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A B S T R A C T   

Cartilage destruction caused by inflammation is a clinical challenge. Many studies have investigated cartilage 
destruction in adults, but little research was conducted on children. In this study, the protective effect of gold 
nanoparticles (AuNPs) on the cartilage of children was realized by counteracting chondrocyte apoptosis and 
extracellular matrix (ECM) degradation in a young mouse model of lipopolysaccharide (LPS)-induced growth 
plate (GP) cartilage damage. Initially, engineered AuNPs can be efficiently absorbed by chondrocytes, approx-
imately 20 times the amount absorbed by macrophages, resulting in a 29% ± 0.05% increase in chondrocyte 
viability. Then, AuNPs exposure significantly reduced the release of inflammatory cytokines and secretion of 
ECM degradation factors induced by LPS. Subsequently, AuNPs were applied to resist LPS-induced cartilage 
destruction in young mice. AuNPs inhibited the formation of gaps, without chondrocytes and extracellular 
matrix, between the proliferative and hypertrophy zones of the GP cartilage, and the gaps were noticeable in the 
LPS group. This finding can be attributed to the capability of AuNPs to reduce the LPS-induced apoptosis rate of 
mouse chondrocytes by 72.38% and the LPS-induced ECM degradation rate by 70.89%. Further analysis 
demonstrated that remission is partly due to AuNPs’ role in maintaining the balance of catabolic and anabolic 
factors in the ECM. Altogether, these findings indicate that AuNPs can partially protect the cartilage of children 
from inflammatory damage by suppressing chondrocyte apoptosis and ECM degradation.   

1. Introduction 

Cartilage is a specialized dense connective tissue that is only 
composed of chondrocytes and cartilage matrix, it does not contain 
blood vessels, nerves, and lymphatic connective tissue, and it has a poor 
self-repair ability [1–3]. Cartilage does not regenerate spontaneously 
when it gradually diminishes as a result of aging or when it is damaged 
by exercise or disease [4] because of the minimal cartilage collagen 

turnover [5,6]. In recent decades, the treatments of cartilage regenera-
tion, such as implantation of stem cells [7] or autologous chondrocytes 
[8] via scaffolds [9], cell vesicle injections [10], or electrical stimulation 
[11], have significantly advanced [12]. Encouragingly, researchers have 
identified stem cells [13,14] or proteins [15] in cartilage tissues that 
have demonstrated potential for cartilage regeneration. However, 
cartilage lesions are often asymptomatic [16,17]; thus, the prevention of 
cartilage injury based on age, obesity, occupational injury, or trauma 

Abbreviations: AuNPs, Gold Nanoparticles; ECM, Extracellular Matrix; LPS, Lipopolysaccharide; GP, Growth Plate; RZ, Resting Zone; PZ, Proliferative Zone; HZ, 
Hypertrophic Zone; MMPs, Matrix Metalloproteinases; MUA, 11-mercaptoundecanoic acid; CCK-8, Cell Counting Kit-8; PI, propidium iodide; TUNEL, TdT-mediated 
dUTP nick-end labeling; IL-1β, Interleukin 1β; TNF-α, Tumor Necrosis Factor-α; ELISA, Enzyme-linked Immunosorbent Assay; CCL-2, Chemokines-2; EO, Endo-
chondral Ossification; CF, Cystic Fibrosis. 

* Corresponding author. School of Biomedical Engineering, Capital Medical University, Beijing, 100069, China. 
** Corresponding author. 
*** Corresponding author. School of Mechanical Engineering & Automation, Beihang University, Beijing, 100191, China. 

E-mail addresses: xuebai@ccmu.edu.cn (X. Bai), ygu@ccmu.edu.cn (Y. Gu), chen_bo1991@163.com (B. Chen), linfeng@buaa.edu.cn (L. Feng).   
1 These authors contributed equally. 

Contents lists available at ScienceDirect 

Materials Today Bio 

journal homepage: www.journals.elsevier.com/materials-today-bio 

https://doi.org/10.1016/j.mtbio.2023.100795 
Received 7 June 2023; Received in revised form 9 August 2023; Accepted 11 September 2023   

mailto:xuebai@ccmu.edu.cn
mailto:ygu@ccmu.edu.cn
mailto:chen_bo1991@163.com
mailto:linfeng@buaa.edu.cn
www.sciencedirect.com/science/journal/25900064
https://www.journals.elsevier.com/materials-today-bio
https://doi.org/10.1016/j.mtbio.2023.100795
https://doi.org/10.1016/j.mtbio.2023.100795
https://doi.org/10.1016/j.mtbio.2023.100795
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtbio.2023.100795&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Materials Today Bio 23 (2023) 100795

2

has become a clinical goal [18,19]. 
A major pathological feature of these cartilage defects is the 

inflammation-induced degradation of the cartilage matrix [20] or 
chondrocyte apoptosis [21], a process that can occur at all life stages. In 
adults, inflammation-induced cartilage defects have been reported in 
osteoarthritis [22], exfoliative osteochondroitis [23], osteonecrosis, and 
osteochondral fractures [24], and results of numerous studies have 
helped advance the prevention, diagnosis, and treatment. During 
growth and development, children may experience local or systemic 
inflammation caused by various disorders such as Crohn’s disease [25], 
rheumatoid arthritis [26], colitis [27], inflammatory bowel disease 
[28], and other chronic inflammatory diseases [29]. Inevitably, such 
inflammations damage the cartilage, including the growth plate (GP) 
cartilage which is characteristic of childhood [30]. GP damage can lead 
to severe complications, such as fractures, deformities, impaired longi-
tudinal growth, or permanent stunting [31–33]. Thus, establishing 
therapeutic strategies to prevent inflammatory damage to the GP in 
children is a necessary measure to ensure the healthy growth of children. 

GP is a differentiated, rapidly growing cartilaginous structure that 
exists only in childhood and can be converted into bones [34]. GP 
chondrocytes are arranged in columnar order and can be divided into 
the resting zone (RZ), proliferative zone (PZ), and hypertrophic zone 
(HZ) from the epiphysis to the diaphysis according to cell morphology 
and physiological function [35]. PZ chondrocytes are different from RZ 
chondrocytes. They can divide and proliferate continuously and secrete 
extracellular matrix (ECM) mainly composed of type II collagen and 
proteoglycans [36]. Subsequently, PZ chondrocytes are gradually 
differentiated into hypertrophic chondrocytes and formed the HZ. HZ 
chondrocytes induce the secretion of matrix metalloproteinases (MMPs) 
and promote the degradation of the cartilage matrix, including collagens 
and proteoglycans [37]. Finally, HZ chondrocytes slowly undergo 
apoptosis, degradation, and mineralization in the cartilage matrix, fol-
lowed by the invasion of blood vessels and osteoclasts, and finally, 
matrix ossification around the cells, leading to bone formation [30]. A 
correct and strict sequence of chondrocyte function is essential to ensure 
normal osteogenic growth. 

In our previous study using a lipopolysaccharide (LPS)-induced bone 
erosion model of 5-week-sized BALB/c mice, not only did the model 
mice develop an osteoporotic phenotype [38], but also a GP cartilage 
vacancy (absence of chondrocytes and ECM) resulted in separation at 
the PZ and HZ junction. This phenomenon was not observed in the 
control group or the gold nanoparticle (AuNP)-treated group. In this 
study, we demonstrated that AuNPs can protect the GP of the cartilage of 
young mice from inflammation by blocking inflammation-induced 
chondrocyte apoptosis and ECM degradation. 

2. Materials and methods 

2.1. Synthesis of AuNPs 

AuNPs were fabricated from chloroauric acid (HAuCl4) reduced by 
sodium citrate as previously described [38,39]. In detail, 1% HAuCl4 
was diluted 100 times with deionized water (ddH2O) and heated to a 
boil at pH 3.42–3.46. Then, 5% sodium citrate was added. The volume 
ratio to the HAuCl4 solution was 1:2. The solution was heated until it 
turned wine red and there was no color change anymore. The solution 
was cooled at room temperature and centrifuged at 7000 g for 20 min, 
the supernatant was discarded, and the sediment was dissolved in 
ddH2O. Next, 0.5 mg of the citrate–AuNP solution was diluted in 20 mL 
of reaction solution (0.05% Tween 20 and 0.25 mM Na–citrate solution), 
and pH was adjusted to 10–11 before argon aeration for 5 min to clear 
the air. Thereafter, 250 μL of 4 mM 11-mercaptoundecanoic acid (MUA) 
was added and stirred for 16–18 h in a sealed tube. The sediment was 
dissolved in ddH2O after being centrifuged at 10,000 g for 20 min. 

2.2. Characterization of AuNPs 

Ultraviolet and visible spectrophotometer (UV–Vis, PERSEE, China) 
was used to determine the surface plasma resonance absorption spec-
trum of AuNPs. High-resolution transmission electron microscopy (TEM, 
JEOL2000, JEOL Ltd., Japan) was performed to determine the 
morphology and structure of AuNPs based on the image of electron 
diffraction. Dynamic laser scattering (Nicomp TM 380/ZLS, USA) was 
used to measure the hydrodynamic diameter and zeta potential in the 
water. The surface composition of AuNPs was determined by X-ray 
photoelectron spectroscopy (Thermo Fisher Scientific, Waltham, MA, 
USA). 

2.3. Cell culture 

Leukemia cells of mouse mononuclear macrophage (Raw 264.7) are 
purchased from the National Laboratory Cell Resource Sharing Platform. 
Primary chondrocytes were obtained from the tibial plateau cartilage of 
5-week-old female BALB/c mice. Both of them were cultured with 
Dulbecco’s minimum essential medium (which contains 4500 mg/L D- 
glucose) supplemented with 10% fetal bovine serum and 1% pen-
icillin–streptomycin solution (HyClone, Logan, UT, USA) in a humidified 
atmosphere of 5% CO2 at 37 ◦C. 

2.4. Cytotoxic test of AuNP 

Cytotoxicity of AuNPs was determined based on cell viability and 
apoptosis using Cell Counting Kit-8 (CCK-8), calcein–AM/propidium 
iodide (PI) staining kit, and annexin V–fluorescein isothiocyanate 
(FITC)/PI kit (Dojindo Laboratories, Japan). Raw 264.7 and primary 
chondrocytes were exposed to AuNPs at a concentration of 3 μg/mL for 
24 h. Then, the treated cells were co-cultured in the medium with 10% 
CCK-8 solution for 20 min, and the absorbance was measured at a 
wavelength of 450 nm using a microplate reader (Molecular Devices, 
LLC, CA, USA). Treated cells were co-cultured in a medium with 2 μM 
calcein–AM/PI solution for 20 min. Then, cells were washed three times 
with sterilized phosphate-buffered saline (PBS), and images were 
captured by laser confocal fluorescence microscopy (Nikon A1, Japan). 
Treated cells were stained with PI/annexin V–FITC for 15 min, and the 
apoptosis ratio was measured by flow cytometry (Bio-Rad Laboratories, 
Hercules, CA, USA). Treated cells were stained with toluidine blue 
(Solarbio Life Science & Technology Co., Ltd., Beijing, China). 

2.5. LPS-induced GP cartilage injured in mice 

BALB/c mice (5 weeks old, female, 15 ± 1.2 g) were bought from 
Beijing Huafukang Bioscience Co., Inc., and fed adaptively for 1 week. 
Then, the mice were divided into four groups randomly: no treatment 
(control group), treated with LPS alone (LPS group), treated with AuNP 
alone (AuNP group), and treated with both LPS and AuNPs (LPS + AuNP 
group). The four groups were intraperitoneally injected with normal 
saline (0.9% NaCl), AuNPs (40 mg/kg), LPS (5 mg/kg), and LPS +
AuNPs, respectively. Injections were given every 3 days for 15 days. On 
day 16, all mice were anesthetized with 2% pentobarbital (50 mg/kg). 
Heart blood was taken and allowed to sit at room temperature for 2 h. 
The serum was collected and stored at − 4 ◦C for further experiment. The 
femurs and major organs (i.e., heart, liver, spleen, lung, and kidney) 
were taken. All tissues were fixed with 4% paraformaldehyde and stored 
at room temperature for further experiments. 

2.6. Tissue staining experiment 

The fixed femoral samples were first decalcified for 2 weeks and then 
dehydrated with 50%, 70%, 80%, 95%, and 100% alcohol. The treated 
bone was coated with wax and cut into 10-μm slices for staining by ul-
tramicrotome (Leica, Germany). Some slices were stained by toluidine 
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blue using a commercial kit. Other slices were used to detect the 
expression of type II collagen by immumohistochemical staining. Then, 
hematoxylin and eosin (H&E) staining and toluidine blue staining were 
performed. TdT-mediated dUTP nick-end labeling (TUNEL) was used to 
test the apoptosis of the cells. Images were analyzed using an Olympus 
CX31 light microscope and a confocal laser scanning microscope (Nikon 
A1, JAPAN). 

2.7. Cytokine detection 

Interleukin 1β (IL-1β) and tumor necrosis factor-α (TNF-α) contents 
in the serum were determined by enzyme-linked immunosorbent assay 
(ELISA) according to the manufacturer’s instruction. In this experiment, 
10 μl of the serum was diluted five times with PBS, and the 20-μl diluted 
serum was added to the bottom of the enzyme-labeled plate hole. Then, 
standard enzyme reagents were added and incubated at 37 ◦C for 20 
min. Cells were washed with detergent five times. The chromogenic 
agent was added, and the subsequent reaction was set for 10 min at 
37 ◦C. The reaction was stopped by adding the stop solution (the blue 
color immediately turns to yellow at this time) and was set to zero with 
the blank hole. The absorbance at each hole was measured sequentially 
at a wavelength of 450 nm. The absorbance measurement should be 
conducted within 15 min after adding the stop solution. The cytokine 
content in the serum was calculated according to the standard curve. 

2.8. AuNPs internalized by chondrocytes and macrophages 

Raw264.7 and third-generation chondrocytes were seeded in a six- 
well plate. When 80%–90% of the cells are at the bottom of the plate, 
cells were scraped off with a scraper. The cells were divided into two 
parts. One part was fixed with 2.5% glutaraldehyde in phosphate buffer 
(pH 7.3) at 4 ◦C for 24 h. Then, cells were fixed with 1% OsO4 for 90 min 
and finally stained with 1% uranyl acetate at 4 ◦C for 1 h. After rinsing, 
the sample was dehydrated in ethanol solution (30%, 50%, 70%, 80%, 
90%, and 95% for dehydration series). The resulting cells were 
embedded in epoxy resin, which was polymerized at 60 ◦C for 2 days. A 
thin section with a thickness of 70–90 nm was sliced for TEM analysis 
using an ultramicrotome (Leica). The thin section was placed on a TEM 
grid and stained with 2% uranyl acetate and Reynolds lead citrate before 
taking the image. TEM images were taken using a transmission electron 
microscope (JEM-2200FS) with an accelerating voltage of 200 kV. The 
other part was counted with a flow cytometer. Cells were digested with 
hydrogen peroxide, followed by AuNP digestion with nitrohydrochloric 
acid. After acid removal, Au atomic content was determined by induc-
tively coupled plasma mass spectrometry (Thermo Fisher Scientific). 

2.9. Statistical analyses 

Data are represented as the mean ± SD. One-way analysis of variance 
was conducted to determine the significant differences among different 
groups. SPSS 19.0 was used to (ns, no significant difference; *p < 0.05; 
**p < 0.01; ***p < 0.001). 

3. Results 

3.1. Characterization of AuNPs 

Plain AuNPs are fabricated from HAuCl4 reduced by sodium citrate 
as previously described [38,39] (Fig. 1A). The UV–Vis absorption peak 
appeared at 520 nm, which is the typical surface plasma absorption peak 
of AuNPs. The half-peak width was not widened, indicating that the 
synthesized AuNPs could disperse stably in pure water [40] (Fig. 1B). 
Indeed, the scanning electron microscopy image indicated that plain 
AuNPs were monodispersed spherically with a true particle size of 15.8 
± 2.3 nm (Fig. 1C and D). The hydrodynamic diameter was 21.00 ±
2.42 nm (Fig. S1), and the zeta potential was − 32.05 ± 1.77 (Fig. 1E). 

However, the citrate was coated on the surface of plain AuNPs in the 
form of electrostatic adsorption, and the AuNPs were not colloidally 
stable when they encounter a positive charge (Fig. 1F). Hence, 11-MUA 
was used to replace the citrate on the surface of the AuNPs via the for-
mation of Au–S to increase the stability of AuNPs in the physiological 
environment [41]. The typical surface plasma absorption peaks, mon-
odispersion, and diameter of the modified AuNPs did not change 
significantly. The surface composition of AuNPs was characterized by 
X-ray photoelectron spectroscopy. The electron-binding energy spectra 
of Au showed that the bimodal binding energies of Au in plain AuNPs 
stabilized by electrostatic adsorption were Au 4F 7/2 (approximately 
83.8eV) and Au 4F 5/2 (approximately 87.6eV), respectively, which 
were smaller than those of Au in modified AuNPs, indicating that the Au 
atoms of plain AuNPs lost electrons and formed covalent bonds [42] 
(Fig. 1 G). Moreover, the electron-binding energy spectrum of S was 
observed. Two kinds of S-binding peaks are found on the surface of 
modified AuNP samples. According to the standard map, the two pair 
peaks were Au–S and C–S binding peaks, respectively (Fig. 1H), while 
there was no S peak on the surface of plain AuNP samples (Fig. S2). 
These data indicated that MUA had formed an Au–S bond with AuNPs. 
The basic characteristics of modified AuNPs, such as the morphology, 
diameter, and zeta potential, were not significantly different from plain 
AuNPs. However, modified AuNPs can exist stably in the physiological 
solution (Fig. 1E). Therefore, the modified AuNPs were used for further 
experiments. 

3.2. Cytocompatibility of AuNPs 

In previous studies, AuNPs at a concentration of 3 μg/mL executed 
specific biological functions without toxicity to tumor cells [39] and 
macrophages [38]. The cytocompatibility of AuNPs at a concentration of 
3 μg/mL was measured in chondrocytes as well as macrophages within 
the joints that are susceptible to AuNPs [43]. Primary chondrocytes 
were extracted from 5-week-old mice and incubated with AuNPs for 24 h 
in the second generation. The morphology of chondrocytes was 
observed under a light microscope with or without toluidine blue 
staining. Images show that some AuNPs are adsorbed on the surface of 
chondrocytes, but this did not change the morphology of the chon-
drocytes (Fig. 2A and B). As a therapeutic agent, AuNPs should be taken 
up chondrocytes. Therefore, bio-TEM was used to observe sections of 
macrophage and chondrocytes after AuNP exposure. TEM images reveal 
that AuNPs are mainly distributed in intracellular vesicles approaching 
the nucleus from the cell membrane, which indicates that AuNPs can 
enter chondrocytes through endocytosis, and some of them can escape 
from the vesicles and enter the cytoplasm (Fig. 2C). Interestingly, 
significantly more AuNPs entered chondrocytes than macrophages. 
Indeed, after 24 h of exposure to AuNPs, 15.74 ± 1.00 pg/cell of AuNPs 
entered chondrocytes, but only 0.85 ± 0.05 pg/cell of AuNPs go into the 
macrophages as measured by inductively coupled plasma mass spec-
trometry (Fig. 2D). Then, the cytotoxicity of AuNPs at 3 μg/mL was 
evaluated in terms of cell survival rate, apoptosis rate, and cell viability. 

First, chondrocyte death was determined by calcein–AM/PI double 
staining kit. Compared with the control group, the number of red fluo-
rescent spots representing dead cells did not increase in the AuNP- 
treated chondrocyte or macrophage samples, indicating that 3 μg/mL 
AuNPs is a non-lethal dose to chondrocytes (Fig. 2E). Second, the 
viability of chondrocytes was measured by CCK-8 kit. The results 
showed that the metabolic activity (cell viability index) of chondrocytes 
in the AuNP group was significantly higher than that in the control 
group, indicating that AuNPs enhance the activity of chondrocytes 
(Fig. 2F). Third, the apoptosis rate was measured with annexin V–FITC/ 
PI kit. Flow cytometry data showed that AuNP exposure for 24 h did not 
induce significant cell apoptosis compared with the control group 
(Fig. 2G). The possible reason is that cartilage tissues consist only of 
chondrocytes and their secreted ECM, given the important effect of the 
secretion function of chondrocytes in cartilage tissues. Hence, excluding 
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Fig. 1. Synthesis and characterization of gold nanoparticles (AuNPs). A. Modification of plain AuNPs with MUA. B. Ultraviolet–visible absorption spectra of 
plain AuNPs and AuNPs. C. Representative scanning electron microscopy image of plain AuNPs and AuNPs. D. Particle size of plain AuNPs and AuNPs measured by 
electron microscopy. E. Zeta potential and hydrodynamic diameter of plain AuNPs and AuNPs determined by dynamic light scattering. F. Modification of AuNPs 
prevents them from aggregating in both saline (0.9% NaCl) and water (H2O) solutions. G. Electron-binding energy spectra of Au in plain AuNPs and AuNPs. H. 
Electron-binding energy spectra of S in AuNPs. 
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Fig. 2. Cytocompatibility determination of gold nanoparticles (AuNPs). A. Morphology of chondrocytes with or without AuNP exposure. B. Toluidine blue 
staining of chondrocytes. C. Representative transmission electron microscopy image of the AuNPs (scale bar = 500 nm) taken by macrophages and chondrocytes. D. 
AuNPs taken up macrophages and chondrocytes as measured by inductively coupled plasma mass spectrometry. E. Live/dead cell double staining after AuNP 
treatment; dead and living cells stained red and green, respectively. F. Cell viability after the treatment of AuNPs at a concentration of 3 μg/ml for 24 h as measured 
by Cell Counting Kit-8. G. Flow cytometry was used to determine the apoptosis ratio of macrophages and chondrocytes. H. The expression level of proteoglycans in 
chondrocytes was measured by immunofluorescence; red fluorescence indicates proteoglycan stained by IgG (H + L) at Dylight 594, green fluorescence represents 
actin stained by phalloidin at FITC, and blue fluorescence represents the nuclei stained by 4′,6-diamidino-2-phenylindole. 
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the basic cytotoxicity indicators, the alteration of the secretion functions 
of chondrocytes caused by AuNPs as therapeutic agents also needs to be 
avoided. Finally, the effect of AuNPs on chondrocyte function was 
determined by detecting the expression of proteoglycan, which is an 
ECM synthesis biomarker [44]. The results indicated that AuNP treat-
ment did not influence the expression level of proteoglycans (Fig. 2H, 
Fig. S2). Therefore, 3 μg/mL was selected as a possible effective con-
centration for follow-up experiments. 

3.3. AuNPs protect chondrocyte from inflammatory toxicity in vitro 

The experiment of AuNPs protecting chondrocytes from inflamma-
tion was verified by a model of chondrocyte inflammation induced by 
LPS. No significant change in the mortality rate and morphology was 
found among the three groups of chondrocytes (Fig. 3A and B). Inter-
estingly, the viability of chondrocytes was increased significantly in the 
LPS and LPS + AuNP groups compared with the control group (Fig. 3C). 
Conversely, LPS significantly increased the apoptosis rate of chon-
drocytes. AuNPs can significantly alleviate this inflammation-induced 
damage (Fig. 3D). The expression of proteoglycan in response to LPS 
treatment was strongly attenuated. However, when added with AuNPs, 
LPS did not exhibit its ability to reduce the expression of chondrocyte 
proteoglycan. Compared with the patchy distribution in the control 
group, proteoglycans in the LPS group showed a spotty and dispersed 
distribution. The LPS + AuNP-treated cells mitigated the effect caused 
by LPS (Fig. 3E). These data suggest that AuNPs can protect chon-
drocytes from inflammatory damage in vitro. Further studies have shown 
that AuNPs could significantly inhibit the inflammatory response of 
chondrocytes induced by LPS. Specifically, the LPS group of chon-
drocytes could release significantly more pro-inflammatory cytokines 
than the control group, while AuNPs could significantly inhibit the 
release of LPS-induced pro-inflammatory cytokines (Fig. 3F and G). In 
addition, AuNPs could significantly inhibit the most important ECM 
molecule (MMP-9) induced by LPS (Fig. 3H). Interestingly, LPS also 
induced the increased secretion of cartilage matrix synthesis factor 
(collagen II) (Fig. 3I). This may be due to the feedback regulation be-
tween cartilage matrix synthesis and degradation. However, owing to 
the quantitative and qualitative deficiencies, this response does not 
repair the cartilage tissue [45]. 

3.4. Biocompatibility of AuNPs in vivo 

Since AuNPs protected the cartilage from inflammatory toxicity in 
vitro, AuNPs were expected to be used to treat inflammation-induced 
cartilage damage in vivo. Before in vivo experiments, the biological 
toxicity of AuNPs should be verified first. As the most direct indicator of 
biotoxicity, body weight changes in the mice were recorded throughout 
the treatment cycle. The results showed no significant difference in the 
body weight between the control and AuNP groups (Fig. 4A). Another 
more sensitive toxicological indicator is organ coefficients, which were 
also measured by the ratio of the organ weight to body weight. The 
results showed that AuNPs did not cause significant changes in the 
primary organ coefficient, including the liver, kidneys, spleen, and 
lungs, compared with the control group (Fig. 4B). NPs entering the 
biological body will cause a series of stress reactions, in which oxidative 
stress and inflammatory stress are especially serious [46]. The expres-
sions of the inflammatory response factor, including IL-12, TNF-α, and 
chemokines-2 (CCL-2), were also measured by quantitative real-time 
polymerase chain reaction (Q-RT-PCR). AuNP injection caused an in-
crease in the transcriptional level of IL-12 in the liver, kidneys, and lungs 
(Fig. 4C). AuNPs did not induce a severe inflammatory response. 
Meanwhile, oxidative stress factors, including superoxide dismutase, 
nicotinamide adenine dinucleotide phosphate oxidase, and heme 
oxygenase-1, in the primary organ were measured by Q-RT-PCR. The 
results indicated that AuNPs did not induce oxidative stress reaction 
(Fig. 4D). Furthermore, H&E staining of primary organs also suggested 

that AuNPs did not induce system damage (Fig. 4E). Levels of inflam-
matory factors in the serum were also determined by ELISA. The con-
tents of both IL-12 and TNF-α were not increased after the injection of 
AuNPs (Fig. 4F and G). In this study, AuNP treatment did not cause 
serious systemic toxicity in mice. 

3.5. AuNPs protected cartilage from inflammatory toxicity in vivo 

The protective effects of AuNPs on cartilage were determined in a 
mice model of LPS-induced cartilage inflammation. H&E staining of 
femoral tissue sections showed that the boundary of the GP cartilage was 
clear in the control group, and chondrocytes were arranged in a 
columnar structure. In the LPS group, however, different chondrocyte 
types (both PZ and HZ chondrocytes) are impaired. In the LPS + AuNP 
group, the morphology of the chondrocytes was similar to that of the 
control group. Importantly, in the LPS group, there is a clear separation 
of the proliferative zone (PZ) and hypertrophic zone (HZ), without 
chondrocytes, in the GP of the femur. However, no such damage was 
observed in mice in the LPS + AuNP group (Fig. 5A). LPS treatment 
resulted in a significant increase in GP thickness compared with the 
control group. However, this phenomenon was not observed in the 
AuNPs + LPS group (Fig. 5B). The thickness of the PZ was also increased 
after the LPS and AuNP treatment to prevent this abnormal thickening 
(Fig. 5C). No significant differences were found in the length of HZ 
(Fig. 5 D). As a result, the expansion of the GP induced by LPS was 
caused by a significant increase in the thickness of the PZ. Subsequently, 
AuNPs prevented the expansion of the GP under LPS treatment because 
of the maintenance of the normal thickness in the PZ. The reason for the 
PZ widening can be described from two aspects: LPS promoted the 
proliferation of chondrocytes, and LPS hindered the differentiation of PZ 
chondrocytes into HZ chondrocytes. 

3.6. AuNPs attenuates inflammation-induced chondrocyte apoptosis and 
cartilage degradation in vivo 

Considering the protective effect of AuNPs on chondrocytes, as 
shown in Fig. 3 that AuNPs attenuate LPS-induced chondrocyte 
apoptosis and weakened secretory function, the apoptosis rate of mice 
chondrocytes was determined by TUNEL. As shown in Fig. 6A, the green 
fluorescence representing apoptosis in the LPS group was higher than 
those in the control group and AuNP group. Fortunately, the chon-
drocyte apoptosis rate in the LPS + AuNP group was lower than that in 
the LPS group. Statistics show that the number of green fluorescence 
spots, measured by Image J with the same, in the LPS + AuNP group 
decreased compared with that in the LPS group and reached a significant 
level (Fig. 6B). In addition, the ECM of the GP was measured by toluidine 
blue staining. As shown in the image, some areas between the PZ and HZ 
in the GP did not stain blue (Fig. 6C). This indicated that LPS can induce 
chondrocyte apoptosis and block the invasion of new chondrocytes in 
the PZ, resulting in the absence of chondrocytes and ECM (Fig. 5A). 
Furthermore, the area and integrated density of staining were measured 
by Image J. Compared with the control group, and LPS decreased the 
area and integrated density significantly. AuNP treatment can signifi-
cantly alleviate this effect. The ratio of the cartilage ECM area to the 
total GP area was also measured by Image J. The statistical trend of the 
three treatment groups was the same as the area and integrated density 
trend (Fig. 6D). In addition, the percentage of the collagen area, density, 
and ratio of the collagen to the GP area in the AuNP + LPS group were 
higher than those in the LPS group (Fig. 6E). 

3.7. AuNPs maintain the balance of the catabolic and anabolic factors of 
the ECM in vivo 

Normally, the integrity and quantity of the ECM in the cartilage 
depend on the proper balance of catabolic and anabolic activities in the 
ECM [47]. Considering that AuNPs can maintain the integrity and 
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quantity of ECM under inflammation, the molecular turnover rate of 
ECM was determined by immunofluorescence assay. MMP-9 was 
regarded as a molecular marker of catabolism because chondrocytes 
increase their secretions and degrade the ECM in response to inflam-
matory stress [48]. As shown in Fig. 7A, the MMP-9 content in the GP of 
LPS-treated mice was significantly increased, which showed that the 
number, area, and brightness of MMP-9-positive cells were significantly 
higher than those in the control group. However, these enhanced effects 
induced by LPS were weakened after AuNP treatment. By contrast, the 
expression of type II collagen, a molecular indicator of cartilage anabolic 
activity [49], was significantly lower in the GP of LPS-treated mice than 
in control mice. The content of type II collagen in the GPs of the AuNP +
LPS group was significantly higher than that in the LPS group (Fig. 7B). 

4. Discussion 

In this study, inflammation caused GP chondrocyte apoptosis and 
ECM degradation were characterized by a gap between HZ and PZ, 
which was alleviated after engineered AuNPs treatment. The GP is the 
developmental center of endochondral ossification (EO). EO is the pro-
cess by which most mammalian bones, such as the long and short limbs, 
and some irregular limbs are formed [30]. The GP is always specifically 
targeted by proinflammatory cytokines to induce chondrocyte apoptosis 
and cartilage matrix degradation [29]. Inflammation-induced cartilage 
damage causes fractures when the cartilage is subjected to external force 
trauma, and growth retardation, deformity, and delayed puberty will 
occur even in the absence of external force trauma [28]. Because the 
cartilage is weaker than the bone, GP fractures are common, accounting 
for 15%–20% of all fractures in children [50]. In addition, up to 56% of 
children with Crohn’s disease, up to 20% of children with cystic fibrosis 
(CF), and up to 10% of children with ulcerative colitis show symptoms of 
growth retardation [51]. Delayed puberty has been reported in children 
with CF, characterized by a lower peak height velocity (PHV) and a 
growth spurt in late adolescence [52]. The calcification of the GP is 
insufficient to be seen on an X-ray, as compared to a bone fracture, until 
signs of healing and new bone formation occur 3–4 weeks after injury. 
This newly formed bone is called a callus, which leads to the fracture site 
cannot move the bone back into place. 

Although joint replacement is a good treatment for cartilage damage 
in adults, this excellent strategy is not suitable for GP treatment in 
children because they are still in the growth stage. Thus, these causes 
make it more important to protect the cartilage from chronic inflam-
mation caused by various diseases, such as juvenile idiopathic arthritis, 
CF, ulcerative, Crohn’s disease, and inflammatory bowel disease. In this 
study, LPS, an inflammatory inducer, adversely affects several aspects of 
chondrogenesis, including chondrocyte apoptosis and cartilage matrix 
degradation in the GP, and these effects can be ameliorated by AuNP 
treatment. Through surface self-assembly, AuNPs were carboxylated by 
MUA so that they could be stably dispersed in normal saline (Fig. 1). The 
AuNPs can be internalized by chondrocytes without any damage to their 
morphology, function, or vitality (Fig. 2). In addition to chondrocytes, 
uptake of AuNPs by macrophages was measured because Au has been 
reported to accumulate in synovial macrophages surrounding the 
cartilage tissue in response to inflammatory stress [43]. Interestingly, 
the intake of AuNPs by chondrocytes was significantly higher than that 
by macrophages under the same co-incubation condition (Fig. 2C and 
D). Thus, chondrocytes may be assumed to be the target of these 
carboxylated AuNPs, which will give the AuNPs a certain targeting 

ability. Au colloids or salts can play anti-inflammatory roles by down-
regulating the expression of proinflammatory factors, which makes 
them clinically useful in the treatment of arthritis [53,54]. However, the 
high toxicity and adverse side effects are reasons for the rarity of using 
Au therapy, also known as cryotherapy, since the 1990s [55]. Fortu-
nately, AuNP-based medicine emerged, which is less toxic and more 
efficient. Indeed, AuNPs have shown excellent efficacy in arthritis 
treatment by inhibiting inflammatory response, both as a carrier and as 
a therapeutic agent, as demonstrated by various studies [56–59]. 
However, the report about the protective effect of AuNPs on cartilage, 
especially GP cartilage, as a response to inflammation in children is 
limited. 

LPS is an ideal model to investigate the pathogenesis of 
inflammation-induced defects because it is a single pathogenic factor 
and it excludes other influencing factors [60]. As expected, LPS treat-
ment enhanced the viability of chondrocytes to secrete more 
pro-inflammatory cytokines (Fig. 3F and G) to inhibit the proliferation 
(Fig. 3A) and increase the apoptosis rate of chondrocytes (Fig. 3D). 
These common symptoms of cartilage damage caused by either 
disease-induced inflammation [29] or inflammation alone [61]. Another 
main pathology of inflammation-induced cartilage damage is the 
imbalance between anabolic and catabolic molecules (Fig. 3H and I), 
which results in the inhibition of ECM synthesis, as shown in Fig. 3E. 
This may be due to the enhanced viability of chondrocytes, indicating 
chondrocyte activation, through LPS treatment (Fig. 3C) [20]. Encour-
agingly, none of these pathologic symptoms were observed in the AuNP 
+ LPS group (Fig. 3). All these results indicated that AuNPs can protect 
the chondrocytes against inflammatory stress in vitro. Encouraged by 
this effect, AuNPs can be used in animals to protect against 
inflammation-induced GP cartilage damage. Before in vivo validation, 
the physiological toxicity of AuNPs in mice was tested (Fig. 4). When a 
mouse was exposed to NPs, oxidative and inflammatory stress responses 
occurred with an increase in inflammatory cytokines in the serum. This 
will lead to the enlargement of mice organs, destruction of organ 
structure, and final morphological manifestations of weight loss. Intra-
peritoneal injection of AuNPs caused a slight increase in IL-12 expres-
sion in the liver, kidney, and lung of mice, but no significant effect was 
noted on the expression of other inflammatory factors or oxidative stress 
factors in major organs (Fig. 4C and D). Moreover, it even showed an 
inhibitory effect on the oxidative stress factor HO (Fig. 4D). The slight 
increase in IL-12 expression in the organs did not cause an increase in 
the levels of related inflammatory factors in the blood (Fig. 4F and G), 
and it did not cause damage to the physiological structure of the organs 
nor did the body weight shows a significant difference (Fig. 4E, B, A). 

The orderly arrangement of the GP cartilage cells, forming a 
columnar structure, can guide bone growth in certain directions to 
ensure the longitudinal growth of bone-fixed direction [1,30]. Inflam-
mation can impair the arrangement of cartilage cells and will eventually 
lead to synchronous growth abnormalities growth and (or) GP chon-
drocytes can cause bone deformities [34]. In our previous study of the 
LPS-induced bone erosion model, H&E staining not only revealed the 
altered GP cartilage but also the extended GP thickness, as well as 
multiple significant fractures at the PZ and HZ junction (Fig. 5). In 
addition, if LPS promotes chondrocyte proliferation, PZ widening is 
possible. PZ widening was not caused by the increased chondrocyte 
proliferation following LPS exposure (Fig. 3). Therefore, it is reasonable 
to speculate that LPS is induced by inhibiting the differentiation of PZ 
chondrocytes into HZ chondrocytes to induce further thickening of the 

Fig. 3. Chondroprotective effects of AuNPs in LPS-induced inflammatory model. A. Live/dead cell double staining; red fluorescence indicated dead cells, and 
green fluorescence indicated living cells. B. Toluidine blue staining of chondrocytes. C. Cell viability was determined by the Cell Cycle-8 kit. D. Apoptosis ratio of 
chondrocyte as measured by flow cytometry, including early (Q3) and late (Q2) apoptosis. E. Expression of proteoglycan as measured by immunofluorescence 
staining: red is proteoglycan, green is actin, and blue is the nuclei. The line profile is the fluorescence distribution of the selected cells in the merged image marked by 
short white lines, red lines for glycan proteins, and green lines for actin. F and G. Proinflammatory cytokines interleukin 1β (IL-1β) and tumor necrosis factor-α (TNF- 
α) secreted by chondrocytes were determined by ELISA kit; H and I. Matrix metalloproteinase-9 (MMP) and collagen II secreted by chondrocytes were determined by 
ELISA kit. 
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Fig. 4. Biosafety validation of gold nanoparticles in vivo. A. Body weight of mice. B. Organ coefficient of mice. C. Expression of inflammatory response factors in the 
liver, spleen, lungs, and kidney at the transcriptional level. D. Expression of oxidative stress factors in the liver, spleen, lung, and kidneys at the transcriptional level. 
E. Representative hematoxylin and eosin staining of the liver, spleen, lung, and kidneys. F. Concentration of IL-12 in the serum. G. Concentration of tumor necrosis 
factor-α in the serum. 
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PZ, which has also been demonstrated in a previous study [62]. No 
chondrocytes were present in this fissure, and further toluidine blue 
staining confirmed the absence of ECM (Fig. 6). None of these patho-
logical features of cartilage damage were present in the AuNP group. PZ 
and GP extension can be attributed to inflammation interfering with the 
differentiation of PZ chondrocytes into HZ cells [46]. The gap between 
HZ and PZ is formed because of the inflammation-induced chondrocyte 
apoptosis between PZ and HZ, which is in the differentiation stage, and 
the cell metabolism is more active and sensitive to the LPS-induced in-
flammatory response, leading to the apoptosis of chondrocytes, which 
lead to the absence of ECM around the apoptotic chondrocytes. Further 
studies have exhibited that LPS-induced GP damage showed a signifi-
cant decrease in the collagen content in the GP in addition to HZ and PZ 
separation caused by chondrocyte apoptosis. The same reduction of 
collagen was not observed in the AuNP group (Fig. 6C and D). Presently, 
the mechanism behind inflammation-induced cartilage degeneration is 
widely believed to be due to the imbalance between anabolism and 
catabolism [63,64]. The imbalance between anabolic and catabolic 
factors has led to the downregulation of type II collagen, aggrecan, and 
upregulation of MMP-9, MMP-13, and thrombospondin type I motif, 
member 5 (ADAMTS-5) [65–67], which has been demonstrated in this 
study (Fig. 7). As it takes >100 years to rebuild the collagen network in 
cartilage tissues [6,47], it is reasonable to conclude that AuNPs maintain 
the integrity and quantity of the ECM under inflammation by main-
taining the anabolic and catabolic balance of cartilage tissues rather 
than promoting cartilage regeneration. This indicated that AuNPs can 

keep the normal development of the GP under inflammatory conditions 
by preventing inflammatory response instead of cartilage regeneration 
after the injured. 

5. Conclusions 

In this study, LPS treatment destroys the GP cartilage, and AuNPs 
prevented this injury by inhibiting chondrocyte apoptosis and keeping 
the balance of anabolic and catabolic factors in the ECM. Carboxylated 
AuNPs, which were stabilized by surface self-assembly, can be inter-
nalized by the chondrocytes and inhibit the LPS-induced inflammatory 
responses in chondrocytes, including decreased chondrocyte prolifera-
tion, increased chondrocyte apoptosis, and decreased protein secretion 
from the chondrocytes. This protective effect of AuNPs on chondrocytes 
can maintain the accurate arrangement of GP chondrocytes, chon-
drocyte activity, expression, and integrity of the ECM in the context of 
inflammation. Further investigation on the specific mechanism of 
AuNPs targeting chondrocytes and their metabolic pathways in vivo is 
necessary to improve the protective effect of AuNPs on the cartilage 
under inflammatory conditions. The chondroprotective property of 
AuNPs in combination with other drugs can help in the treatment of 
inflammation-related cartilage diseases. 
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Fig. 5. Protective effect of gold nanoparticles on the growth plate (GP) cartilage in the mouse model of lipopolysaccharide-induced inflammation. A. 
Representative hematoxylin and eosin staining of GP cartilage on day 16; blue arrow indicates the discontinuous area of the proliferative zone (PZ) and hypertrophic 
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Fig. 6. Effect of AuNPs on the inflammation-induced chondrocyte apoptosis and cartilage degradation. A. Representative images for the chondrocyte apoptosis 
analysis by TUNEL staining. The green influence signal represents the apoptotic cell, and the blue influence signal represents all cells. B. Apoptosis rate of chon-
drocytes measured by the number of apoptotic chondrocytes versus the total number of chondrocytes. C. Toluidine blue staining of the cartilage ECM, which can be 
stained dark blue. D. The histograms from left to right represent the collagen area, integrated density, and ratio of the collagen area to the total GP area stained by 
toluidine blue staining. E. The proportions of the collagen area, density, and ratio of collagen to the GP area in the AuNP + LPS group were higher than those in the 
LPS group. 
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