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Abstract
Osteoarthritis (OA) remains a challenging condition due to limited drug bioavailability within the avascular and dense 
cartilage matrix. This study introduces a pH/redox-responsive nanogel for enhanced delivery of geraniol in OA therapy. We 
investigated geraniol's role in preventing chondrocyte matrix degradation and designed a pH/redox-responsive nanogel as 
a delivery platform. Our methods included Western blot, histological staining, and immunohistochemistry. Geraniol treat-
ment reduced Keap1 expression while elevating Nrf2 and HO-1 levels, effectively inhibiting cartilage matrix degradation. 
The pH/redox-responsive nanogel further enhanced geraniol’s therapeutic impact. Our study demonstrates that geraniol 
encapsulated within a pH/redox-responsive nanogel mitigates OA by regulating oxidative stress and inflammation. This 
innovative approach holds potential as an effective OA therapeutic strategy.
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Introduction

Osteoarthritis (OA) is a common orthopedic disease, affect-
ing a significant proportion of middle-aged and elderly indi-
viduals. Statistics indicate that 12% of this population expe-
rience varying degrees of OA (Pereira et al. 2015). In the 
United States, over 27 million people suffer from OA, with 
a prevalence of over 50% in individuals aged 60 and above 
(Martel-Pelletier et al. 2016). A study conducted by the US 
Centers for Disease Control and Prevention and the Harvard 
Department of Public Health identified OA as one of the five 
primary causes of disability in older adults (Mandl 2019). 
Due to its high incidence and chronic nature, OA imposes a 
substantial life burden on patients and creates a significant 
economic burden on families and society (Thomas et al. 
2017).

OA is a whole joint disease that involves all joint tissues, 
including cartilage, synovial membrane, infrapatellar fat 

pad, meniscus, and subchondral bone (Scanzello and Gol-
dring 2012). The progression of OA is thought to involve an 
imbalance between the anabolic and catabolic processes in 
the joint, leading to a breakdown of the extracellular matrix 
and an increase in pro-inflammatory cytokines (Zheng et al. 
2021). Despite numerous recent studies on OA, current clini-
cal strategies for treating the disease remain limited due to 
its complex pathological mechanism (Palazzo et al. 2016). 
In addition to physical rehabilitation, pharmacological inter-
ventions are limited to symptom relief, and joint replacement 
is the only treatment option available for improving joint 
function (Peat and Thomas 2021). Therefore, it is necessary 
to continue exploring the molecular mechanisms underly-
ing OA pathogenesis and develop new, specific therapeutic 
targets and strategies.

Oxidative stress (OS) results from the negative effects 
of free radicals in the body and plays a crucial role in 
promoting and developing OA (Ansari et al. 2020; Zahan 
et al. 2020). Redox system imbalances can cause intra-
articular pathology and inflammation. Reactive oxygen 
species accumulation can interfere with chondrocyte anab-
olism processes, promoting chondrocyte dysfunction and 
degeneration, disrupting chondrocyte metabolism, disrupt-
ing the balance of cartilage matrix production and degra-
dation, and accelerating articular cartilage degeneration 
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(Tang et al. 2017; Wang et al. 2020). As OA progresses, 
cartilage’s self-healing ability diminishes due to insuffi-
cient blood supply and innervation (Guilak et al. 2018). 
Chondrocytes’ functional activity is also continuously 
impaired, causing a decrease in their ability to secrete 
matrix components such as Col2a1 and aggrecan (Huang 
and Wu 2008).

Numerous studies have investigated the use of natu-
ral compounds to treat OA, including various terpenoids. 
For example, oleanolic acid, a triterpenoid found in many 
plants, has been shown to have anti-inflammatory and 
anti-oxidative effects on chondrocytes (Kang et al. 2017). 
β-caryophyllene, a sesquiterpene found in many essential 
oils, has also been reported to have anti-inflammatory and 
chondroprotective effects on OA (Mlost et al. 2022). In 
addition, ginkgolides, terpenoids extracted from Ginkgo 
biloba, have been shown to inhibit cartilage degradation 
and reduce inflammation in OA (Ma et al. 2022). Geraniol 
is a natural acyclic isoprenoid monoterpene that occurs in 
several plant essential oils, including rose, lemongrass, 
lavender, and lime (Maczka et al. 2020). It is classified 
by the U.S. Food and Drug Administration as “Gener-
ally Recognized as Safe” and has been approved as a food 
additive to adjust the flavor of beverages, candy, and ice 
cream (Cho et al. 2016). Recent research has shown that 
geraniol has diverse pharmacological properties, such as 
antioxidant, anti-inflammatory, anti-tumor, antimicrobial, 
liver protection, and neuroprotection (Lin et al. 2021a, b; 
Pavan et al. 2018; Zhang et al. 2019). Moreover, some 
studies have indicated that geraniol can regulate oxida-
tive stress levels through the Keap1-Nrf2 pathway (Younis 
et al. 2020; Younis et al. 2021). However, no studies have 
reported that geraniol can ameliorate OA by regulating 
oxidative stress.

Nanogels are three-dimensional network structures 
composed of hydrophilic or amphiphilic polymer chains, 
which can load biologically active molecules or small 
molecule drugs through salt bonds, hydrogen bonds, or 
hydrophobic interactions (Fronza et al. 2019; Gautam et al. 
2021). They have many specific advantages as a drug car-
rier, including easy preparation, high drug loading, stable 
chemical structure, swelling and shrinkage properties, 
easy chemical modification, and responsiveness to exter-
nal environmental factors like pH, redox, and temperature 
(Lin et al. 2021a, b; Ribovski et al. 2021; Zhang et al. 
2018). In the pathological process of OA, the joint’s pH 
may reach 6.0, and it contains reactive oxygen species, cre-
ating a slightly acidic and oxidative environment (Hu et al. 
2021; Li et al. 2021). Based on this theory, we designed a 
PH/redox-responsive nanogel as a carrier for geraniol and 
hypothesized that it could enable geraniol to bind more 
fully to degenerated joints, exerting curative effects and 
ameliorating OA.

Methods

Chemicals and reagents

N-Isopropyl acrylamide (NIPAM), Sodium dodecyl sul-
fate (SDS) and potassium persulfate were purchased from 
Macklin (Shanghai, China). N-Bromoacetamide (NBA), 
collagenase II, dimethyl sulfoxide (DMSO), ascorbic acid 
and bovine serum albumin (BSA) were purchased from 
Sigma-Aldrich (St Louis, MO, USA). Acrylic acid (AA), 
l-glutamine and geraniol were purchased from Aladdin 
(Shanghai, China). Trypsin–EDTA, penicillin and strep-
tomycin were purchased from Solarbio (Beijing, China). 
Dulbecco’s Modified Eagle’s Medium–High glucose 
(DMEM) and interleukin-1 beta (IL-1β) were purchased 
from Gibco (Gaithersburg, MD, USA). Fetal bovine serum 
(FBS) was purchased from Hyclone (Logan, Utah, USA). 
Primary antibodies against Keap1, Nrf2, HO-1, p-p65, 
p65, MMP13, Col2a1, ADAMTS-5, and aggrecan were 
purchased from Abcam (Cambridge, UK).

Synthesis of pH/redox‑responsive nanogels

The pH/redox-responsive nanogels were synthesized as 
follows: 1.301 g of NIPAM, 0.169 g of NBA, and 0.058 g 
of SDS were accurately weighed and dissolved in 200 mL 
of ultrapure water. The mixture was stirred with nitro-
gen at 70 °C for 0.5 h to remove residual oxygen. Next, 
0.054 g of potassium persulfate initiator was dissolved in 
2 mL of ultrapure water and added to the mixed solution. 
The solution was further stirred with nitrogen for 0.5 h. 
Then, 10 μL of AA was taken and mixed with 0.016 g 
of potassium persulfate and 1  mL of ultrapure water. 
The resulting solution was added to the mixed solution, 
and the reaction was continued for 5 h under nitrogen at 
70 °C. After completion of the reaction, the solution was 
cooled to room temperature and transferred to a dialysis 
bag (Spectra/Por® Float-A-Lyzer® G2) with a molecu-
lar weight cut-off of 3500 Da to remove surfactants and 
unreacted raw materials. The mixture was dialyzed in tap 
water for 24 h and then transferred to ultrapure water for 
dialysis for 3 days, resulting in the formation of the pH/
redox-responsive nanogels.

Characterization

The chemical structure of the pH/redox-responsive nanogels 
was determined using Fourier transform infrared spectroscopy 
(FT-IR) (Perkin Elmer, USA), while X-ray diffraction (XRD) 
(Rigaku, Japan) was employed to analyze their crystalline 
structure. The size and morphology of the nanoparticles were 
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examined using transmission electron microscopy (TEM) 
(Bruker, Germany).

Drug loading

The geraniol solution (1 mg/mL) was slowly added dropwise 
into the nanogel solution (2.5 mg/mL), followed by sonica-
tion using an ultrasonic homogenizer (Sonics Vibra-Cell VCX 
750) until the solution was completely mixed. The mixture 
was stirred in a dark room for 24 h to allow the geraniol to 
be encapsulated within the nanogels. The resulting mixture 
was subjected to ultrafiltration using a centrifugal filter device 
(Amicon® Ultra-4 Centrifugal Filter Unit) with a molecular 
weight cut-off of 10 kDa, and centrifuged at 5000× g for 
10 min to remove any free geraniol and other small molecules. 
The purified nanogels were collected by washing the filter with 
ultrapure water.

Isolation and culture of chondrocytes

This study was approved by permission from the First Affili-
ated Hospital of Zhejiang University School of Medicine (No. 
2023.567). And the mice were supplied by Zhejiang Experi-
mental Animal Center.

Primary chondrocytes were obtained from 3-day-old 
C57BL/6 mice. The articular cartilage was digested with 
0.25% trypsin–EDTA for 0.5 h to remove other tissues. Then, 
0.2% (w/v) collagenase II was used for digestion at 37 °C for 
4 h. The chondrocytes were collected by centrifugation at 
1000 rpm for 5 min and cultured in DMEM supplemented with 
10% FBS, 1% penicillin/streptomycin, 1% l-glutamine, and 
50 μg/mL of ascorbic acid. The cells were incubated at 37 °C 
in a humidified atmosphere with 5% carbon dioxide. Chon-
drocytes at passage 3 were used for subsequent experiments.

Cell cytotoxicity analysis

The cytotoxicity of geraniol and nanogel was assessed using 
the MTT assay (Sigma-Aldrich, USA). Chondrocytes were 
seeded at a density of 5000 cells/well in a 96-well plate and 
treated with varying concentrations of geraniol and nanogel 
for 24 h. The MTT assay was performed by adding 20 μL 
of MTT solution (5 mg/mL) to each well, followed by incu-
bation at 37 °C for 4 h. The living cells produced purple 
triphenylmethylamine crystals which were dissolved using 
DMSO, and the absorbance was measured at 490 nm using 
a microplate reader (Thermo Scientific Multiskan FC).

Treatment of inflamed‑chondrocytes induced 
by IL‑1β

The chondrocytes were divided into three groups: (1) Con-
trol group, which received culture medium only; (2) IL-1β 

group, which was treated with 10 ng/mL IL-1β for 24 h to 
stimulate inflammation; (3) geraniol group, which was pre-
incubated with 1 μM geraniol for 6 h and then treated with 
10 ng/mL IL-1β for 24 h.

Western blot analysis of protein expression 
by mouse chondrocytes

The protein expression levels of Keap1, Nrf2, HO-1, p-p65, 
p65, MMP13, Col2a1, ADAMTS-5, and aggrecan were 
measured using Western blotting. Primary chondrocytes 
were seeded at a density of 5 ×  105 cells/well in 6-well plates 
and lysed using ice-cold RIPA buffer containing protease 
and phosphatase inhibitors. After sonication and centrifuga-
tion at 12,000 rpm for 15 min at 4 °C, the supernatant was 
collected and its protein concentration was measured using 
a BCA protein assay kit (Beyotime, China). SDS-PAGE gels 
with varying concentrations, depending on the protein of 
interest, were used to load equal amounts of protein, which 
were then transferred onto a polyvinylidene fluoride (PVDF) 
membrane using a transfer apparatus. The PVDF membrane 
was washed with TBS-T buffer and blocked with 5% BSA 
at 37 °C for 1 h. Primary antibodies against Keap1, Nrf2, 
HO-1, p-p65, p65, MMP13, Col2a1, ADAMTS-5, and 
aggrecan were diluted 1:1000 in 5% BSA and added to the 
PVDF membrane. The membrane was incubated overnight 
at 4 °C with the primary antibody, then washed three times 
with TBS-T buffer for 10 min each time. A secondary anti-
body was added to the membrane, diluted in TBS-T buffer, 
and incubated for 1 h at room temperature. The membrane 
was washed three times with TBS-T buffer for 10 min each 
time. Protein expression levels were detected using an expo-
sure meter after exposing the membrane to X-ray film and 
developing and fixing the film.

Immunofluorescence staining

The chondrocytes were fixed with 4% paraformaldehyde for 
15 min, permeabilized with 0.3% Triton X-100 for 10 min, 
blocked with 5% BSA for 1 h at room temperature, and then 
incubated with primary antibodies against p65 at 4 °C over-
night. After washing three times with PBS, the cells were 
incubated with the secondary antibody conjugated for 1 h 
at room temperature. Finally, the cells were counterstained 
with DAPI, and images were acquired using a fluorescence 
microscope.

OA‑inducing anterior cruciate ligament transection 
(ACLT) surgery

This study was approved by permission from the First 
Affiliated Hospital of Zhejiang University School of Medi-
cine (No. 2023.567). ACLT (anterior cruciate ligament 
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transection) was performed on both knees of 8-week-old 
male C57BL/6 mice as previously described (Sun et al. 
2022). Animals were returned to their respective cages 
immediately after surgery without joint fixation. Mice in 
the control group did not receive any treatment. Ten days 
after ACLT surgery, intra-articular injections of either 
20 μL of geraniol in PBS (1 mg/mL) or geraniol@nanogel 
(equivalent to 1 mg/mL of geraniol) were administered to 
the mice once per week for a total of 8 weeks. Mice were 
housed in standard cages under controlled conditions of 
temperature (22 ± 2 °C) and humidity (50 ± 10%) with a 
12 h light/dark cycle. Animals had free access to food and 
water during the experimental period. The mice were sac-
rificed by carbon dioxide inhalation at the end of the study, 
and the knee joints were harvested for further analysis. 
The sample size was 5 mice in each group.

OARSI scoring of murine cartilage

The methods were conducted as previously stated in Chen 
et al. 2016, which includes histopathological grading using 
a modified version of the Chambers scoring system. This 
system is the standard method for grading cartilage degen-
eration in mice established by the OARSI Histopathology 
Initiative. Paraffin sections from each sample were scored 

after safranin-O staining. Grading was performed in four 
areas: medial femoral condyle, medial tibial plateau, lat-
eral femoral condyle, and lateral tibial plateau. Three 
blinded observers graded each section, and the results 
were averaged to obtain the grades for each sample. The 
grades from each group of mice were then collated for 
analysis.

Immunohistochemical staining

Immunohistochemical staining was performed to detect 
the expression of Keap1, Nrf2, HO-1, MMP13, Col2a1, 
ADAMTS-5, and aggrecan in cartilage tissues. Briefly, par-
affin-embedded sections were deparaffinized in xylene and 
rehydrated in a graded series of ethanol. Antigen retrieval 
was performed by incubating the slides in citrate buffer (pH 
6.0) at 95 °C for 15 min. The sections were then treated 
with 3% hydrogen peroxide for 10 min to quench endog-
enous peroxidase activity. After blocking with 5% bovine 
serum albumin, the sections were incubated with primary 
antibodies against Keap1, Nrf2, HO-1, MMP13, Col2a1, 
ADAMTS-5, and aggrecan overnight at 4 °C. The primary 
antibodies were detected using a horseradish peroxidase-
conjugated secondary antibody and visualized using a DAB 

Fig. 1  Geraniol inhibits chondrocyte matrix degradation. a Molecu-
lar structure of geraniol. b Toxicity of geraniol on chondrocytes. c 
Western blot analysis of col2a1, aggrecan protein expression levels. 

d, e Quantification of specific signal intensities. GADPH was used as 
loading control. *p < 0.05, **p < 0.01, n = 3
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substrate kit. Finally, the sections were counterstained with 
hematoxylin, dehydrated, and mounted.

Statistical analysis

Statistical analyses were performed by SPSS statistics 22.0. 
All data were expressed as the mean ± standard deviation 
(SD), and all independent experiments were repeated at least 
three times. One-way analysis of variance (ANOVA) was 
used to assess group differences. Kolmogorov–Smirnov test 
was used to analyze the ANOVA model residuals to check 
the normality for all groups. p < 0.05 was considered statisti-
cally significant.

Results

Geraniol inhibits chondrocyte matrix degradation 
induced by IL‑1β

The molecular structure of geraniol is presented in Fig. 1a. 
The cytotoxicity of geraniol was first evaluated, and the 
results indicated that geraniol was non-toxic when the con-
centration was below 1.5 μM (Fig. 1b). Therefore, 1 μM 
was selected as the final experimental concentration. Sub-
sequently, the effect of geraniol on chondrocyte matrix 
degradation was examined. The results demonstrated that 
IL-1β significantly induced chondrocyte matrix degradation 
(p < 0.01), while geraniol significantly inhibited this process 
(p < 0.05) (Fig. 1c–e).

Fig. 2  The effect of geraniol on Keap1/Nrf2/HO-1 pathway and 
nuclear translocation of NF-κB p65. a Western blot analysis of 
Keap1, Nrf2 and HO-1 protein expression levels. b–d Quantification 
of specific signal intensities. GADPH was used as loading control. 
e Western blot analysis of p65 protein expression levels. f Quantifi-

cation of specific signal intensities. GADPH was used as loading 
control. g Fluorescent staining of NF-κB p65 translocation into the 
nucleus. Bar = 20  μm. h Quantitative analysis of the percentage of 
positive cells. *p < 0.05, **p < 0.01, n = 3
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The effect of geraniol on Keap1/Nrf2/HO‑1 pathway 
and nuclear translocation of NF‑κB p65

To explore the effect of geraniol on oxidative stress and 
inflammation in chondrocytes stimulated by IL-1β, we 
assessed the protein expressions of Keap1, Nrf2, HO-1, and 
p65 using Western blot and immunofluorescence. The pro-
tein expression of Keap1 was significantly lower in chon-
drocytes treated with geraniol compared to those treated 
with IL-1β alone (p < 0.05), while the protein expressions of 
Nrf2 and HO-1 were significantly higher in geraniol-treated 

chondrocytes compared to those in the IL-1β group 
(p < 0.05) (Fig.  2a–d). Moreover, geraniol significantly 
reduced the expression of p-p65 induced by IL-1β (p < 0.01) 
(Fig. 2e, f) and inhibited the nuclear translocation of NF-κB 
p65 (p < 0.05) (Fig. 2g, h). These results demonstrate that 
geraniol has anti-oxidative stress and anti-inflammatory 
effects in IL-1β-stimulated chondrocytes.

Characterization and detection of pH/
redox‑responsive nanogels

We prepared pH/redox-responsive nanogels and examined 
the characterization of the gels. We first detected the particle 
size, Zeta potential and transmittance of the nanogels at pH 
6.5 or 7.5 with different temperatures (Fig. 3a–c). The results 
showed that the particle size of the nanogels remained 
around 70 nm at around 37 °C. The particle size of the nano-
gels at pH 6.5 was smaller than that at pH 7.5, and the Zeta 
potential and transmittance were higher. Subsequently, we 
tested the toxic and side effects of the nanogels. To test the 

Fig. 3  Characterization and detection of pH/redox-responsive nano-
gels. The particle size (a), Zeta potential (b) and transmittance (c) of 
the nanogels at pH 6.5 or 7.5 with different temperatures. Toxicity of 
pH/redox-responsive nanogels on chondrocytes at 24 (d), 48 (e) and 
72 (f) h. g Electron microscopy was inducted to evaluate microscopic 
structure of nanogel and geraniol@nanogel. h The particle size distri-
bution diagrams of nanogel and geraniol@nanogel at different PH. i 
Sustained release profiles of geraniol@nanogel under different condi-
tions

◂

Fig. 4  Geraniol@nanogel inhibits OA formation. Safranin O (a) and HE (b) staining of OA samples. c Histological score of cartilages in differ-
ent groups. *p < 0.05, **p < 0.01, n = 3
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toxicity of nanogels, chondrocytes were treated with differ-
ent concentrations of geraniol@nanogel (0, 2, 4, 6, 8, 16, 32, 
64 and 128 μM) for 24 h. The chondrocytes were observed 
under a microscope, and cell viability was determined by 
the MTT assay. The nanogels were dissolved in PBS before 
use. The results showed that geraniol@nanogel had no 
obvious cytotoxicity to chondrocytes at concentrations up 
to 128 μM (Fig. 3d–f). We used nanogels to encapsulate 
geraniol, and observed the morphologies of blank nanogels 
and geraniol-loaded nanogels by electron microscopy. We 
found that the morphology of the nanogels before and after 
drug loading were regular spherical, uniform in size, and the 
particle size distribution was mainly concentrated around 
70 nm (Fig. 3g). The results indicated that the encapsula-
tion of geraniol had no significant effect on the morphology 
and particle size of the nanogel carrier. In addition, at pH 
6.5 and 7.5, the particle size distribution diagrams of blank 
nanogels and geraniol nanogels showed that the entrapment 
of geraniol had no significant effect on the particle size of 
the nanogel carriers, but low pH will decrease the particle 
size of the nanogels (Fig. 3h). Finally, we tested drug release 
in vitro using dialysis. Briefly, we prepared the geraniol@
nanogel and placed it in a dialysis bag with a molecular 
weight cutoff of 8,000–14,000 Da. The dialysis bag was 
immersed under pH6.5 and pH7.4 conditions, as well as 
under 0 μM, 100 μM, and 500 μM  H2O2 concentrations. 
The release medium was collected at different time points, 
and the concentration of geraniol was measured by HPLC. 
We then plotted the cumulative release of geraniol over time 
to evaluate the release profile. We found that geraniol can be 
released effectively and controllably from nano-drug deliv-
ery systems under pH/oxidative stress stimulation (Fig. 3i).

Geraniol@nanogel inhibits OA formation

In this study, we investigated the therapeutic effect of 
geraniol@nanogel on osteoarthritis (OA) formation in 
male C57BL/6 mice following ACLT surgery. The mice 
were divided into four groups: control, nanogel, geraniol, 
and geraniol@nanogel. Mice in the geraniol and geraniol@
nanogel groups were treated with intra-articular injections 
of either 20 μL of geraniol in PBS (1 mg/mL) or geran-
iol@nanogel (equivalent to 1 mg/mL of geraniol) once per 
week for eight weeks. The nanogel group received the same 
volume of nanogel, while the control group received no 

treatment. At the end of the experiment, we sacrificed the 
mice and collected their knee joints for histological evalu-
ation, which was performed using the modified OARSI 
scoring system, as described in “OARSI scoring of murine 
cartilage” section. Our results demonstrated that the geran-
iol@nanogel group had significantly improved histological 
scores compared to the control, nanogel, and geraniol groups 
(Fig. 4c, p < 0.05). This indicated that geraniol@nanogel had 
a significant repairing effect on degenerated cartilage. Addi-
tionally, we observed that the geraniol@nanogel group had 
slight superficial fibrillation around the cartilage surface and 
little decrease in the proteoglycan in the cartilage matrix, 
suggesting an enormous repair capacity of geraniol@nano-
gel for OA. Therefore, we conclude that geraniol@nanogel 
is a promising therapeutic agent for the treatment of OA-
induced cartilage damage in mice.

Geraniol@nanogel inhibits cartilage matrix 
degradation

We investigated the impact of geraniol@nanogel on 
cartilage matrix. To quantify the immunohistochemical 
images, we utilized ImageJ software for analysis. The 
immunohistochemical results indicated that the expres-
sions of MMP13 and ADAMTS-5 in the geraniol@
nanogel group were significantly reduced, while the 
expressions of Col2a1 and aggrecan were significantly 
increased, compared to the control, nanogel, and geran-
iol groups (p < 0.05) (Fig. 5). These findings demonstrate 
that geraniol@nanogel effectively inhibits cartilage matrix 
degradation.

Geraniol@nanogel inhibits oxidative stress

Furthermore, we evaluated the effect of geraniol@nanogel 
on oxidative stress. The results of immunohistochemistry 
showed that the expression of Keap1 in the geraniol@nano-
gel group was significantly reduced, while the expressions 
of Nrf2 and HO-1 were significantly increased, compared to 
the control, nanogel, and geraniol groups (p < 0.05) (Fig. 6). 
These results demonstrate that geraniol@nanogel effectively 
inhibits oxidative stress.

Statistical analysis results

The results of Kolmogorov–Smirnov test and One-way 
ANOVA analysis were summarized in Table 1. All the data 
we have acquired conforms to a normal distribution. All the 
data, apart from the Toxicity of nanogels on chondrocytes 
at 24 h data, showed statistically significant results in the 
One-way ANOVA analysis (p < 0.05).

Fig. 5  Geraniol@nanogel inhibits cartilage matrix degradation. a 
Expression of MMP13, Col2a1, ADAMTS-5 and aggrecan in differ-
ent groups. Percentages of cells immune-positive for MMP13 (b), 
Col2a1 (c), ADAMTS-5 (d) and aggrecan (e). *p < 0.05, **p < 0.01, 
n = 3

◂
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Fig. 6  Geraniol@nanogel inhibits oxidative stress. a Expression of Keap-1, Nrf2, and HO-1 in different groups. Percentages of cells immune-
positive for Keap-1 (b), Nrf2 (c), and HO-1 (d). *p < 0.05, **p < 0.01, n = 3
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Discussion

OA is a degenerative chronic disease of articular cartilage 
degenerative damage, reactive hyperplasia of articular mar-
gins, subchondral bone, synovial membrane, and other joint 
tissues caused by multiple factors, which has affected mil-
lions of people worldwide (Mandl 2019), yet the current 
diagnosis and treatment methods for OA are inadequate. 
Intra-articular injection is an effective modality for OA, as it 
allows direct delivery of the drug to the primary site of dis-
ease development (Jones et al. 2019). In recent years, various 
delivery systems have been reported and applied in intra-
articular injection applications, such as liposomes (Chang 
et al. 2021), microspheres (Han et al. 2021) and hydrogels 
(Tao et al. 2021). However, the efficacy of drug delivery is 
limited, which hinders the treatment of OA.

Due to their size, most carriers are too large to effectively 
penetrate chondrocytes, hindering drug delivery. However, 
it has been demonstrated that nanoparticles (< 96 nm) can 
enter the dense extracellular matrix of articular cartilage 
(Bedingfield et al. 2021). Furthermore, rapid drug clearance 
from the synovial joint presents another obstacle to effec-
tive treatment. Most intra-articular drugs in OA patients are 
rapidly cleared within two hours of injection due to the lack 

of specific binding to the joint (Wang et al. 2022). Targeting 
specific areas of the joint can increase the residence time 
of the drug in the joint cavity. In addition, OA commonly 
exhibits an acidic pH microenvironment, which is negatively 
correlated with the severity of the disease, and is character-
ized by inflammation (Li et al. 2022a, b). To address these 
challenges, we developed a pH/redox-responsive nanogel as 
a carrier for geraniol, providing an effective delivery sys-
tem for OA treatment. We hypothesized that the nanogel 
could penetrate the cartilage ECM and specifically bind to 
the joint in the acidic OA microenvironment, thus increas-
ing the residence time of geraniol in the joint cavity and 
improving its efficacy. While direct binding of the nanogel 
to the joint was not demonstrated, our hypothesis is sup-
ported by the properties of the nanogel and the observed 
improvement in efficacy. Our study revealed that geraniol 
release from geraniol@nanogel increased with decreasing 
pH (pH 6.5 vs. pH 7.5), indicating that geraniol is continu-
ously released on demand according to the severity of joint 
inflammation, as dictated by the pH-triggered release prop-
erties of the nanogels.

In addition to our findings, several studies have reported 
the therapeutic benefits of terpenoids in treating OA. For 
instance, artemisinin, a widely known antimalarial drug, 
possesses anti-inflammatory and analgesic effects in ani-
mal models of OA (Li et  al. 2022a, b). Similarly, cur-
cumin, a natural compound derived from turmeric, exhibits 
anti-inflammatory and antioxidant properties, making it a 
promising therapeutic agent for OA (Jin et al. 2022). Fur-
thermore, nanogel-based drug delivery systems have been 
explored for the treatment of various diseases. For exam-
ple, a recent study investigated the potential of nano-sized 
fluidizing liposomes loaded with paclitaxel, which allows 
enhanced drug permeation while maintaining localization 
of the drug depot, and enhances the efficacy of chemora-
diotherapy (GuhaSarkar et al. 2016). Our study adds to this 
growing body of research by demonstrating the potential of 
pH/redox-responsive nanogel as an effective carrier for the 
delivery of geraniol to treat OA.

Moving forward, further research is needed to compare 
the efficacy of different drug delivery systems, including 
nanogel-based systems, for the treatment of OA. Addition-
ally, future studies should explore the potential of combining 
different therapeutic agents or delivery systems to enhance 
treatment efficacy. In the long term, pH/redox-responsive 
nanogel-based drug delivery systems have the potential 
to revolutionize the treatment of OA, providing a safe and 
effective way to deliver therapeutic agents directly to the site 
of disease development. However, further evaluation of the 
long-term safety and efficacy of these systems is necessary 
before their widespread clinical use.

There are still some limitations in our study that need to 
be addressed in future research. For example, although our 

Table 1  Statistical analysis results

Kolmogorov–Smirnov 
test

One-way ANOVA

D-value P-value F-value P-value

Quantification of signal
 col2a1 0.179 0.889 24.629 1e−03
 aggrecan 0.128 0.994 119.155 1.48e−05
 Keap1 0.111 0.999 28.008 9.06e−04
 Nrf2 0.127 0.994 152.118 7.23e−06
 HO-1 0.149 0.971 42.725 2.82e−04
 p-p65 0.155 0.960 112.385 1.76e−05

Percentage of 
positive cells

0.278 0.491 53.031 1.53e−04

Toxicity at different time
 24h 0.170 0.445 0.006 0.938
 48h 0.114 0.114 7.008 0.015
 72h 0.114 0.914 17.143 4.28e−04

OARSI score 0.293 0.254 47.333 1.95e−05
Percentages of cells immune-positive
 MMP13 0.193 0.693 23.72 2.46e−04
 Col2a1 0.121 0.986 1.622 7.16e−06
 ADAMTS-5 0.166 0.845 22.956 2.76e−04
 aggrecan 0.147 0.926 44.518 2.45e−05
 Keap-1 0.138 0.952 50.834 1.49e−05
 Nrf2 0.145 0.931 42.513 2.92e−05
 HO-1 0.153 0.903 30.548 9.89e−05
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results showed the potential of geraniol@nanogel in treat-
ing OA, more studies are needed to compare its efficacy 
with other established treatments, such as non-steroidal anti-
inflammatory drugs or hyaluronic acid injections. Moreover, 
although our study demonstrated the effectiveness of geran-
iol@nanogel in reducing oxidative stress and inflammation 
in OA, the long-term safety of the nanogel system requires 
further evaluation.

Conclusion

In summary, our study has demonstrated that geraniol 
can effectively inhibit the development of OA by mod-
ulating oxidative stress and inflammation, and the pH/
redox-responsive nanogel can serve as an effective carrier 
to enhance the anti-OA effect of geraniol. These findings 
suggest that the use of geraniol@nanogel as a therapeutic 
agent could provide a useful strategy for the treatment of 
OA in clinical applications.
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