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Introduction
Rheumatoid arthritis (RA) is a chronic autoimmune dis-
order characterized by ongoing synovial inflammation, 
leading to joint damage and disability. Affecting about 
1% of the global population, RA predominantly impacts 
women and individuals aged 30 to 50. The disease pres-
ents with joint pain, swelling, and stiffness, often accom-
panied by fatigue and fever. The exact cause of RA is 
not fully understood, but it likely involves genetic, envi-
ronmental, and hormonal factors [1–3]. The disease’s 
pathophysiology involves immune system dysregulation, 
resulting in synovial proliferation, infiltration, and dam-
age to cartilage and bone. Key immune cells, including 
T cells, B cells, and macrophages, release pro-inflamma-
tory cytokines like tumor necrosis factor-alpha (TNF-α) 
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Abstract
Rheumatoid arthritis (RA) involves chronic inflammation, oxidative stress, and complex immune cell interactions, 
leading to joint destruction. Traditional treatments are often limited by off-target effects and systemic toxicity. This 
study introduces a novel therapeutic approach using hyaluronic acid (HA)-conjugated, redox-responsive polyamino 
acid nanogels (HA-NG) to deliver tacrolimus (TAC) specifically to inflamed joints. The nanogels’ disulfide bonds 
enable controlled TAC release in response to high intracellular glutathione (GSH) levels in activated macrophages, 
prevalent in RA-affected tissues. In vitro results demonstrated that HA-NG/TAC significantly reduced TAC toxicity 
to normal macrophages and showed high biocompatibility. In vivo, HA-NG/TAC accumulated more in inflamed 
joints compared to non-targeted NG/TAC, enhancing therapeutic efficacy and minimizing side effects. Therapeutic 
evaluation in collagen-induced arthritis (CIA) mice revealed HA-NG/TAC substantially reduced paw swelling, arthritis 
scores, synovial inflammation, and bone erosion while suppressing pro-inflammatory cytokine levels. These findings 
suggest that HA-NG/TAC represents a promising targeted drug delivery system for RA, offering potential for more 
effective and safer clinical applications.
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and interleukin-6 (IL-6), sustaining inflammation [4]. 
Chronic inflammation in RA not only damages joint tis-
sues but also increases the risk of cardiovascular diseases, 
osteoporosis, and other comorbidities. Current treat-
ments mainly involve disease-modifying anti-rheumatic 
drugs (DMARDs) to regulate immune cells and interrupt 
cytokine pathways, slowing disease progression. These 
drugs are divided into conventional synthetic DMARDs 
(csDMARDs) like methotrexate and biologic DMARDs 
(bDMARDs) such as TNF inhibitors [5]. For example, 
Tacrolimus (TAC), a strong immunosuppressive agent, 
needs high doses for effectiveness in RA, leading to 
systemic immunosuppression and renal toxicity with 
long-term use [6–8]. Thus, new strategies are needed to 
enhance drug delivery to inflamed joints while reducing 
side effects.

In RA, chronic inflammation in the joints raises reac-
tive oxygen species (ROS) levels, leading to oxidative 
stress, which worsens tissue damage and sustains the 
inflammatory cycle [9]. Persistent oxidative stress within 
the synovium damages cellular components like lipids, 
proteins, and DNA, further activating immune cells and 
contributing to RA progression [10, 11]. Glutathione 
(GSH) is a crucial intracellular antioxidant that helps 
combat oxidative stress. Initially, GSH levels may rise 
to counteract the increased oxidative environment, but 
prolonged oxidative stress can deplete GSH, compro-
mising the cell’s ability to mitigate oxidative damage [12, 
13]. This change in GSH levels is critical in RA, where 
chronic inflammation continuously challenges the redox 
balance within cells [14]. However, this change also pres-
ents an opportunity to target activated immune cells, 
which exhibit high levels of proliferation, differentiation, 
and short lifespans, resulting in higher intracellular GSH 
expression compared to resting immune and stromal 
cells [15, 16].

One promising approach to improve targeted drug 
delivery is nanoparticle-based systems. These systems 
encapsulate drugs within nanometer-scale particles, 
enhancing biocompatibility and prolonging circulation 
time in the bloodstream [17]. In RA, chronic inflamma-
tion increases vascular permeability in affected joints, 
facilitating nanomedicine accumulation through the 
enhanced permeability and retention (EPR) effect [18, 
19]. Polyamino acids allow for precise control over poly-
mer sequence and structure, linking amino acids and 
their derivatives through amide bonds, ensuring excellent 
biocompatibility and biodegradability [20–22]. Incor-
porating disulfide bonds formed between L-cysteines 
enhances the nanogel structure’s stability. These bonds 
degrade in the presence of reductive agents like GSH. 
In the inflammatory environment, drug-loaded poly-
amino acid nanogels are taken up by activated immune 
cells. High GSH levels in these cells trigger disulfide bond 

degradation, releasing the drug specifically within pro-
inflammatory cells while sparing healthy tissues. This 
targeted release mechanism ensures precise nanodrug 
delivery, enhancing therapeutic efficacy and minimizing 
side effects.

However, passive targeting alone is insufficient for 
selectively targeting inflammatory cells, as nanoparticles 
can also be taken up by normal cells, potentially causing 
unintended effects [23]. Active targeting mechanisms 
involve ligands that bind specifically to receptors on tar-
get cell surfaces [24]. Hyaluronic acid (HA), a naturally 
occurring polysaccharide, shows promise as a targeting 
ligand due to its ability to bind to CD44 receptors highly 
expressed on epithelial and immune cells in inflamed 
tissues. HA’s biocompatibility and multiple functional 
groups for conjugation make it an attractive candidate for 
enhancing nanomedicine specificity [25, 26].

In this study, we developed a novel delivery system, 
NG/TAC, using 1-hexanamine-poly(L-lysine-co-L-
cystine) to regulate TAC release in inflamed joints. To 
enhance targeting of activated macrophages, HA was 
conjugated with NG/TAC (HA-NG/TAC) for active tar-
geting. Upon reaching the inflammatory environment, 
HA-NG/TAC is taken up by activated macrophages, 
where elevated GSH levels trigger disulfide bond degra-
dation in the nanogel framework. This ensures high TAC 
concentration specifically in inflamed joints, especially in 
activated macrophages, maximizing immunosuppression 
efficacy while minimizing systemic toxicity. The effec-
tiveness of this targeted delivery system was evaluated 
in vivo using a collagen-induced arthritis (CIA) mouse 
model. The therapeutic potential of HA-NG/TAC was 
assessed by examining arthritis severity and pro-inflam-
matory cytokine levels, providing insights into its capac-
ity to improve RA treatment outcomes.

Method and material
Materials
We used the following materials: CCK-8 assay kit (Beyo-
time, C0037), ELISA kits for IL-1β, IL-6, and TNF-α (Pro-
teintech, KE10003, KE10091, KE10002), Strand cDNA 
Synthesis Super Mix kit (Yeasen, 11119ES60), qPCR 
SYBR Green Master Mix (Yeasen, 11203ES08), Tacro-
limus (Aladdin, T101160), DAPI (Beyotime, C1006), 
SF488-Phalloidin (Solarbio, CA1640), and Cy5.5 (TOP-
SCIENCE, TD0091). Supplementary Tables 1 and 2 pro-
vide further details on antibodies and primer sequences.

Cells and animals
We obtained RAW 264.7, MH7A, and HUVEC cells 
from the American Type Culture Collection (ATCC). 
These cells were cultured in Dulbecco’s minimum essen-
tial medium (DMEM, Gibco) supplemented with 10% 
fetal bovine serum (FBS, Gibco), 1% penicillin (100 IU/
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mL, Corning), and streptomycin (100  µg/mL, Corning). 
Eight-week-old male DBA/1J mice were purchased from 
Beijing Vital River Laboratory Animal Technology Co., 
Ltd. The mice were kept under a 12-hour light/dark cycle 
at a temperature of 25 ± 2  °C and humidity of 60 ± 10%. 
The Institutional Animal Care and Use Committee of 
the Chinese Academy of Sciences approved the animal 
experiment protocols, which complied with relevant eth-
ical regulations.

Preparation and characterization of HA-NG/TAC
A mixture of 1-hexylamine and N-carboxy anhydrides 
of L-lysine (NCA) at a molar ratio of 1:6 was combined 
in a flame-dried flask and dissolved in anhydrous DMF. 
The blend was agitated at 25  °C for 72  h, resulting in 
ring-opening polymerization (ROP) of L-lysine NCA, 
facilitated by 1-hexylamine as the macroinitiator. L-lysine 
and L-cystine were then added at a molar ratio of 10:5, 
and the mixture was agitated at 25 °C for another 72 h to 
obtain NG (1-hexamine-poly(L-Lysine-co-L-Cystine)). 
The nanogel precipitate was washed twice with diethyl 
ether, dried under vacuum for 72 h at room temperature, 
dissolved in trifluoroacetic acid (TFA), and mixed with 
hydrobromic acid/acetic acid (HBr/Hac) (33 wt%). After 
stirring for 1.5 h at 25 °C, the mixture was dialyzed in a 
dialysis bag (MWCO 500 Da) for 24 h and freeze-dried. 
NG/TAC was obtained by mixing 1-hexanamine-poly(L-
Lysine-co-L-Cystine) with TAC in DMF and agitating 
for 24  h. HA-NG/TAC was produced by mixing NG/
TAC with HA until the solution became homogeneous 
and transparent. The morphology of HA-NG/TAC was 
observed using transmission electron microscopy (TEM). 
Dynamic laser scattering (DLS) measured the hydrody-
namic sizes and zeta potentials of NG/TAC and HA-NG/
TAC.

In vitro TAC loading and release from HA-NG
We calculated the drug loading content (DLC%) of TAC-
loaded HA-NG using the equation:

	
DLC% =

amount of TAC in HA−NG

amount of HA−NG/TAC
× 100%

The release behaviors of HA-NG/TAC were investigated 
in vitro using PBS with 0.5% (v/v) Tween 80 solution at 
pH 7.4. Freeze-dried HA-NG/TAC was suspended in 5 
mL of PBS with 0 or 10 mM GSH inside a dialysis bag 
(MWCO 3500 Da). During the release trial, the dialy-
sis bag was submerged in 50 mL of PBS with either 0 or 
10 mM GSH and agitated at 70  rpm. At predetermined 
intervals, 2 mL of the external release medium were 
extracted and replaced with an equal volume of fresh 
medium. The released drug amount was measured by 

high-performance liquid chromatography (HPLC) using 
standard curves at 311 nm.

Actively targeting of HA-NG/TAC in vitro
To establish an inflammatory condition, RAW 264.7 
cells were stimulated with lipopolysaccharide (LPS) for 
24  h, while untreated macrophages served as the con-
trol group. Subsequently, macrophages were incubated 
with Cy5.5-NP and Cy5.5-labeled HA-NG for 4 h. Cells 
were fixed with 4% paraformaldehyde for 15 min, treated 
with SF488-Phalloidin for 15 min, followed by a 5-minute 
incubation with DAPI, and then analyzed using confo-
cal laser scanning microscopy (CLSM). The fluorescence 
intensity was measured using ImageJ software. RAW 
264.7, MH7A, and HUVEC cells were cultured for 24 h 
and stimulated with LPS for an additional 24 h. The cells 
were then incubated with Cy5.5-labeled HA-NG for 4 h, 
fixed for 15  min, stained with DAPI, and observed by 
CLSM. Fluorescence intensity was analyzed using ImageJ 
software.

Toxicity of HA-NG/TAC in vitro
RAW264.7 cells were cultured at 37  °C for 24 h. Differ-
ent concentrations of NG/TAC, HA-NG/TAC, and TAC 
were administered and incubated for 24 h. Additionally, 
RAW 264.7, MH7A, and HUVEC cells were cultured 
for 24  h. HA-NG/TAC was introduced and incubated 
for 48 h and 72 h, respectively. After adding the CCK-8 
reagent and incubating at 37 °C for 2 h, the optical den-
sity at 450 nm was measured using a microplate reader.

Hemolysis test
Fresh blood was centrifuged, and the serum was 
removed. The blood cells were dispersed in 4 mL of NaCl 
solution and centrifuged at 1500  rpm for 10  min. Next, 
200 µL of this solution was diluted with NaCl to 10 mL. 
HA-NG/TAC was added to the blood cells to achieve 
final concentrations ranging from 0.01 µg/mL to 100 µg/
mL through serial dilutions. Additionally, washed blood 
was dissolved in 1 mL of water as a positive control and 
in 1 mL of NaCl as a negative control. All solutions were 
incubated in a 37 °C water bath for 2 h, then centrifuged 
at 6000  rpm for 10  min. The states were photographed 
and recorded, and the supernatant was collected into 
a quartz cuvette. Absorbance at 540  nm was measured 
using a UV spectrophotometer, and the hemolysis rate 
was calculated using the formula:

	
Hemolysis =

AbsSample − AbsNegative control

AbsPositive control − AbsNegative control
× 100%

where Abspositive control is the absorbance of the positive 
control group, Absnegative control is the absorbance of the 
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negative control group, and Abssample is the absorbance of 
the test sample group.

Western blot
CD44 was extracted from RAW 264.7, MH7A, and 
HUVEC cells using RIPA buffer with 1 µM PMSF. Pro-
tein concentrations in the supernatant were measured 
using a BCA protein assay kit and analyzed by Western 
blot. After separation by 10% SDS-PAGE, the proteins 
were transferred onto PVDF membranes. The mem-
branes were blocked with Blocking Buffer for West-
ern Blot at room temperature for 10 min and incubated 
with primary antibodies for CD44 (Proteintech, 15675-
1-AP) at 4  °C overnight. They were then treated with 
HRP-labeled secondary antibodies at room temperature 
for 1  h. Finally, the bands were detected using an ECL 
reagent and visualized with a chemiluminescence imag-
ing system.

2.9. Establishment of collagen-induced arthritis mouse 
model
The CIA mouse model was established according to a 
previous study using eight-week-old male DBA/1J mice 
[27]. Bovine type II collagen was emulsified with com-
plete Freund’s adjuvant containing 2  mg/mL of Myco-
bacterium tuberculosis. The mixture was subcutaneously 
administered to DBA/1 mice at the base of the tail. After 
21 days from the initial injection, the mice received an 
additional injection of type II collagen mixed with incom-
plete Freund’s adjuvant near the primary injection site.

Specific distribution of HA-NG/TAC in vivo
After reaching an average clinical score of 14, the mice 
with CIA were injected with Cy5.5-labeled NG and 
Cy5.5-labeled HA-NG via the tail vein. The in vivo imag-
ing system was used to observe the fluorescence image 
in vivo at the 0.5th, 3th, 6th, 12th, 24th hour post-injec-
tion. Subsequently, the mice were euthanized, and their 
vital organs, such as the heart, liver, spleen, lungs, kid-
neys, and joints, were collected and examined using the 
in vivo imaging system. The inflamed paws were fixed in 
4% paraformaldehyde and decalcified using a 20% (w/v) 
ethylenediaminetetraacetic acid (EDTA) solution, with 
daily changes for 30 days. Subsequently, the joints were 
sectioned, stained with AF488-CD86 antibody and DAPI, 
and examined under fluorescence microscopy. ImageJ 
software was utilized for quantitative analysis of the fluo-
rescence intensity.

Therapeutic efficacy of HA-NG/TAC in vivo
Following the second immunization, CIA mice were 
established and evaluated every other day in accordance 
with the aforementioned protocol. We assessed every 
mouse individually using a scale of 0 to 4. 0, no evidence 

of erythema and swelling; 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 swell-
ing encompass the ankle, foot and digits, or ankylosis of 
the limb. Every mouse was given a total arthritis score 
based on its four paws. Once the model was established, 
the mice were divided into four groups at random and 
given PBS, TAC, NG/TAC, and HA-NG/TAC for treat-
ment according to their clinical scores. Healthy DBA 
mice were treated as a control group. In CIA mice, intra-
venous injections were given every two days after the 
30th day of primary immunization. Following a period of 
48 days after the primary immunization, the mice were 
sacrificed.

Histological and immunofluorescent assay
Following the sacrifice of the arthritis mice, the organs 
(heart, liver, spleen, lung, kidney) and hind knee joints 
were collected and combined in a solution of 4% parafor-
maldehyde. Subsequently, the joints were decalcified for 
a period of 30 days using a 20% (w/v) ethylenediamine-
tetraacetic acid (EDTA) solution, and then sliced. Subse-
quently, the tissue slides underwent staining with H&E. 
Two researchers evaluated the Histological Synovitis 
Scores (HSS) (Supplementary Table 3), and the outcomes 
were determined based on the mean scores. The tissue 
sample slides were blocked with 5% BSA and treated with 
antibodies targeting IL-1β, IL-6, and TNF-α. To identify 
these pro-inflammatory cytokines in the tissue slides, a 
fluorescence microscope was utilized.

Micro-CT reconstruction and analysis
We used Mimics software to generate 3D images of the 
hind paw joints by scanning them with a Micro-CT scan-
ner at a resolution of 15  μm. A quantitative analysis of 
bone mineral density (BMD), the rate of bone volume 
and total volume (BV/TV), trabecula number (Tb. N), 
trabecula spacing (Tb. Sp), and trabecula thickness (Tb. 
Th) was performed using CTAn software.

Expression level of pro-inflammatory cytokines in vivo
ELISA kits were used to detect the serum levels of IL-1β, 
IL-6, and TNF-α in each group, following the manufac-
turer’s instructions. To evaluate the samples, a micro-
plate reader was utilized with wavelengths of 450 nm and 
630 nm. After crushing the hind knee joints of CIA mice 
in liquid nitrogen and extracting the supernatant, we 
obtained total RNA using TRIZOL. Afterwards, the tri-
chloromethane and isopropanol were used to purify the 
total RNA. Strand cDNA Synthesis Super Mix kit instruc-
tions were followed to synthesize cDNA. IL-1β, IL-6, 
and TNF-α mRNA were successfully detected through 
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a qPCR experiment utilizing qPCR SYBR Green Master 
Mix and an Agilent MX3000P instrument. GAPDH was 
used as a reference for standardized mRNA expression.

Statistical analysis
Each experiment required a minimum of three tri-
als. GraphPad Prism 9 was used to calculate the mean 

Fig. 1  HA-NG/TAC was prepared and characterized. (A) An outline is provided to illustrate the process of preparing HA-NG/TAC. (B) TEM images rep-
resenting HA-NG/TAC (n = 3). Scale bar = 1 μm (low power); 0.2 μm (high power). C-D The illustration of DLS datum distribution of (C) NG/TAC and (D) 
HA-NG/TAC. (E) Zeta potential of NG/TAC and HA-NG/TAC (n = 3). (F) The release of TAC from HA-NG with either 0 or 10 mM GSH in PBS at pH 7.4 was 
examined in vitro (n = 3). The information is displayed as mean value ± SEM

 



Page 6 of 14Li et al. Journal of Nanobiotechnology          (2024) 22:547 

value ± standard error of mean (SEM) based on the given 
number of experiments. An unpaired Student’s t-test was 
used to compare two groups, while a one-way analysis 
of variance was used to analyze more than two groups. 

Significant differences were considered when p-value was 
less than 0.05.

Fig. 2 (See legend on next page.)
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Result
Preparation and characterization of HA-NP/TAC
We synthesized 1-hexanamine-poly(L-lysine-co-L-cys-
tine) using a ring-opening polymerization (ROP) method. 
L-lysine NCA and L-cystine NCA were reacted with the 
initiator 1-hexanamine, as shown in Fig.  1A. TAC was 
incorporated into the disulfide-core-cross-linked nano-
gel, with a drug loading content (DLC) of approximately 
2.5 wt%. After mixing and stirring NG/TAC with HA for 
24 h, the carboxyl terminus of HA and the amino termi-
nus of NG/TAC underwent a dehydration condensation 
reaction. Figure 1B shows that HA-NG/TAC appeared as 
clear spherical structures under TEM. We then measured 
the average diameters of NG/TAC and HA-NG/TAC. 
Figure  1C and D show that NG/TAC had an average 
diameter of 77.4 nm, while HA-NG/TAC had an average 
diameter of 119 nm. These sizes are suitable for passive 
retention in inflamed joints via the EPR effect. HA-NG/
TAC exhibited a lower surface zeta potential compared 
to NG/TAC (Fig.  1E), which enhanced its colloidal sta-
bility. The reduction-responsive HA-NG/TAC, contain-
ing disulfide bonds, could degrade in response to GSH in 
macrophages. As shown in Fig. 1F, less than 50% of TAC 
was released from HA-NG at 72 h under normal condi-
tions. However, elevated GSH levels accelerated TAC 
release, resulting in over 90% TAC release, mimicking 
cellular conditions. HA-NG/TAC’s active targeting capa-
bility not only minimized drug loss in the bloodstream 
but also promoted preferential accumulation in inflam-
matory macrophages.

Effectiveness of HA-NG/TAC in vitro
TAC, an immunosuppressant used to treat autoimmune 
diseases like RA, shows beneficial anti-inflammatory 
properties. However, high doses of free TAC can have 
limited long-term effectiveness due to off-target effects. 
We evaluated HA-NG/TAC toxicity using cell viability 
assays on RAW 264.7 cells. Figure 2A shows that nano-
gel encapsulation significantly reduced TAC toxicity to 
normal macrophages. The nanogel degraded slowly due 
to low GSH levels and slow internalization rates. HA-NG 
also provided better protection for normal macrophages 

from high-dose TAC compared to NG/TAC (Fig.  2A). 
We assessed the cytotoxicity of NG and HA-NG on 
fibroblast-like synoviocytes (FLSs) and vein endothe-
lial cells (Fig.  2B). Hemolysis assays demonstrated that 
HA-NG/TAC had low hemolysis rates, below 5%, across 
a concentration range of 0.01–100 µg/mL (Fig. 2C), indi-
cating good biocompatibility and suitability for in vivo 
applications.

Macrophages release pro-inflammatory cytokines like 
IL-1β, IL-6, and TNF-α, which are crucial in RA pathol-
ogy. Targeting activated macrophages in inflamed joints 
helps reduce the pro-inflammatory cytokine network. We 
validated by Western blot that only macrophages highly 
expressed CD44 in RAW264.7, MH7A, and HUVEC cells 
(Fig. 2D). Using CLSM, we examined the cellular absorp-
tion of Cy5.5-labeled HA-NG. Figure  2E shows signifi-
cant fluorescence intensity in activated macrophages, 
while normal macrophages displayed low intensity. This 
suggests that HA-NG degrades within activated macro-
phages, which have high levels of reducing agents like 
GSH. Fluorescence quantitative analysis (Fig. 2F) showed 
higher intensity in activated macrophages treated with 
Cy5.5-labeled HA-NG compared to those treated with 
Cy5.5-labeled NG. The attachment of HA-NP to the cell 
surface intensified internalization in activated macro-
phages. We also evaluated HA-NG phagocytosis by FLS 
and HUVEC cells. Figure  2G shows that HA-NG was 
extensively phagocytosed by LPS-activated macrophages, 
while MH7A and HUVEC cells exhibited low phagocy-
tosis rates. The differences were statistically significant 
(Fig.  2H). These results confirm that HA-NG/TAC spe-
cifically targets activated macrophages in the synovial 
microenvironment.

Specific distribution of HA-NG/TAC in vivo
We analyzed the biodistribution and targeting of 
HA-NG/TAC in vivo using the CIA mouse model. 
Cy5.5-labeled nanogels were administered intravenously 
to arthritic mice when their clinical scores averaged 14. 
Figure  3A shows strong fluorescence in all joints of the 
HA-NG group, whereas the Cy5.5 group and the NG 
group had minimal fluorescence after 24  h. The EPR 

(See figure on previous page.)
Fig. 2  Effectiveness of HA-NG/TAC in vitro. (A) An analysis of HA-NG/TAC toxicity on normal macrophages was performed using the CCK-8 assay, fol-
lowed by a comparison of these results with those for TAC and NG/TAC (n = 6). The information is displayed as mean value ± SEM. (B) An analysis of toxicity 
on RAW 264.7, MH7A, and HUVEC treated with HA-NG/TAC for 48 h and 72 h was performed using the CCK-8 assay (n = 6). The information is displayed 
as mean value ± SEM. (C) Hemolysis test of HA-NG/TAC. (D) Representative western blot image depicts the expression of proteins CD44 on RAW 264.7, 
MH7A, and HUVEC. (E) Fluorescent images depicting the engulfment of NG labelled with Cy5.5 and HA-NG labelled with Cy5.5 (in red) by RAW264.7 
cells in both the LPS-treated and LPS-untreated groups (n = 3). The nucleus is stained with DAPI (in blue) and the cytoskeleton structure is stained with 
SF488-Phalloidin (in green). The scale bar represents 50 μm. (F) Quantitative assessment of the fluorescence intensity in each group (n = 3) was conducted 
using an unpaired student’s t-test for statistical analysis. The results are presented as mean value ± SEM. Statistical significance was denoted as *p < 0.05, 
**p < 0.01, ***p < 0.001, and ****p < 0.0001. (G) Fluorescent images depicting the engulfment of NG labelled with Cy5.5 and HA-NG labelled with Cy5.5 
(in red) by RAW 264.7, MH7A, and HUVEC treated by LPS (n = 3). The nucleus is stained with DAPI (in blue). The scale bar represents 50 μm. (H) Quantita-
tive assessment of the fluorescence intensity in each group (n = 3) was conducted using ANOVA for statistical analysis. The results are presented as mean 
value ± SEM. Statistical significance was denoted as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001
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effect allows Cy5.5-labeled NG to reach inflamed joints 
but also distributes it to other organs like the liver and 
kidney, leading to rapid elimination. In contrast, HA-
coated NG effectively targets inflamed joints by binding 
to CD44, which is overexpressed on activated macro-
phages. Significant fluorescence was observed in the liver 
and kidney of the Cy5.5-labeled NG group, while Cy5.5-
labeled HA-NG was primarily found in the liver. The 
smaller diameter of NG/TAC compared to HA-NG/TAC 
resulted in more filtration through the kidney, leading to 
greater HA-NG/TAC accumulation in inflamed joints. 
Quantitative fluorescence analysis revealed that the fluo-
rescence intensity in inflamed joints of the Cy5.5-labeled 
HA-NG group was approximately three times higher 
than in the Cy5.5-labeled NG group, with significant sta-
tistical significance. Tissue sectioning and immunofluo-
rescence staining with the activated macrophage marker 
CD86 showed that HA-NG accumulated more effectively 

in synovial tissue macrophages compared to NG. Quanti-
tative fluorescence analysis confirmed superior accumu-
lation of HA-NG. Thus, HA-coated reduction-responsive 
nanogels increased TAC concentration in inflamed joints 
of mice, particularly in activated macrophages, enhanc-
ing TAC treatment effectiveness while minimizing toxic-
ity to other organs.

Therapeutic efficiency of HA-NG/TAC in collagen-induced 
arthritis mice
To evaluate HA-NG/TAC’s immunosuppressive effi-
ciency in vivo, we used the CIA mouse model. Figure 4A 
shows that control mice received PBS, while arthritic 
mice received TAC, NG/TAC, and HA-NG/TAC intra-
venously on the 30th day following primary immuniza-
tion. Paw swelling was initially used to measure arthritis 
progression. Mice treated with each formulation showed 
significant inflammation reduction by the 48th day 

Fig. 3  Distribution of HA-NG/TAC in CIA mice. (A) In vivo distribution of free-Cy5.5, Cy5.5-labeled NG and Cy5.5-labeled HA-NG in mice with collagen-
induced arthritis (CIA) at the joints at the 0.5th, 3th, 6th, 12th, 24th hour post-injection. (B) The distribution of free-Cy5.5, NG labeled with Cy5.5 and 
HA-NG labeled with Cy5.5 in liver, lung, heart, spleen, and kidney at the 24th hour post-injection is shown. (C) The synovium’s distribution of free-Cy5.5, 
NG labeled with Cy5.5, and HA-NG labeled with Cy5.5 can be observed in the representative fluorescence images. The nucleus is stained with DAPI (blue), 
macrophages were stained with AF488-CD86 (green), while free-Cy5.5, NG, or HA-NG are labeled with Cy5.5 (red). The measurement scale is 50 μm; white 
arrow: synovium. (D) The fluorescence intensity in various organs and joints was quantitatively analyzed (n = 3). The data are analyzed using ANOVA and 
presented as mean value ± SEM. (E) Quantitative evaluation of the fluorescence intensity of Cy5.5, NG labeled with Cy5.5 or HA-NG labeled with Cy5.5 
within the activated macrophages of synovium was conducted (n = 3). The data were analyzed using ANOVA and are presented as mean ± SEM. Signifi-
cance levels were indicated as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001
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compared to controls. The control group showed notice-
able erythema and inflammation in the inflamed joints. 
The TAC and NG/TAC groups had comparable thera-
peutic effects, but HA-NG/TAC provided notable inflam-
mation inhibition. Arthritis scores were assessed during 
treatment based on swelling and erythema. Prior to treat-
ment, all groups had similar arthritis scores of approxi-
mately 1.7. The control group reached a peak arthritis 
score of 15.7. The arthritis scores for TAC, NG/TAC, 
and HA-NG/TAC were 12.6, 8.3, and 4, respectively. Paw 
thickness measurements on the 48th day matched these 
findings. The control group showed significant swelling, 
with an average paw thickness of approximately 4.84 mm. 
The average thicknesses for TAC, NG/TAC, and HA-NG/
TAC were 4.22 mm, 3.44 mm, and 2.99 mm, respectively. 
Free TAC had minimal effect compared to controls, while 
NG/TAC and HA-NG/TAC showed significant reduc-
tions in arthritis scores and paw thickness.

Since paw swelling is an external indicator of RA, we 
conducted histopathological examinations for further 
analysis. Inflamed knee joints underwent H&E stain-
ing. We evaluated the Histological Synovitis Score (HSS) 
considering synovial inflammation and cartilage damage. 
The control group had the highest scores due to notice-
able synovial growth, pannus formation, and extensive 
cartilage damage. The TAC group showed no significant 
differences from the control group. NG/TAC reduced 
synovial proliferation and protected cartilage from deg-
radation. Mice treated with HA-NG/TAC showed the 
most effective therapy, with cartilage resembling healthy 
joints and minimal synovial cell layers. The HA-NG/TAC 
group had the lowest HSS, with statistical significance. 
Bone erosion, a prominent feature in late-stage RA, 
was assessed by Micro-CT analysis. Quantitative analy-
sis of BMD, BV/TV, Tb. N, Tb. Th, and Tb. Sp showed 
significant differences. Figure  5A shows extensive bone 
erosion in the control group. TAC and NG/TAC did not 

Fig. 4  Therapeutic efficacy of HA-NG/TAC in CIA mice. (A) Progression of CIA mouse experiment timeline. B-C The impact of Healthy, PBS, TAC, NG/TAC, 
and HA-NG/TAC on arthritis score (B) and paw thickness (C) after the final treatment (n = 10) was assessed. Data analysis was conducted using ANOVA, 
and the results are presented as mean value ± SEM. Statistical significance was denoted as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (D) After the 
final administration of Healthy, PBS, TAC, NG/TAC, and HA-NG/TAC, photographs depicting the swollen joints of CIA mice were captured. (E) Illustrative 
H&E stain images of the synovial tissue in every group (n = 3); scale bar = 200 μm (low magnification), 50 μm (high magnification). (F) Synovitis histology 
test (n = 3); The data is analyzed using ANOVA, and the mean value ± SEM is shown; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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effectively prevent bone erosion, while HA-NG/TAC 
treatment significantly reduced it.

Additionally, we examined pro-inflammatory cyto-
kine levels in mice with experimental arthritis. Immuno-
fluorescent staining revealed TNF-α, IL-1β, and IL-6 in 
the synovium of inflamed knee joints across all groups 
(Fig. 6A). The control group showed widespread distribu-
tion of these cytokines, while the TAC group had slightly 
reduced levels. NG/TAC significantly decreased synovial 
cell proliferation and pro-inflammatory cytokine levels. 
The HA-NG/TAC group showed minimal fluorescence 
signals for these cytokines. ELISA results confirmed sig-
nificant increases in cytokine expression in the control 
group. The other three groups showed varying degrees 
of suppression, with HA-NG/TAC having the lowest 
levels, indicating effective suppression of inflammation 
and reduced pro-inflammatory cytokine release into the 
serum (Fig.  6B-D). qPCR tests of mRNA expression for 
TNF-α, IL-1β, and IL-6 in hyperplastic synovium sup-
ported these results (Fig. 6E-G).

Finally, we assessed the chronic toxic effects of 
HA-NG/TAC. Figure  7 shows no apparent organic 
abnormalities following treatment with TAC, NG/TAC, 
and HA-NG/TAC. Thus, HA-coated reduction-respon-
sive nanogels could be a promising option for future clin-
ical use in RA patients.

Discussion
The synovial microenvironment in RA shows chronic 
inflammation, increased oxidative stress, and a com-
plex interaction of immune cells, cytokines, and other 
inflammatory mediators [9]. This pathological state trig-
gers a series of cellular and molecular events that sustain 
the disease and lead to joint destruction [4]. High levels 
of ROS are a hallmark of RA, worsening tissue damage 
and maintaining the inflammatory response [10]. Ini-
tially, increased oxidative stress induces the upregulation 
of endogenous antioxidants like GSH to counteract ROS 
damage. However, as inflammation continues, GSH levels 
deplete, reducing the cell’s capacity to effectively handle 
oxidative damage [13, 14]. This dynamic change in GSH 
is crucial as it drives inflammation and offers an oppor-
tunity for targeted therapeutic interventions. Activated 
immune cells, which have high levels of proliferation 
and differentiation, possess higher intracellular GSH lev-
els compared to resting immune and stromal cells [16]. 
By exploiting the elevated GSH levels in activated mac-
rophages, which are prevalent in inflamed tissues, novel 
drug delivery systems can be designed to release thera-
peutic agents specifically within the inflammatory micro-
environment. This strategy enhances treatment efficacy 
and minimizes systemic side effects.

Our study used redox-responsive polyamino acid 
nanogels to deliver TAC specifically to inflamed joints. 
Disulfide bonds within the nanogel structure allow for 
controlled drug release in response to high GSH levels. 

Fig. 5  HA-NG/TAC prevented bone from erosion. (A) Representative reconstruction images of hind limbs of each group (n = 3). (B-F) Quantitative analysis 
of bone mineral density (BMD) (B), bone volume fraction (BV/TV) (C), trabecula number (Tb. N) (D), trabecula spacing (Tb. Sp) (E), trabecula thickness (Tb. 
Th) (F) (n = 3). The data were analyzed using ANOVA, and the results are presented as mean value ± SEM. Statistical significance was indicated as *p < 0.05, 
**p < 0.01, ***p < 0.001, and ****p < 0.0001
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Fig. 6  The effectiveness of HA-NG/TAC in reducing pro-inflammatory cytokines was observed in mice with CIA. (A) Immunofluorescent staining of the 
selected samples shows the existence of pro-inflammatory cytokines (red) such as TNF-α, IL-1β, and IL-6 (n = 3). The nucleus is stained with DAPI (blue), 
and the scale bar measures 100 μm. B-D ELISA tests were used to determine the serum levels ofIL-1β (B), IL-6 (C),and TNF-α (D) in every group (n = 3). 
E-G The qPCR method was used to determine the relative mRNA expression levels of IL-1β (E), IL-6 (F),and TNF-α (G) in the inflamed joints of each group, 
with a sample size of 3. The data is analyzed using ANOVA, and mean value ± SEM is displayed. The significance levels are denoted as *p < 0.05, **p < 0.01, 
***p < 0.001, and ****p < 0.0001
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Under normal conditions, the nanogel remains stable, 
releasing less than 50% of TAC over 72  h. In the pres-
ence of elevated GSH levels, the disulfide bonds degrade, 
resulting in over 90% TAC release. This redox-responsive 
mechanism ensures that TAC is released specifically in 
the inflammatory environment, particularly within acti-
vated immune cells, rather than systemically. Controlled 
drug release improves the immunosuppressive efficacy of 
TAC by concentrating it in inflamed joints and reducing 
potential off-target effects and systemic toxicity.

To further enhance drug delivery specificity to acti-
vated macrophages in the inflamed synovium, we used 
HA. HA, a naturally occurring polysaccharide, binds 
to CD44 receptors overexpressed on activated macro-
phages and other inflammatory cells [26]. Conjugat-
ing HA with polyamino acid nanogels (HA-NG/TAC) 
significantly improved the targeting efficiency. In vivo 
experiments showed that HA-NG/TAC accumulated 
significantly more in inflamed joints compared to free-
Cy5.5 and non-targeted NG/TAC. Fluorescence imaging 
demonstrated that HA-NG/TAC effectively localized to 
activated macrophages in the inflamed synovium, with 

minimal distribution to other organs, indicating success-
ful active targeting. This HA-mediated targeting mecha-
nism ensures precise delivery of therapeutic agents to 
inflammation sites, enhancing therapeutic efficacy and 
minimizing side effects.

Polyamino acid nanoparticles, composed of natu-
rally occurring amino acids, exhibit excellent biocom-
patibility and biodegradability [28, 29]. They are safely 
metabolized and cleared from the body, minimizing the 
risk of adverse immune responses or long-term toxic-
ity. Our study rigorously assessed the biocompatibility 
of HA-NG/TAC through various in vitro and in vivo 
experiments. The nanogels demonstrated low toxicity to 
normal macrophages and other cell types, including FLSs 
and endothelial cells, as indicated by cell viability assays 
and hemolysis tests. Low hemolysis rates confirmed that 
HA-NG/TAC is biocompatible and suitable for intra-
venous administration. Histopathological examinations 
and systemic toxicity assessments revealed no apparent 
organic abnormalities following HA-NG/TAC treatment, 
suggesting that the nanogels are well-tolerated and have a 
favorable safety profile.

Fig. 7  Chronic toxicity of HA-NG/TAC. H&E staining representative images of major organs in healthy mice or mice with experimental arthritis were 
observed. Scale bar = 100 μm
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Conclusion
In conclusion, our research highlights the potential of 
HA-NG/TAC as a novel method for treating RA by 
addressing significant challenges in drug delivery and 
targeting. By exploiting the unique features of the syno-
vial microenvironment, such as intracellular GSH levels, 
and using advanced targeting strategies with HA, we 
have developed a promising system to improve RA treat-
ment outcomes. The demonstrated biocompatibility and 
efficacy in preclinical models suggest potential for future 
clinical applications, offering hope for more effective 
and safer therapies for individuals with RA and related 
inflammatory conditions.
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