(Se NPs) have been available for many years, have good
biocompatibility, and exhibit good anti-tumor activity’® *.
However, evidence that Se NPs directly eliminate «OH is not well
established. According to the antioxidant mechanism of selenium
compounds, Se NPs are expected to be +OH scavengers. However,
due to the complicated pathology and mechanisms of inflamma-
tion, eliminating «OH will not completely eliminate tissue dam-
age. Therefore, to better treat RA, a multiple pathway therapy is
needed to suppress the inflammatory response.

Photothermal therapy (PTT) as a new treatment method has
many advantages; it is non-invasive, readily controlled, and few
adverse effects. PTT recently has been applied in the treatment of
cancer by directly ablating the cancer cells*”*’. Proper hyper-
thermia can ablate the inflammatory cells in sites of inflammation,
increase the blood circulation, promote inflammatory response
dissipation and reduce the infiltration of inflammatory cells*'***.
Pandey et al.** also found that PTT in vivo can cause the dissi-
pation of the inflammatory response and reduce the infiltration of
inflammatory cells, thereby enhancing the therapeutic effect. As a
photothermal reagent, palladium nanoparticles (Pd NPs) have
good photothermal activity and are useful in RA therapy™***°.
Based on this, we combined Se NPs and Pd NPs to simultaneously
eliminate the <OH and access PTT in RA to suppress the

macrophage inflammatory response. To effectively integrate the
two nanoparticles into a system, we used the synthesis methods of
core—shell structure nanoparticles. We first synthesized ultra-
small Pd NPs with positive potential, after which selenium is
adsorbed onto the surface by static charge and then reduced to
sodium selenite to obtain Pd@Se integrated nanoparticles. To
enhance the targeting of the Pd@Se NPs we coated the NPs with
hyaluronic acid (HA). The following experimental results show
that the combined anti-oxidant therapy and PTT effectively
inhibited the macrophage-mediated inflammation. In vivo Pd@Se-
HA NPs effectively suppressed inflammation in arthritis and
prevented the degeneration of joints, thereby effectively treating
RA (Scheme 1).

2. Materials and methods

Ascorbic acid (99%), sodium tetrachloropalladate (99%), and
hyaluronic acid (MW ~20 kDa) were purchased from Aladdin
Chemical Shanghai Co., China. Sodium selenite (Na;SeOs, 99%),
lipopolysaccharides (LPS, from Escherichia coli O55:BS), 4-
dimethylaminopyridine (DMAP) and other chemicals were pur-
chased from Sigma—Aldrich, Beijing, China, and were reagent
grade and used without further purification, unless otherwise
indicated. Reagent grade water was obtained from a Milli-Q water
purification system (Millipore, Bedford, USA). The RAW
264.7 cells were obtained from ATCC (Jinan University, College
of Life Science and Technology, Guangzhou, China).

2.1.  Synthesis of ultrasmall Pd NPs

First, 10.0 mg of sodium tetrachloropalladate was dissolved in
10.0 mL of deionized water and mixed with 150.0 mg of poly
(vinylpyrrolidone) with stirring for 10 min. Ascorbic acid solution
(10.0 mL, 3.0 mg/mL) was added gradually and stirred for 6 h.
The solution was washed and pelleted by centrifugation three
times, the supernatant was removed, and the black pellets were
collected and air dried to obtain the Pd NPs powder.

2.2.  Synthesis of ultrasmall Pd@Se-HA NPs

Five mg of Pd NPs powder was dissolved in 1.0 mL of deionized
water and after 10 min of ultrasonication the solution was added to
10.0 mL of sodium selenite (3.0 mg/mL) and stirred for 10 min.
Ascorbic acid (60.0 mg) was added to obtain Pd@Se NPs. To coat
HA onto the surface of Pd@Se NPs we used esterification to
conjugate HA to Pd@Se NPs, as follows: HA (2.0 g) was dis-
solved in anhydrous DMSO (10.0 mL) and then activated with 1-
ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC, 230.0 mg)
and DMAP (5.0 mg) for 30 min under nitrogen, after which we
added 2 g Pd@Se NPs and stirred for 24 h under nitrogen gas.
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The process of palladium (Pd) and hyaluronic acid (HA) integrated into selenium (Se) nanoparticles (Pd@Se-HA NPs) synthesis and

therapy rheumatoid arthritis (RA) by combination therapy inhibiting the macrophage inflammatory response in vivo.

2.3.  Detecting the photothermal effect of Pd@Se-HA NPs

To examine the photothermal behavior of PANPs, Pd@Se NPs and
Pd@Se-HA nanoparticles with irradiation by laser, 1 mL of the
aqueous solutions of nanoparticles at different concentrations
(40.0, 20.0, and 10.0 ng/mL) were aliquoted into Eppendorf tubes.
The samples were irradiated by laser at 808 nm at a power density
of 0.5 W/cm? with the exposure times from 0 to 600 s. Pre- and
post-irradiated temperatures were taken by an infrared thermal
imaging camera (YH-E4, FLIR, Wilsonville, USA).

2.4. Scavenging +OH

FeS0,.7H,0 (18 mg) was dissolved in 10 mL of deionized water
(pH3—4), and 10 pL of hydrogen peroxide solution (H,O,, 30%)
was diluted to 10 mL. Then, 10 mL of diluted H,O, was added to
10 mL of FeSO, solution and allowed to react for 10 min, after
which the solution was aliquoted into 6-well plates (2.0 mL for
each of four groups). Then 20 pL of 2.0 mg/mL Se NPs, Pd@Se
NPs and Pd@Se-HA NPs were added and allowed to react for 1 h.
Another group was set as a blank control group, and each group
had three replicate groups. After reacting for 10 min, 0.5 mmol/L
TA solution (10.0 mL in N,N-dimethylformamide [DMF]) was
added and allowed to react for 5 min. Fluorescence intensity was
measured with a fluorescence spectrophotometer (F4500, USA).

The scavenging of (+OH) was calculated according to the
following Eq. 1):

Elimination (%) = [(Fo—F )/Fo] x 100 1)

where F, and F were the fluorescent intensities or absorbance
value of a probe in the absence and presence of nanoparticles,
respectively.

2.5.  Cell survival detection

Cell viability of RAW 264.7 and HEK 293 T cells was measured
using a colorimetric assay in 96-well plates with 2-(4-iodophenyl)-3-
(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium  monosodium
salt (CCK-8) reagent. Each plate contained blanks, controls, and two
dilution series with three replicates each. Cells were added to the
plates at a concentration of 5 x 10* cells/mL (in DMEM/F12 with

10% FBS) and cultured for 12 h. Then different concentrations of
nanoparticles (0, 50.0, 100.0 and 200.0 pg/mL) were added and
incubated for another 24 h. After incubation we removed the culture
medium and added 100.0 pL fresh culture medium and 10.0 pL of
CCK-8 and the cells were incubated for an additional 1 h. Cell
viability was measured at 450 nm in a microplate reader (Epoch2,
Bio-Tek, Vermont, USA).

2.6.  Detection of cellular uptake

RAW 264.7 cells (2.0 mL, 1 x 10%) were inoculated into glass
bottom cell culture plates (20 mm, NEST). After 6 h, 20 pL of
LPS (100.0 ng/mL) was added to activate the cells. After 12 h,
20 pL of FITC-labeled Pd@Se NPs and Pd@Se-HANPs were
added to a concentration of 20.0 pg/mL. After incubation for 0, 2,
and 6 h they were washed three times with PBS and stained with
DAPI for 15 min, and cellular fluorescence was measured by
confocal laser scanning microscopy (CLSM) with the excitation
wavelength at 488 nm and an emission peak at 518 nm (LSM 800,
ZEISS, Oberkochen, Germany).

2.7.  Detection of intracellular ROS

LPS-activated RAW264.7 cells (1 x 105) were seeded in glass bot-
tom cell culture plates and incubated for 6 h, and then mixed with
20.0 pL of medium containing Pd NPs with/without laser, Se NPs,
Pd@Se NPs with laser and Pd@Se-HA NPs with laser (20.0 pg/mL).
After incubating the cells with the nanoparticles for 6 h, the cells
were washed three times with PBS and stained with an ROS probe
(DCFH-DA) for 30 min. After washing again in PBS, the fluores-
cence in cells was measured by CLSM with the excitation wave-
length at 495 nm and an emission peak at 525 nm.

2.8.  Anti-inflammatory response

Activated RAW 264.7 cells at a density of 1 x 10° cells per well
were seeded onto 6-well plates. After culturing for 6 h, the cells were
exposed to different concentrations of medium containing Pd NPs
with/without laser, Se NPs, Pd@Se NPs with laser and Pd@Se-HA
NPs with laser (20.0 pg/mL), and then co-incubated for another
12 h. The cells were lysed in 100.0 pL. of PBS with proteinase in-
hibitor cocktail and cleared by centrifugation. Concentrations of
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TNF-q, IL-13, IL-6, IL-4, IL-10 and TGF-g1 in cell culture super-
natants were measured by CBA using a mouse inflammatory kit (BD
Bioscience, Franklin Lake, USA) according to the manufacturer’s
instructions. The cytokine analysis in joints from mice was same as
carried out in vitro. Subsequently, typical inflammatory cytokines in
the culture supernatant (TNF-q, IL-18, 1L-6, IL-4, IL-10 and TGF-
(1) were determined by ELISA (4A Biotech, Beijing, China), while
the levels of total protein were quantified by BCA (Beyotime,
Shanghai, China).

2.9.  Animals and animal models

Female Kunming mice were purchased from the Guangdong
Medical Experimental Animal Center and animal care was in
accordance with the institutional guidelines and approved by the
Animal Care and Use Committee of Guangzhou Medical Uni-
versity, Guangzhou, China.

Briefly, 200.0 pg bovine type II collagen emulsified in 200 pg
incomplete Freund’s adjuvant (IFA) was injected into the joints at
the base of the hindlimbs of mice. Ten days after the primary
immunization a booster was administered subcutaneously (100 pg
bovine type II collagen emulsified in 100 pg IFA). The progres-
sion of rheumatoid arthritis was monitored via scoring of each
limb according to a published standard. Twenty-one days after the
primary immunization, the RA mice were divided into 5 groups to
receive either saline (6 mice in every group), 100 uL Pd NPs with
laser, Se NPs, Pd@Se NPs with laser or Pd@Se-HA NPs with
laser, and the untreated mice served as control groups. Each
sample was administered via in situ injections every 3 days.
During the 15-day treatment period hindlimbs of RA mice were
clinically scored from O to 4 for severity of inflammation. Briefly,
synovial inflammation and cartilage erosion were evaluated as
follows: 0 means no sign of inflammation, 1 means mild inflam-
mation with minimal hyperplasia of the synovial lining layer with
cartilage destruction, and 2—4 means increasing degrees of in-
flammatory cell infiltration or cartilage and bone destruction. The
individual scores were summed to give a maximum possible score
of 4 per mouse.

2.10.  Histopathology evaluation

The mice were anesthetized and sacrificed at 36 days. Joints were
extracted, fixed, decalcified and paraffin embedded for histopatho-
logical examination. Joint tissues were sectioned (5 pm thick) for
hematoxylin and eosin (H&E) to observe the degree of cartilage
erosion. To evaluate the inflammation in joints, immunohistochem-
istry and immunofluorescence were used. Deparaffinized sections of
joints were incubated with four specific antibodies conjugated TNF-
o, IL-IB and IL-6. The frozen sections (9 pum) of extracted joints
were fixed in 4% PFA for 30 min at 25 °C, incubated with rabbit
anti-mouse TNF-« (1:500, bs-5780 R, BIOSS ANTIBODIES, Bei-
jing, China), rat anti-mouse IL-I# (1:500, bs-20449 R, BIOSS AN-
TIBODIES), or anti-mouse IL-6 (1:500, bs-6309 R, BIOSS
ANTIBODIES). Then anti-rat secondary antibody (1:100, BIOSS
ANTIBODIES) were added. All images were obtained by micro-
scopy (Leica Microsystems, Wetzlar, Germany). Data were obtained
from 3 to 5 non-overlapping fields per section and 3—5 sections per
treatment, with 3—5 mice per treatment. All histologic studies were
preformed independently and assessed blindly by three trained
individuals.

3. Results and discussion

3.1.  Synthesis and characterization of Pd@Se-HA NPs
According to the synthesis method of core—shell structure***’, to
construct the nanocomposites Pd@Se-HA NPs, we used an elec-
trostatic reaction where SeO3~ is adsorbed around the ultra-small
Pd NPs, after which reducing agents were added to reduce the
SeO2™ to Se NPs on the surface of Pd NPs. Transmission electron
microscopy (TEM) images showed that the Pd nanoparticles were
spherical and about 5 &+ 2 nm (Fig. 1A). After coating the Se NPs
with HA, the Pd@Se-HA NPs were obtained with good dispens-
ability, and the size was increased to around 125 nm (Fig. 1B). As
SeO%™ can coordinately bond with Pd NPs during the process, the
Pd NPs will be coated with Se NPs after to yield Pd@Se NPs.
High resolution transmission electron microscopy (HR-TEM)
images clearly distinguish the small nanosphere on the edge of
Pd@Se-HA NPs (the red arrows) as Pd NPs since their size was
similar to the size of Pd NPs (Fig. 1C). However, due to hydrogen
bonds between the nanoparticles and H,O, dynamic light scat-
tering (DLS) yields a larger particle size than TEM (Fig. 1D)*.
Under laser irradiation we found that the solutions of Pd NPs,
Pd@Se NPs and Pd@Se-HA NPs produce an obvious Tyndall
effect, which demonstrates that the nanoparticles are a uniform
nanosol (Fig. 1E). To confirm the synthesis methods and the
interaction between the components of Pd@Se-HA NPs, we first
observed the absorption peak changes of the palladium source
([PdCl14]*") during the synthesis of Pd NPs by UV—Vis. The re-
sults are shown in Supporting Information Fig. S1. Before adding
the reducing agents to generate Pd NPs, the absorption peak of
[PAC1,]*~ solution was at 426 nm, which is derived from the
n—m* electronic transition. However, after adding the reducing
agents, the absorption peak at 426 nm gradually weakened, and a
new absorption peak appeared at 266 nm, indicating that Pd NPs
were generated. After 6 h, the adsorption peak at 426 nm dis-
appeared, indicating that the [PdCl4]*>~ was almost completely
converted to Pd NPs. After the synthesis of Pd@Se NPs and
Pd@Se-HA NPs, the absorption peak of PANPs at 266 nm was
retained, and a peak appeared at 300 nm, indicating the successful
synthesis of Pd@Se-HA NPs (Fig. 1F). The absorbance and color
of Pd@Se-HA NPs was concentration-dependent (Supporting
Information Fig. S2). In addition, we measured the ratio of Pd
and Se elements in Pd—Se NPs, with results showing that the
content of Se was 88.24%, and the Pd NPs was 10.63%
(Supporting Information Fig. S3). With Fourier Transform
Infrared Spectrometry (FT-IR), the stretching vibration absorption
peaks of —OH and —CO at 3300 and 1690 cm™' further
demonstrate that HA is connected to the surface of Pd@Se NPs
through ester linkage (Fig. 1G).

3.2.  The photothermal effect of Pd@Se-HA NPs

Although Pd NPs are good photothermal reagents when irradiated
at 808 nm***, their effectiveness when coated with Se NPs was
not known. We measured the photothermal effect of 20.0 ng/mL
Pd NPs, Pd@Se NPs and Pd@Se-HA NPs irradiated with 808 nm
by laser (0.5 W/cm?) for 10 min (Fig. 2A). As expected, the Pd
NPs exhibited excellent photothermal effects, with the tempera-
ture increasing rapidly during irradiation and reaching 60.1 °C. In
addition, after encapsulation with Se NPs and bonding with HA,
Pd@Se NPs and Pd@Se-HA NPs also showed a good photo-
thermal effect. After laser irradiation for 10 min the temperature
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(A) The TEM image of Pd NPs. (B) The TEM image of Pd@Se-HA NPs. (C) The HR-TEM image of Pd@Se-HA NPs. (D) The size

of Pd@Se-HA NPs detected by DLS. (E) The tindal effect of water (W), Pd NPs, Pd@Se NPs, Pd@Se-HA NPs. (F) The UV—Vis spectrum of Pd
NPs, Pd@Se NPs, Pd@Se-HA NPs. (G) The FT-IR spectrum of Pd@Se NPs, Pd@Se-HA NPs.

of Pd@Se NPs and Pd@Se-HA NPs reached 47.2 and 44.5 °C,
respectively. Corresponding results were obtained for the photo-
thermal images (Fig. 2B). These results indicated that the photo-
thermal effect of Pd@Se NPs and Pd@Se-HA NPs was lower than
that of Pd NPs alone, and may be attributed to a shielding effect of
Se NPs. In further testing we found that the photothermal effect of
Pd@Se-HA NPs exhibits a concentration effect (Fig. 2C), with the
photothermal effect gradually increasing from 10.0 to 40.0 pg/mL,
and the temperature reaching 40.2, 44.5, and 50.4 °C after irra-
diation for 10 min, respectively (Fig. 2D). To ensure a good
photothermal effect while reducing damage to normal tissues, we
selected 20.0 pg/mL Pd@Se-HA NPs for subsequent treatments.
Based on the cooling images (Fig. 2E) and the related linear graph
(Fig. 2F) of Pd@Se-HA NPs, the photothermal conversion effi-
ciency of Pd@Se-HA NPs was 34.5%. Therefore, based on the
above experimental results, Pd@Se-HA NPs are a good photo-
thermal agent and provide low temperature PTT for RA therapy.

3.3.  The ability of PA@Se-HA NPs to scavenge -OH

ROS is the main factor in joint loss, especially the «OH, which has
the strongest activity. Reduction or elimination of <OH is an
important goal for RA therapy®'". In order to measure the ability of
Pd@Se-HA NPs to eliminate -OH, we used a variety of methods to

detect the concentration of -OH after treatment. TMB is a primary
method for detecting + OH in solution. In the presence of - OH, TMB
is easily oxidized to produce a blue substance with an absorption
peak at 650 nm in UV—Vis spectrum. We tested the concentration of
+OH in all the groups and the results are shown in Fig. 3A. As
shown, the absorbance of TMB in the control groups and the Pd NPs
groups did not change. But with the Se NPs, Pd@Se NPs and
Pd@Se-HA NPs the absorbance at 650 nm was significantly
decreased, indicating that Se NPs, Pd@Se NPs and Pd@Se-HA NPs
could directly eliminate «OH. Compared with Pd NPs, this indicates
that Se NPs play the main role in eliminating «OH. ESR assays
further show that the ability of Pd@Se-HA NPs to eliminate +OH
was concentration-dependent. When the concentration reached
20.0 pg/mL, the +OH were completely eliminated (Fig. 3B). Similar
results were obtained with the measurement of terephthalic acid
(TA). In ROS solutions TA is easily oxidized to 2-hydroxytereph-
thalic acid with a fluorescent peak at 425 nm. After adding various
concentrations of Pd@Se-HA NPs, the intensity of the fluorescence
at 425 nm was clearly decreased (Fig. 3C). After calculating the
scavenging efficiency of +OH in the treated groups, we found that the
+OH scavenging efficiency of Pd@Se-HA NPs was as high as
80.06% at 5.0 ng/mL, 86.1% at 10.0 pg/mL, and further improved to
91.3% and 98.6% at 20.0 and 40.0 pg/mL, respectively (Fig. 3D).
The above results indicate that Pd@Se-HA NPs possess good
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photothermal therapy while effectively eliminating «OH, and there-
fore Pd@Se-HA NPs can provide multiple treatment approaches in
RA therapy.

3.4.  The stability, toxicity and targeting of Pd@Se-HA NPs

To further determine the applicability of Pd@Se-HA NPs in vivo,
we examined the stability, toxicity and targeting effects of
Pd@Se-HA NPs in vitro. Firstly, the size of Pd@Se-HA NPs in
aqueous solution, PBS and DMEM were measured. After constant
monitoring over 3 days, the size of Pd@Se-HA NPs was little
changed and stability was maintained in all three solutions
(Fig. 4A). CCK-8 was used to detect the toxic and adverse effects
of different concentrations of Pd@Se-HA NPs and the compo-
nents of Pd@Se-HA NPs on RAW 264.7 and HEK 293 T cells.
The results show that Pd NPs, Se NPs, and Pd@Se NPs and
Pd@Se-HA NPs exhibited negligible toxicity to RAW 264.7 cells,
even at a concentration of up to 200.0 pg/mL, and the survival
rates of RAW 264.7 were all above 90% (Fig. 4B). HEK 293 T
demonstrated similar results (Fig. 4C), which indicated that
Pd@Se-HA NPs have negligible toxicity to normal cells and have
no stimulating effect on immune cells. Hemolysis experiments
indicate that the different concentration of Se NPs and Pd@Se-HA
NPs have no unwanted effects on red blood cells. With high
concentrations of Pd@Se-HA NPs there were still no changes in
the osmotic pressure of red blood cells and no hemolysis
(Fig. 4D). Therefore, based on the above results, we conclude that
Pd@Se-HA NPs have minimal toxic side effects in vitro, and are
suitable for cell experiments and in vivo studies. HA could spe-
cifically bind the CD44 receptor to activate RAW 264.7 cells'**.
Therefore, to enhance the uptake of Pd@Se NPs by macrophages,
we used HA molecules to attach to the surface of Pd@Se NPs.
The results show that the cell uptake of at Pd@Se NPs and
Pd@Se-HA NPs was not different at O h, but after incubation for
2 h, there was a clear difference between the Pd@Se NPs and
Pd@Se-HA NPs. The fluorescent intensity of Pd@Se-HA NPs is
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more greatly enhanced than that of Pd@Se NPs in RAW
264.7 cells; the trend continued through 6 h (Fig. 4E). In addition,
if the cells were pre-treated with HA for 2 h and Pd@Se-HA NPs
were then added, the uptake decreased. This demonstrates that HA
can indeed enhance the targeting of nanoparticles and increase the
uptake of nanoparticles into cells.

3.5.  The activity of Pd@Se-HA NPs in scavenging intracellular
inflammatory response mediators and ROS

We tested the ability of Pd@Se-HA NPs to inhibit inflammation
and promote ROS scavenging activity in RAW264.7 cells. To
quantify the inflammatory response in RAW 264.7 cells, we used
ELISA to measure the changes in pro-inflammatory cytokines
(TNF-e, IL-18, IL-6) and anti-inflammatory cytokines (IL-4, IL-10,
and TGF-£1). The results show that Pd NPs alone had no effect on
pro-inflammatory cytokine and anti-inflammatory cytokine levels,
but after laser irradiation, Pd NPs effectively reduced the expression
of pro-inflammatory cytokines through a photothermal effect
(Fig. 5A—C), but did not promote the expression of anti-
inflammatory cytokines. This demonstrates that PTT can inhibit
macrophage inflammation by reducing the expression of pro-
inflammatory cytokines. In addition, after treatment with Se NPs,
results showed the Se NPs not only effectively inhibited the
expression of pro-inflammatory cytokines, but also promoted the
expression of anti-inflammatory cytokines (IL-4 and IL-10,
Fig. 5D-E). This increased expression of anti-inflammatory cyto-
kines may result from a decrease in ROS species. We expected that
after adding an equal concentration of Pd@Se NPs and irradiating
with laser, there would be a better anti-inflammatory effect with the
combined effect of Pd NPs and Se NPs. Similarly, after linking the
targeting molecule HA, the accumulation of Pd@Se NPs in RAW
264.7 cells would be enhanced. Therefore, the expression of pro-
inflammatory cytokines was almost completely inhibited after
treatment with Pd@Se-HA NPs for 24 h. It was interesting that all
the nanoparticles can effectively inhibit the pro-inflammatory

E
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(A) The size stability of Pd@Se-HA NPs for 3 Days dispersed in water, PBS and DMEM respectively. (B) Relative viabilities of
RAW 264.7 cells after being exposed to Pd NPs, Se NPs, Pd@Se NPs and Pd@Se-HA NPs at different concentrations for 24 h. (C) Relative
viabilities of HEK 293 T cells after being exposed to Pd NPs, Se NPs, Pd@Se NPs and Pd@Se-HA NPs at different concentrations for 24 h. (D)
Hemolytic activity of Se NPs and Pd@Se-HA NPs with erythrocyte stock in a Tris buffer solution (mean + SD, n = 3, *P < 0.05,**P < 0.01).(E)
The uptake of Pd@Se NPs and Pd@Se-HA NPs or pre-treated with HA for 2 h than added Pd@Se-HA NPs labeled with FITC in RAW 264.7 cells
at different times (0, 2, and 6 h) by CLSM, scale bar = 200 pm.
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cytokines and increased the expression of anti-inflammatory factors
IL-4 and IL-10, but the effect of promoting TGF-31 was not seen
(Fig. 5F).

After measuring the expression of inflammatory cytokines, we
also measured intracellular ROS levels. From the fluorescent im-
ages of the ROS probe, with comparison to untreated activated
RAW 264.7 cells, only the groups of Pd NPs with/without irra-
diation showed strong green fluorescence and with similar fluo-
rescence intensity after quantitative analysis. However, after
incubating with Se NPs, the intracellular ROS decreased which is
consistent with our earlier results, further indicating that Se NPs
can directly eliminate intracellular ROS. The Pd@Se NPs and
Pd@Se-HA NPs also showed similar results, indicating that the Se
NPs were the main components of Pd@Se NPs for elimination of
ROS. Therefore, the ROS-eliminating activity of Pd@Se NPs was
similar to Se NPs, but with the better targeting ability of Pd@Se-
HA NPs the generation of ROS in RAW264.7 cells was almost
entirely eliminated (Fig. 5G). Based on the above results, it is
evident that with the combination of PTT and Se NPs, Pd@Se-HA
NPs can effectively inhibit the inflammatory response of activated

RAW 264.7 cells and greatly reduce ROS. In previous studies it
was reported that PTT inhibited inflammation by destroying in-
flammatory cells. To further verify the mechanism of Pd@Se-HA
NPs in eliminating inflammation, we determined the cell viability
of RAW 264.7 cells treated with Pd@Se-HA NPs with irradiation.
As shown in Supporting Information Fig. S4A, under NIR laser
irradiation, the inhibitory effect of Pd@Se-HA NPs on LPS-
activated RAW 264.7 cells was significant and concentration-
dependent. This indicated that the Pd@Se-HA NPs under laser
irradiation can inhibit the inflammatory response in RAW
264.7 cells, but Pd@Se-HA NPs have no effect on normal RAW
264.7 cells. In addition, as evident from Fig. S4B, Pd NPs, Pd@Se
NPs and Pd@Se-HA NPs showed the inhibitory effect only under
irradiation. These results indicate that PTT inhibited inflammation
by elimination of inflammatory cells.

3.6.  The effect of Pd@Se-HA NPs on RA therapy

In cell experiments, Pd@Se-HA NPs exhibited good anti-
inflammatory activity. We further measured the effect of the
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above-mentioned nanoparticles in the therapy of RA in mice.
Firstly, we injected bovine type II collagen into the hind limb
joints to induce RA. After three injections over 10 days, the RA
model was successfully induced*>*’. Subsequently, the nano-
particles were injected through the tail vein. During the treatment
period, the inflammation index was measured to indicate the
severity of inflammation in each group. The inflammation index
was graded 1—4 to reflect the degree of inflammation in the joints,
with the higher number indicating the higher severity of inflam-
mation. After continuous monitoring for 15 days, the inflamma-
tion was greatest in the control group, with an inflammation index
of 4. After treatment with PTT and Pd NPs, the inflammation
index decreased. The Se NPs showed a better effect due to the
strong ability to decrease ROS and thereby inhibit the inflamma-
tory response, and after 15 days of treatment the inflammation
index decreased significantly. Pd@Se NPs and Pd@Se-HA NPs
combined with PTT and anti-oxidants showed stronger ability to
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reduce inflammation (Fig. 6A). We then measured pro-
inflammatory cytokines in this arthritis model by ELISA. The
results show the same trend with three pro-inflammatory cytokines
(TNF-q, IL-6 and IL-13) (Fig. 6B—D), indicating that Pd@Se-HA
NPs also have good anti-inflammatory effects in vivo. After
treatment, to further demonstrate the treatment effect of Pd@Se-
HA NPs, we evaluated monocyte cell infiltration and cartilage
erosion by histopathology. CD86 immunofluorescence results
showed that Pd@Se-HA NPs effectively inhibit the infiltration of
monocytes and prevent the further development of an inflamma-
tory response. Subsequently, we used H&E sections to monitor
inflammatory cell infiltration and cartilage erosion. As shown in
Fig. 6E, the joint cavity in the untreated group was infiltrated with
many inflammatory cells (red arrow), and the articular cartilage
was severely eroded and degraded with the continuous inflam-
matory response. However, after Pd@Se-HA NPs treatments the
infiltration of inflammatory cells and cartilage erosion was
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(A) Mean clinical score measurements for various nanoparticle treated groups during treatment over the time period. (B)—(D)

Semiquantitative analysis of TNF-«, IL-6 and IL-18 in RA mice. (E) CD 68 and H&E images of cartilage changes after treatment with each
nanoparticle in vivo (mean + SD, n = 5,*P < 0.05, **P < 0.01). Images were acquired at 40 x magnification, scale bar = 200 pm.
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significantly inhibited, especially after treatment with Pd@Se-HA
NPs, which completely prevented the infiltration of inflammatory
cells and the erosion and degradation of cartilage. Therefore, the
Pd@Se-HA NPs with the combination therapy appear to be very
good agents for RA therapy.

4. Conclusions

In this study, we have constructed a nanosystem (Pd@Se-HA NPs)
that combines PTT and antioxidant therapy. To integrate the Se
NPs and Pd NPs into a nanosystem, we used the method of
core—shell structure to embed Pd NPs (which show a photo-
thermal effect) into Se NPs, and then bond HA molecules, which
provide a targeting function, onto the surface to form Pd@Se-HA
NPs with a core—shell structure. In in vitro experiments, Pd@Se-
HA NPs exhibited a good photothermal effect and -OH scav-
enging ability, and with the combined effect of Pd NPs and Se
NPs, Pd@Se-HA NPs effectively inhibited macrophage infiltra-
tion, ROS production, and cytokine-mediated inflammation. The
targeted action of HA further enhanced the ability of Pd@Se-HA
NPs to eliminate inflammation in cells and in vivo. After Pd@Se-
HA NPs treatment, these Pd@Se NPs effectively eliminated joint
inflammation and protected joint cartilage.
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