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Abstract: Nanomedicine can represent a new strategy to treat several types of diseases such as
those with inflammatory aetiology. Through this strategy, it is possible to obtain nanoparticles with
controlled shape, size, and eventually surface charge. Moreover, the use of molecules in nanoform
may allow more effective delivery into the diseased cells and tissues, reducing toxicity and side
effects of the used compounds. The aim of the present manuscript was the evaluation of the effects of
N-acetylglucosamine in nanoform (GlcNAc NP) in an in vitro model of osteoarthritis (OA). Human
primary chondrocytes were treated with Tumor Necrosis Factor (TNF)-α to simulate a low-grade
inflammation and then treated with both GlcNAc and GlcNAc NP, in order to find the lowest con-
centrations able to counteract the inflammatory state of the cells and ensure a chondroprotective
action. The findings showed that GlcNAc NP was able to decrease the pro-inflammatory mediators,
IL-6 and IL-8, which are among the main effectors of inflammation; moreover, the nanoparticles
downregulated the production of metalloprotease enzymes. GlcNAc NP was effective at a very
low concentration compared to GlcNAc in its native form. Furthermore, GlcNAc NP stimulated an
increase in collagen type II synthesis. In conclusion, the GlcNAc in nanoform showed better perfor-
mance than GlcNAc, at concentrations lower than those reached in the joints after oral administration
to patients of 1.5 g/die of glucosamine.
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1. Introduction

Many diseases share inflammation as a common feature, which is the immune response
able to ensure survival and tissue homeostasis. However, the inflammatory processes can
become detrimental both in acute and chronic phases, contributing to the onset of dis-
eases [1]. Pulmonary viral infections, mainly if associated with cytokine storm, represent
an example of acute inflammation [2], whereas joint disease such as osteoarthritis repre-
sents chronic inflammation [3], meaning that inflammatory processes can be stimulated
both by external pathogens and by endogenous response. Nanotechnological approaches
could represent an innovative strategy to treat diseases with inflammatory aetiology. Os-
teoarthritis (OA) is a connective tissue disease regarding joints and shows an inflammatory
aetiology that leads to the degradation of cartilage [4]. OA is mainly treated with non-
steroidal anti-inflammatory drugs and with compounds such as glucosamine (GlcN) and
N-acetiylglucosamine (GlcNAc), which are considered symptomatic slow-acting drugs for
osteoarthritis [5,6].

Nevertheless, despite a variety of promising disease-modifying OA compounds, the
availability of drugs to modify cartilage degeneration remains challenging. Bioavailability
and drug delivery are the most important causes of failure. In addition, epigenetic changes
plus individual polymorphisms increase the variability of response to treatments [7]. This
made it necessary to increase the drug dosage to ensure the pharmacological response.
However, strategies to increase the bioavailability of registered drugs remain an active field
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of study. To date, intra-articular injection of drugs is the most used method to overcome
these problems [8]. Alternatively, biomaterials have also been studied to improve the
bioavailability of GlcN [9]. To this aim, new formulations, such as nanomaterials using
hydrogels or hybrid exosomes, are under study [10–12]. Reformulation of registered drugs
such as analgesics, glucocorticoids, and hyaluronic acid, are the most used to improve OA
therapies. Along with these therapies, the use of Glucosamine (GlcN) and its derivatives
has become widespread in the last few decades, especially as food supplements added to a
composition of nutraceuticals [13]. Clinical trials confirmed that glucosamine sulphate, at
high doses, is the most active molecule to treat OA pain [14,15]. On the other hand, any
current reformulation of GlcN was poorly able to increase drug delivery or efficacy [16]. The
effective dosage is about 2 g/day (or 100 mM), but GlcN was found to induce autophagy
both in vitro and in vivo chondrocytes [17]. To reduce the amount, GlcN is used along with
chondroitin sulphate [18], or with alendronate [19]. Among GlcN derivatives, GlcNAc,
a natural GlcN metabolite, is used to treat OA. Studies on the amino-sugar transport in
chondrocytes showed that GlcN enters mainly via GLUT2, whereas GlcNAc does not
enter these cells, affecting their functions probably through the binding to GLUTs [20].
Thus, GlcN uptake inhibits the facilitated transport of glucose, affecting the homeostasis of
chondrocytes, whereas GlcNAc stimulates glucose transport [20]. The use of GlcNAc to
treat OA has been studied on cartilage metabolism in healthy people using 500 mg/day and
1000 mg/day dosages, obtaining good effectiveness [21]. Moreover, encouraging results
were obtained also in a rat OA model where, after oral administration of GlcNAc for 28 days
(1000 mg/kg/day), an improvement of damaged tissue was observed [22]. To improve
delivery and distribution, GlcNAc has been intra-articular injected in a rabbit model of
OA, using cell-free porous poly lactic-co-glycolic acid (PLGA) graft implants. The results
showed that the acetyl-aminosugar promoted the repair of full-thickness articular cartilage
defects in the animal joints and that the effect is prolonged or increased when a combination
of compounds was used [23]. Moreover, GlcNAc has been shown to exert anti-inflammatory
activity and the ability, albeit of limited potency, in stimulating the synthesis of certain
factors whose degradation is associated with OA. Finally, prolonged administration of
this molecule at high dosages, up to 4 g/day, may induce side effects, especially in the
elderly [24]. The traditional method of industrial production of GlcNAc is based on the acid
hydrolysis of crab and shrimp shells, but recently a bioproduction of this molecule has been
achieved using different microorganisms [25]. These types of processes yield a micrometric
powder of particles having a medium size between 0.025 mm and 1 mm. The present
paper aims to describe a method to comminute the GlcNAc granules in nanoparticles
(GlcNAc NP) by planetary ball mill, in order to improve the anti-inflammatory effects and
decrease the administered amount. The process yields nanoparticles with an average size
of 200 nm and a stable polydispersity index, which showed the ability to down-regulate the
pro-inflammatory mediator production alongside the collagen II stimulation. The findings
showed that the GlcNAc NPs are effective at very low concentrations compared to their
native form. To our knowledge, this is the first description of the preparation of GlcNAc
in nanoform by planetary ball mill and the first time that these nanoparticles are used to
study the anti-inflammatory and anabolic activity in cartilage degradation in vitro model.

2. Materials and Methods
2.1. Materials

N-acetylglucosamine raw powder and polyvinylpyrrolidone (PVP, E1201 additive),
both certified for human use, were obtained from ACEF SpA (Fiorenzuola D’Arpa, PC,
Italy). Dulbecco’s modified eagle medium (DMEM) High Glucose and Phosphate Buffer
Saline (PBS) were purchased from HyClone (Logan, UT, USA); L-glutamine, penicillin/
streptomycin, gentamicin, Fetal Bovine Serum (FBS) and Triton 100 were all obtained from
Sigma Aldrich (St. Louis, MO, USA). MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethox
yphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)-based colourimetric assay and reverse tran-
scription enzyme, Improm II, were purchased from Promega (Promega Corporation, Madi-
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son, WI, USA). Blood/Tissues Total RNA extraction kit was purchased from Fisher Molecu-
lar Biology (Trevose, PA, USA), SensimixPlus SYBR Master mix was purchased from Bioline
(London, UK), and primers were synthesized by Bio-Fab research (Rome, Italy). Antibody
anti-collagen type II was obtained from Santa Cruz Biotechnology (Dallas, TX, USA). Alexa
Fluor 595 donkey anti-mouse red secondary antibody and DAPI, the dye used to stain
the nuclei, were both purchased from Invitrogen (Thermo Fisher Scientific, Waltham, MA,
USA). IL-6 and IL-8 Enzyme-Linked Immunosorbent assay (ELISA) kits were purchased
from Fine Test (Fine Biotech Co., Ltd., Wuhan, China).

2.2. Preparation of the NanoGlcNAc

The N-acetylglucosamine raw powder was analysed to determine its granulometry by
certified sieves (Filtra Vibraciòn, Barcelona, ES, Spain). To set up the synthesis, many tests
were necessary, for which the powder/balls ratio, the size of the balls, and the time and
the speed of milling were varied. The best conditions were obtained by filtrating the dry
powder on a 45-mesh sieve and after mixing (20:1) 20 g of powder with PVP certified for
human use (E1201 additive). The mixture was dissolved 1:3 (v/v) in ultrapure water and
milled in a zirconium jar by a planetary ball mill. One volume of zirconium balls, with a
diameter of 2 mm, was added to the suspension and the process was performed for 7 h at
room temperature. The wet mixture was recovered and dried under a vacuum oven and
stored at room temperature for further analyses and experiments.

2.3. Physical Characterization of Nanoparticles

The dried nanoparticles were dispersed in ultrapure water at a concentration of
5 mg/mL and filtered on a 0.22 µm PTFE membrane. The dispersion was stirred until
complete dissolution and ultrasonicated for 5 min in a water bath. Samples from three
independent preparations were analysed by a Dynamic Light Scattering (DLS, Zetasizer
Ultra Malvern-Panalytical). The size was analysed at a fixed scattering angle of 633 nm,
according to the Siegert relation to measuring the hydrodynamic size [26]. Each sample
was analysed by using a disposable capillary cell ZSU1002, and the scattered radiation was
measured using the Extended Size Range modality. The samples were left for 120 s at 25 ◦C
and then analysed by setting a dynamic viscosity at 0.8872 cP, a dispersant refractive index
of 1.33, and fixed coaxial at the centre of capillary cell 4.64.

Moreover, the concentration of nanoparticles of different sizes was analysed in the
colloidal dispersion by performing a Multi-Angle Dynamic Light Scattering (MADLS). The
analysis was performed at three scattering angles: Backscatter 173◦ (NIBS), Side scatter 90◦

(DLS) and Forward scatter 17◦. The scattered radiations were measured using disposable
polystyrene cuvettes DTS0012. In all experiments, the measurement position was automatic
for MADLS, whereas the correlation time was an adaptive correlation.

Hydrodynamic diameter or Z-average was estimated according to ISO13321 by fitting
Cumulants and Polydispersity Index. The size distribution was estimated with a different
algorithm ZS XPLORER according to the constructor’s instruction.

2.4. Human Primary Cell Isolation and Culture

Human primary chondrocytes (HPCs) were isolated from OA patients that underwent
surgical treatment for knee or hip replacement, and full ethical consent was obtained from
all donors. The study was approved by the Research Ethics Committee, Sapienza University
of Rome (#290/07, 29 March 2007), and ASL Lazio 2 (#005605/2019, 3 March 2019).

HPCs were isolated as previously described [27]; briefly, femoral and tibial condyles
and femoral heads from articular cartilages were aseptically dissected from patients, se-
lecting areas of macroscopically normal cartilage. Cartilage was minced and digested for
30 min with 1 mg/mL protease and subsequently with 1 mg/mL collagenase-II at 37 ◦C
for 4 h. The isolated HPCs were grown at 37 ◦C and 5% CO2 to 80% confluence in DMEM
High Glucose supplemented with 1% L-glutamine, 1% penicillin/streptomycin, 50 µg/mL
gentamicin and 10% Fetal Bovine Serum (FBS).
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2.5. Cell Treatment

Cells were left untreated (CTL) or stimulated with TNF-α, or treated, for the required
time, with different concentrations of GlcNAc and GlcNAc NP and stimulated with TNF-
α. Experiments were independently repeated at least three times. The concentration of
GlcNAc NP was calculated taking into consideration only the molecule without considering
PVP, which can be negligible as the GlcNAc: PVP ratio was 20:1.

2.6. MTS Assay

To assess GlcNAc and GlcNAc NP effect on HPCs cell viability at different concentra-
tions and time points, an MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium)-based colourimetric assay was performed. Briefly, 8 × 103 cells
per well were seeded in a 96-well plate. To align cell cycle progression, the day after seeding,
cells were starved overnight in a reduced serum medium. Cells were then left untreated
(CTL) or treated with GlcNAc and GlcNAc NP for 24, 48, and 72 h. After each time point,
100 µL MTS solution was added to the wells. Spectrophotometric absorbance was directly
measured at 492 nm after 3 h incubation.

2.7. RNA Extraction and Reverse-Transcription

Total RNA was extracted from untreated and treated HPCs, with Blood/Tissues Total
RNA extraction kit, and reverse-transcripted according to the manufacturer’s instructions
using Improm II enzyme.

2.8. Quantitative Real-Time PCR

Quantitative Real-Time Polymerase Chain Reaction (RT-PCR) analysis was carried out
using an ABI Prism 7300 (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA,
USA). Amplification was performed using the SensimixPlus SYBR Master mix. Primers
(Table 1) were synthesised by Bio-Fab research and designed using Primer Express soft-
ware v1.4.0 (Applied Biosystems). Data were analysed by a 2−∆∆Ct method based on the
determination of the transcript abundance relative to the 18S housekeeping gene [28].

Table 1. RT-PCR primer sequences.

Gene
Accession Number

Primer Forward
Primer Reverse

IL-6
NM_000600

5′-GATGGATGCTTCCAATCTG-3′

5′-CTCTAGGTATACCTCAAACTCC-3′

IL-8
NM_000584

5′-GACATCAAAGAAGGACTTG-3′

5′- GCCACAATTTCAGATCCTG-3′

MMP-1
NM_002421

5′-GATGGACCTGGAGGAAATCTTG-3′

5′-TGAGCATCCCCTCCAATACC-3′

MMP-3
NM_002422

5′-CCTGGTACCCACGGAACCT-3′

5′-AGGACAAAGCAGGATCACAGTTG-3′

18S
NM_003286

5′-CGCCGCTAGAGGTGAAATTC-3′

5′-CATTCTTGGCAAATGCTTTCG-3′

2.9. Immunofluorescence Analysis

Collagen-II protein was visualized by immunofluorescence. HPCs were plated at a
density of 8× 103/cm2, and left untreated (CTL) or treated, for 72 h with different concentra-
tions of GlcNAc and GlcNAc NP. Cells were washed in PBS, fixed in 4% paraformaldehyde
in PBS for 15 min at 4 ◦C, and permeabilized with 0.5% Triton-X 100 in PBS for 10 min
at room temperature (RT). Then, cellular proteins were blocked with 3% bovine serum
albumin in PBS for 30 min, and cells were incubated for 1 h with anti-Collagen-II (1:100)
primary antibody. Cells were washed with PBS and then incubated with Alexa Fluor
595 donkey anti-mouse red secondary antibody (1:400) for 1 h. Cells were washed and
then stained with DAPI to visualise the nuclei. All these steps were performed at RT. The
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images were captured by a Leica DM IL LED optical microscope, using an AF6000 modular
microscope (Leica Microsystem, Milan, Italy).

2.10. ELISA

The IL-6 and IL-8 amount in the treated and untreated HPC supernatant was deter-
mined using ELISA kits according to the manufacturer’s instructions. Optical Density
(OD) absorbance was measured by a microplate reader (NeBiotech, Holden, MA, USA) at
450 nm.

2.11. Densitometric Analysis

The free software ImageJ v1.52t (https://imagej.nih.gov/ij/, accessed on 1 July 2020)
was used to perform densitometric analysis of protein Collagen-II expression. For each cell
culture condition, the integrated fluorescence density values obtained in immunofluores-
cence experiments were considered.

2.12. Statistical Analysis

All data were obtained from at least three independent experiments, performing each
experiment either in duplicate or in triplicate. Data were statistically analysed using Prism
5.0 software (GraphPad Software, San Diego, CA, USA), with two-way repeated measures
analysis of variance (ANOVA) with Bonferroni’s multiple comparison tests and reported.
p-value < 0.05 was considered significant.

3. Results and Discussion
3.1. Physical Characterization of GlcNAc Nanoparticles

The synthesis of GlcNAc NP required the use of a wet mixture of 20 g of GlcNAc and
PVP carrying out a planetary ball miller at room temperature (25 ◦C). After the process, the
wet mixture was dried under a vacuum oven, yielding about 18 g of dry powder that was
stored at room temperature.

The DLS analysis by the intensity of scattering, performed on samples from three
independent preparations, gave three overlaying curves, showing that the distribution of
GlcNAc NPs is monomodal and the Z-Average resulted in (201.6 ± 5.6) nm with a Polydis-
persity index (PI) of 0.378 ± 0.0187 (Figure 1). The analysis of the autocorrelation functions
of the three samples showed that the curves were overlayed and the intercepts with the y
axis are between 0.7 and 0.9. This result suggests that samples were analysed at the appro-
priate concentration and the multiple scattering effect was neglectable (Figure 2). Moreover,
to receive information about the relative percentage of the population of nanoparticles
with different sizes, the samples were analysed by MALDS. This analysis revealed three
different populations of about 12 nm, 111 nm, and 410 nm, representing 5.3%, 46%, and
48.7%, respectively, of the total mass. However, the Z-average estimated with a cumulant
method by fitting the distribution and autocorrelation confirmed the weighted average of
the nanoparticles’ size is 201.6 nm. These data suggested that the GlcNAc NPs represent
96% of the total mass of the synthesized nanomaterial and it can be considered pure organic
material. Therefore, the biological effects observed on the cells, below reported, can be
ascribed to the glucosamine nanoparticles, considering that the surfactant is negligible,
given the low percentage.

https://imagej.nih.gov/ij/
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ing at a fixed angle. Samples were obtained from three independent preparations: Sample 1A (blue
line), Sample 1B (yellow line), and Sample 1C (green line). The intercepts of curves show that all
coefficients are inside the range from 0.7 to 0.9 and the curve slopes suggest a low effect of scattering
among particles with different sizes.

3.2. Biological Activity of GlcNAc Nanoparticles
3.2.1. The Effects of GlcNAc NP on Chondrocyte Viability

To ascertain the safety of the GlcNAc NP on human primary chondrocytes, cells
were treated with different concentrations of nanoparticles and analysed by MTS assay,
comparing the cell viability of GlcNAc NP with both GlcNAc and untreated cells. As
shown in Figure 3, GlcNAc NP was never detrimental neither at concentration nor time
analysed (Figure 3). These findings suggest that the ball milling process has no negative
effect on nanoparticle preparation; consequently, the NPs do not have detrimental effects
on cells.



Bioengineering 2023, 10, 343 7 of 12

Bioengineering 2023, 10, x FOR PEER REVIEW 7 of 13 
 

(Figure 3). These findings suggest that the ball milling process has no negative effect on 
nanoparticle preparation; consequently, the NPs do not have detrimental effects on cells. 

 
Figure 3. The MTS colourimetric method was performed to assess the cell viability of HPCs treated 
with four different concentrations of GlcNAc and GlcNAc NP (10 mM, 5 mM, 1 mM, and 0.5 mM), 
for 24, 48, and 72 h. Cell viability of treated samples was normalized to the untreated cells, which is 
reported as 100% and represented in the graphs by a black horizontal line. 

3.2.2. The Effects of GlcNAc NP on the Modulation of Pro-Inflammatory Genes 
OA, previously considered a non-inflammatory disease, is now defined as low-grade 

inflammation pathology [29]. In the synovial fluid of OA patients, several pro-inflamma-
tory mediators such as cytokines and chemokines have been found [30]. In particular, the 
cytokine IL-6 and the chemokine IL-8 are present in a very large amount compared with 
that present in the synovial fluid of health subjects and at the same high concentration 
detected in rheumatoid arthritis synovial fluid [30]. IL-6 and IL-8 are among the first me-
diators produced by synoviocytes and are released in the synovial fluid [31], where they 
stimulate chondrocytes to auto-produce these and other pro-inflammatory molecules 
leading to cartilage degeneration. 

To evaluate the effectiveness of GlcNAc NP in counteracting the inflammation, hu-
man primary chondrocytes were pretreated with several concentrations of both GlcNAc 
and GlcNAc NP and then stimulated with TNF-α to simulate the inflamed synovial envi-
ronment. TNF-α stimulation increased the expression level of mRNA coding for IL-6 and 
IL-8, GlcNAc was able to decrease the IL-6 production both at 1 mM and 0.5 mM concen-
trations, whereas was effective in down-regulate IL-8 mRNA only at 1 mM concentration 
(Figure 4). GlcNAc NP was effective to decrease IL-6 and IL-8 mRNA levels up to 0.5 μM 
concentration (Figure 4). 

 
Figure 4. Effects of GlcNAc and GlcNAc NP on interleukins mRNA expression levels under TNF-α 
stimulus. Cells were left untreated (CTL), stimulated with 10 ng/mL TNF-α for 30 min, or treated 
with different concentrations of GlcNAc and GlcNAc NP for 1 h and then stimulated with 10 ng/mL 
TNF-α for 30 min. After treatments, mRNA was extracted and analysed by RT-PCR. IL-6 and IL-8 

Figure 3. The MTS colourimetric method was performed to assess the cell viability of HPCs treated
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3.2.2. The Effects of GlcNAc NP on the Modulation of Pro-Inflammatory Genes

OA, previously considered a non-inflammatory disease, is now defined as low-grade
inflammation pathology [29]. In the synovial fluid of OA patients, several pro-inflammatory
mediators such as cytokines and chemokines have been found [30]. In particular, the
cytokine IL-6 and the chemokine IL-8 are present in a very large amount compared with
that present in the synovial fluid of health subjects and at the same high concentration
detected in rheumatoid arthritis synovial fluid [30]. IL-6 and IL-8 are among the first
mediators produced by synoviocytes and are released in the synovial fluid [31], where
they stimulate chondrocytes to auto-produce these and other pro-inflammatory molecules
leading to cartilage degeneration.

To evaluate the effectiveness of GlcNAc NP in counteracting the inflammation, human
primary chondrocytes were pretreated with several concentrations of both GlcNAc and
GlcNAc NP and then stimulated with TNF-α to simulate the inflamed synovial environ-
ment. TNF-α stimulation increased the expression level of mRNA coding for IL-6 and IL-8,
GlcNAc was able to decrease the IL-6 production both at 1 mM and 0.5 mM concentrations,
whereas was effective in down-regulate IL-8 mRNA only at 1 mM concentration (Figure 4).
GlcNAc NP was effective to decrease IL-6 and IL-8 mRNA levels up to 0.5 µM concentration
(Figure 4).
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with different concentrations of GlcNAc and GlcNAc NP for 1 h and then stimulated with 10 ng/mL
TNF-α for 30 min. After treatments, mRNA was extracted and analysed by RT-PCR. IL-6 and
IL-8 mRNA levels were reported as relative mRNA expression levels with respect to 18S mRNA
(2−∆∆Ct method). Results are expressed as mean ± standard deviation (SD) of data obtained by three
independent experiments. * p < 0.05; ** p < 0.01 vs. CTL; # p < 0.05; ## p < 0.01 vs. TNF-α.
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The same experiment was conducted to analyse the production of IL-6 and IL-8 at the
protein level. The supernatant of chondrocytes cell culture stimulated with TNF-α and
treated with only the two lower concentrations of GlcNAc and GlcNAc NP (1 µM and
0.5 µM) was used to analyse the protein synthesis of IL-6 and IL-8. GlcNAc NP decreased
the IL-6 production below the CTL level at both analysed concentrations, whereas GlcNAc
was not able to decrease the IL-6 production, confirming the result obtained in mRNA
modulation analysis (Figure 5). The treatment with 1 µM GlcNAc, which was ineffective to
modulate gene expression level, was able to decrease the production of IL-8 at the CTL level,
whereas 0.5 µM was still effective even if to a lesser extent. The effects of GlcNAc NP on
IL-8 production confirmed the results obtained in gene expression modulation experiments,
the nanoparticles were effective to decrease the IL-8 production both at 1 µM and 0.5 µM
concentrations (Figure 5). However, the 0.5 µM GlcNAc NP was still much more effective
than 0.5 µM GlcNAc in decreasing IL-8 secretion. The presence of AU-reach elements (ARE)
in the 3′-Untranslated Region (UTR) of pro-inflammatory cytokines has been shown in
several types of cells [32,33]. These elements are involved in the stabilization of interleukin
mRNAs; in particular, the stabilization of IL-8 mRNA has been shown in differentiated
monocytes [32]. Moreover, the stabilization of pro-inflammatory cytokine mRNAs has been
found in presence of some stimuli such as stress and inflammation [34]. In chondrocytes,
the binding of molecules at 3′-UTR of both anabolic and catabolic mRNAs has been shown
to be effective in both the stabilization and destabilization of messengers [35]; thus, we
suggest that GlcNAc can have a destabilizing effect on IL-8 mRNA, leading to a strong
decrease in the IL-8 protein expression, which does not correspond to the inhibition of
transcription, considering that GlcNAc at mRNA level was effective at 1 mM concentration
and not at 1 µM and 0.5 µM. On the other hand, the nanoparticles were effective at all
analysed concentrations.
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Figure 5. Effects of GlcNAc and GlcNAc NP on interleukins secretion in the culture medium under
TNF-α stimulus. Cells were left untreated (CTL), stimulated with 10 ng/mL TNF-α for 30 min,
or treated with two concentrations of GlcNAc and GlcNAc NP for 1 h and then stimulated with
10 ng/mL TNF-α for 1 h. After treatments, cell supernatants were collected and analysed by ELISA.
The results are reported as pg/mL and are expressed as mean ± SD of data obtained by three
independent experiments. * p < 0.05 and *** p < 0.005 vs. CTL; # p < 0.05, ## p < 0.01 and ### p < 0.005
vs. TNF-α.

3.2.3. The Chondroprotective Effects of the GlcNAc NP

The cartilage extracellular matrix (ECM) is avascular, aneural, and populated by a sin-
gle cell type, the chondrocyte, which does not exhibit mitotic activity and is responsible for
the maintenance of cartilage homeostasis through a low turnover of ECM components [36].
The ability to perform this low turnover repair declines with OA, leading to progressive
loss of several molecules such as collagen type II. For this reason, a potential “disease-
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modifying” molecule must show the ability to stimulate anabolic activity in chondrocytes
as well as to decrease catabolic activity.

To verify whether GlcNAc and GlcNAc NP were able to stimulate collagen type II,
cells were treated with both forms of GlcNAc, and then the collagen type II was evidenced
by immunofluorescence and compared to the production in untreated cells. The findings
showed that the GlcNAc was not able to increase collagen type II production, whereas,
even if not to a statistically significant level, GlcNAc NP was able to stimulate collagen
production (Figure 6).
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Figure 6. Effects GlcNAc and GlcNAc NP on Collagen-II production. Cells were treated with 1 mM,
0.1 mM, and 0.01 mM of GlcNAc and GlcNAc NP, respectively, for 72 h and then analysed by
immunofluorescence using an anti-Coll-II primary antibody and Alexa Fluor 594 (red) secondary
antibody. Nuclei were stained with DAPI (original magnification 40×). The histogram represents the
pixel intensities in the region of interest, obtained by ImageJ.

Previously, GlcN and mainly GlcNAc administrations have been shown to have
chondroprotective activity by inhibiting the collagen type degradation [5,22], whereas GlcN
has rarely been demonstrated to stimulate collagen type II synthesis when administered
at high dosage [37]. For this reason, we evaluated the ability of GlcNAc NP to inhibit
metalloproteases (MMPs) production. Human primary chondrocytes were treated with
1 µM and 0.5 µM of both GlcNAc and GlcNAc NP finding that, at these concentrations,
GlcNAc was not able to decrease the collagenase MMP-1 stimulated by TNF-α, whereas
GlcNAc NP reduced the MMP-1 mRNA production at CTL level (Figure 7). Moreover,
the GlcNAc NP was able to decrease also the stromelysin MMP-3, which is involved
in the degradation of non-collagenous components of ECM, whereas GlcNAc, at low
concentration, was not able to decrease the MMP-3 mRNA levels (Figure 7).
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Figure 7. Effects of GlcNAc and GlcNAc NP on MMPs under TNF-α stimulus. Cells were left
untreated (CTL), stimulated with 10 ng/mL TNF-α for 24 h, or stimulated with 10 ng/mL TNF-α and
treated with 1 µM and 0.5 µM of GlcNAc and GlcNAc NP for 24 h. After 24 h treatments, mRNA was
extracted and analysed by RT-PCR. MMP-1 and MMP-3 mRNA levels were reported as relative mRNA
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4. Conclusions

Different types of organic nanoparticles of pharmaceutical interest have been obtained
on the scale of milligrams, by the planetary ball milling process. Mostly, these nanoma-
terials are composed of drugs loaded on liposomes or polymers, such as chitosan, or
nanosponge [38–42]. In the present manuscript, different outcomes have been reported.
Firstly, we obtained, on a scale of grams, stable and pure GlcNAc nanoparticles with an
average size of about 200 nm with a PI value of 0.38. Furthermore, DLS analyses of the
sample stored at room temperature, repeated after six mounts, did not show maturation or
aggregation processes. The availability of a high amount of nanoparticles is important for
preclinic studies and to show that process of production is scalable.

Secondly, the analyses of the biological activity of GlcNAc NP showed that the size
of the aminosugar improves the effect to counteract the pathways involved in the onset
and progression of osteoarthritis. In particular, GlcNAc NP decreases the production of
pro-inflammatory modulators IL-6 and IL-8 at a concentration of 2000 folds lower compared
to GlcNAc microparticles. This is a very interesting result, meaning that the GlcNAc in
nanoform could be administered at a lower concentration than those currently used. More-
over, the finding that the effectiveness of GlcNAc to decrease the IL-8 protein production
at concentrations that were ineffective in modulating the IL-8 mRNA expression levels is
intriguing and suggests that the GlcNAc could destabilize the IL-8 mRNA, inhibiting its
translation and thus decreasing IL-8 secretion.

Finally, in the present manuscript we found that GlcNAc in nanoform is able to
stimulate collagen type II production, whereas, previously, GlcNAc has never shown
this effectiveness. Moreover, GlcNAc NP also shows a chondroprotective activity due
to the inhibition of metalloproteases, MMP-1 and MMP-3, once again at a concentration
much lower than that resulted effective in other studies. In conclusion, the GlcNAc in
nanoform is very effective both as an anti-inflammatory and chondroprotective agent.
These results suggest that GlcNAc NP is a promising candidate for the prolonged treatment
of osteoarthritis. However, preclinical studies in animals will be necessary to confirm the
effects in a chronic model of pathology.



Bioengineering 2023, 10, 343 11 of 12

Author Contributions: Conceptualization, S.A. and A.S.d.; methodology, A.M. and I.B.; validation,
A.M., S.A. and A.S.d.; investigation, A.M. and I.B.; writing—original draft preparation, S.A. and A.S.d.;
writing—review and editing, A.M., S.A. and A.S.d.; supervision, S.A. and A.S.d.; funding acquisition,
S.A. and A.S.d. All authors have read and agreed to the published version of the manuscript.

Funding: This research was partially funded by Progetto POR FESR LAZIO-2014-2020 Grant Number
A0375-2020-36535—AZIONE 1.2.1—Sviluppo di nanosistemi basati su sostanze di origine naturale nel
trattamento delle infezioni da virus respiratori e dei processi infiammatori a esse associate” Fasc. BB14.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Brusini, R.; Varna, M.; Couvreur, P. Advanced nanomedicines for the treatment of inflammatory diseases. Adv. Drug Deliv. Rev.

2020, 157, 161–178. [CrossRef]
2. Houard, X.; Goldring, M.B.; Berenbaum, F. Homeostatic Mechanisms in Articular Cartilage and Role of Inflammation in

Osteoarthritis. Curr. Rheumatol. Rep. 2013, 15, 375. [CrossRef]
3. Martel-Pelletier, J.; Barr, A.J.; Cicuttini, F.M.; Conaghan, P.G.; Cooper, C.; Goldring, M.B.; Goldring, S.R.; Jones, G.; Teichtahl, A.J.;

Pelletier, J.-P. Osteoarthritis. Nat. Rev. Dis. Prim. 2016, 2, 16072. [CrossRef] [PubMed]
4. Manjili, R.H.; Zarei, M.; Habibi, M.; Manjili, M.H. COVID-19 as an Acute Inflammatory Disease. J. Immunol. 2020, 205, 12–19.

[CrossRef] [PubMed]
5. Shikhman, A.R. Chondroprotective activity of N-acetylglucosamine in rabbits with experimental osteoarthritis. Ann. Rheum. Dis.

2005, 64, 89–94. [CrossRef]
6. Honvo, G.; Reginster, J.Y.; Rabenda, V.; Geerinck, A.; Mkinsi, O.; Charles, A.; Rizzoli, R.; Cooper, C.; Avouac, B.; Bruyère, O. Safety

of Symptomatic Slow-Acting Drugs for Osteoarthritis: Outcomes of a Systematic Review and Meta-Analysis. Drugs Aging 2019,
36, 65–99. [CrossRef] [PubMed]

7. Asthana, C.; Peterson, G.M.; Shastri, M.D.; Patel, R.P. Variation in the pharmacokinetics of glucosamine in healthy individuals.
Rheumatology 2021, 60, 1205–1209. [CrossRef]

8. Cao, Y.; Ma, Y.; Tao, Y.; Lin, W.; Wang, P. Intra-Articular Drug Delivery for Osteoarthritis Treatment. Pharmaceutics 2021, 13, 2166.
[CrossRef]

9. Mancipe Castro, L.M.; García, A.J.; Guldberg, R.E. Biomaterial strategies for improved intra-articular drug delivery. J. Biomed.
Mater. Res. Part A 2021, 109, 426–436. [CrossRef]

10. Lu, H.; Zhang, Y.; Xiong, S.; Zhou, Y.; Xiao, L.; Ma, Y.; Xiao, Y.; Wang, X. Modulatory Role of Silver Nanoparticles and
Mesenchymal Stem Cell–Derived Exosome-Modified Barrier Membrane on Macrophages and Osteogenesis. Front. Chem. 2021,
9, 699802. [CrossRef]

11. Huang, J.; Liu, F.; Su, H.; Xiong, J.; Yang, L.; Xia, J.; Liang, Y. Advanced Nanocomposite Hydrogels for Cartilage Tissue Engineering.
Gels 2022, 8, 138. [CrossRef] [PubMed]

12. Liang, Y.; Xu, X.; Xu, L.; Prasadam, I.; Duan, L.; Xiao, Y.; Xia, J. Non-surgical osteoarthritis therapy, intra-articular drug delivery
towards clinical applications. J. Drug Target. 2021, 29, 609–616. [CrossRef] [PubMed]

13. Hochberg, M.C.; Martel-Pelletier, J.; Monfort, J.; Möller, I.; Castillo, J.R.; Arden, N.; Berenbaum, F.; Blanco, F.J.; Conaghan, P.G.;
Doménech, G.; et al. Combined chondroitin sulfate and glucosamine for painful knee osteoarthritis: A multicentre, randomised,
double-blind, non-inferiority trial versus celecoxib. Ann. Rheum. Dis. 2016, 75, 37–44. [CrossRef] [PubMed]

14. Bruyère, O.; Altman, R.D.; Reginster, J.-Y. Efficacy and safety of glucosamine sulfate in the management of osteoarthritis: Evidence
from real-life setting trials and surveys. Semin. Arthritis Rheum. 2016, 45, S12–S17. [CrossRef] [PubMed]

15. Conrozier, T.; Lohse, T. Glucosamine as a Treatment for Osteoarthritis: What If It’s True? Front. Pharmacol. 2022, 13, 820971.
[CrossRef]

16. Rasheed, M.S.; Ansari, S.F.; Shahzadi, I. Formulation, characterization of glucosamine loaded transfersomes and in vivo evaluation
using papain induced arthritis model. Sci. Rep. 2022, 12, 19813. [CrossRef]

17. Jiang, L.; Jin, Y.; Wang, H.; Jiang, Y.; Dong, J. Glucosamine protects nucleus pulposus cells and induces autophagy via the
mTOR-dependent pathway. J. Orthop. Res. 2014, 32, 1532–1542. [CrossRef] [PubMed]

18. Matsuno, H.; Nakamura, H.; Katayama, K.; Hayashi, S.; Kano, S.; Yudoh, K.; Kiso, Y. Effects of an Oral Administration of
Glucosamine-Chondroitin-Quercetin Glucoside on the Synovial Fluid Properties in Patients with Osteoarthritis and Rheumatoid
Arthritis. Biosci. Biotechnol. Biochem. 2009, 73, 288–292. [CrossRef]

19. Arti, H.R.; Azemi, M.E. Comparing the effect of Glucosamine and Glucosamine With Alendronate in Symptomatic Relieve of
Degenerative Knee Joint Disease: A Double- blind Randomized Clinical Trial Study. Jundishapur J. Nat. Pharm. Prod. 2012, 7,
87–92. [CrossRef]

http://doi.org/10.1016/j.addr.2020.07.010
http://doi.org/10.1007/s11926-013-0375-6
http://doi.org/10.1038/nrdp.2016.72
http://www.ncbi.nlm.nih.gov/pubmed/27734845
http://doi.org/10.4049/jimmunol.2000413
http://www.ncbi.nlm.nih.gov/pubmed/32423917
http://doi.org/10.1136/ard.2003.019406
http://doi.org/10.1007/s40266-019-00662-z
http://www.ncbi.nlm.nih.gov/pubmed/31073924
http://doi.org/10.1093/rheumatology/keaa418
http://doi.org/10.3390/pharmaceutics13122166
http://doi.org/10.1002/jbm.a.37074
http://doi.org/10.3389/fchem.2021.699802
http://doi.org/10.3390/gels8020138
http://www.ncbi.nlm.nih.gov/pubmed/35200519
http://doi.org/10.1080/1061186X.2020.1870231
http://www.ncbi.nlm.nih.gov/pubmed/33356642
http://doi.org/10.1136/annrheumdis-2014-206792
http://www.ncbi.nlm.nih.gov/pubmed/25589511
http://doi.org/10.1016/j.semarthrit.2015.11.011
http://www.ncbi.nlm.nih.gov/pubmed/26806187
http://doi.org/10.3389/fphar.2022.820971
http://doi.org/10.1038/s41598-022-23103-1
http://doi.org/10.1002/jor.22699
http://www.ncbi.nlm.nih.gov/pubmed/25087910
http://doi.org/10.1271/bbb.80418
http://doi.org/10.17795/jjnpp-3405


Bioengineering 2023, 10, 343 12 of 12

20. Shikhman, A.R.; Brinson, D.C.; Valbracht, J.; Lotz, M.K. Differential metabolic effects of glucosamine and N-acetylglucosamine in
human articular chondrocytes. Osteoarthr. Cartil. 2009, 17, 1022–1028. [CrossRef]

21. Kubomura, D.; Ueno, T.; Yamada, M.; Tomonaga, A.; Nagaoka, I. Effect of N-acetylglucosamine administration on cartilage
metabolism and safety in healthy subjects without symptoms of arthritis: A case report. Exp. Ther. Med. 2017, 13, 1614–1621.
[CrossRef] [PubMed]

22. Kubomura, D.; Ueno, T.; Yamada, M.; Nagaoka, I. Evaluation of the chondroprotective action of N-acetylglucosamine in a rat
experimental osteoarthritis model. Exp. Ther. Med. 2017, 14, 3137–3144. [CrossRef]

23. Wang, H.-C.; Lin, Y.-T.; Lin, T.-H.; Chang, N.-J.; Lin, C.-C.; Hsu, H.-C.; Yeh, M.-L. Intra-articular injection of N-acetylglucosamine
and hyaluronic acid combined with PLGA scaffolds for osteochondral repair in rabbits. PLoS ONE 2018, 13, e0209747. [CrossRef]
[PubMed]

24. Jiang, L.-B.; Zhang, J.; Dong, J. The Potential Negative Effect of High-Dose Glucosamine on the Chondrocyte: Comment on the
Article by Caramés et al. Arthritis Rheumatol. 2014, 66, 228. [CrossRef] [PubMed]

25. Ma, Q.; Sun, Q.; Tan, M.; Xia, L.; Zhang, Y.; Yang, M.; Zhuo, M.; Zhao, K.; Li, Y.; Xu, Q.; et al. Highly Efficient Production of N
-Acetyl-glucosamine in Escherichia coli by Appropriate Catabolic Division of Labor in the Utilization of Mixed Glycerol/Glucose
Carbon Sources. J. Agric. Food Chem. 2021, 69, 5966–5975. [CrossRef] [PubMed]

26. Takahashi, K.; Kramar, J.A.; Farkas, N.; Takahata, K.; Misumi, I.; Sugawara, K.; Gonda, S.; Ehara, K. Interlaboratory comparison
of nanoparticle size measurements between NMIJ and NIST using two different types of dynamic light scattering instruments.
Metrologia 2019, 56, 055002. [CrossRef]

27. Stoppoloni, D.; Politi, L.; Leopizzi, M.; Gaetani, S.; Guazzo, R.; Basciani, S.; Moreschini, O.; De Santi, M.; Scandurra, R.; Scotto
d’Abusco, A. Effect of glucosamine and its peptidyl-derivative on the production of extracellular matrix components by human
primary chondrocytes. Osteoarthr. Cartil. 2015, 23, 103–113. [CrossRef]

28. Schmittgen, T.D.; Livak, K.J. Analyzing real-time PCR data by the comparative CT method. Nat. Protoc. 2008, 3, 1101–1108.
[CrossRef]

29. Scanzello, C.R. Role of low-grade inflammation in osteoarthritis. Curr. Opin. Rheumatol. 2017, 29, 79–85. [CrossRef]
30. Sohn, D.; Sokolove, J.; Sharpe, O.; Erhart, J.C.; Chandra, P.E.; Lahey, L.J.; Lindstrom, T.M.; Hwang, I.; Boyer, K.A.;

Andriacchi, T.P.; et al. Plasma proteins present in osteoarthritic synovial fluid can stimulate cytokine production via Toll-like
receptor 4. Arthritis Res. Ther. 2012, 14, R7. [CrossRef]

31. Sellam, J.; Berenbaum, F. The role of synovitis in pathophysiology and clinical symptoms of osteoarthritis. Nat. Rev. Rheumatol.
2010, 6, 625–635. [CrossRef]

32. Mahmoud, L.; Al-Enezi, F.; Al-Saif, M.; Warsy, A.; Khabar, K.S.A.; Hitti, E.G. Sustained stabilization of Interleukin-8 mRNA in
human macrophages. RNA Biol. 2014, 11, 124–133. [CrossRef]

33. Yu, Y.; Chadee, K. The 3′-untranslated region of human interleukin-8 mRNA suppresses IL-8 gene expression. Immunology 2001,
102, 498–505. [CrossRef]

34. Clark, A.R.; Dean, J.L.E.; Saklatvala, J. Post-transcriptional regulation of gene expression by mitogen-activated protein kinase p38.
FEBS Lett. 2003, 546, 37–44. [CrossRef]

35. McDermott, B.T.; Ellis, S.; Bou-Gharios, G.; Clegg, P.D.; Tew, S.R. RNA binding proteins regulate anabolic and catabolic gene
expression in chondrocytes. Osteoarthr. Cartil. 2016, 24, 1263–1273. [CrossRef]

36. Goldring, M.B.; Otero, M.; Plumb, D.A.; Dragomir, C.; Favero, M.; El Hachem, K.; Hashimoto, K.; Roach, H.I.; Olivotto, E.; Borzì,
R.M.; et al. Roles of inflammatory and anabolic cytokines in cartilage metabolism: Signals and multiple effectors converge upon
MMP-13 regulation in osteoarthritis. Eur. Cells Mater. 2011, 21, 202–220. [CrossRef]

37. Igarashi, M.; Sakamoto, K.; Nagaoka, I. Effect of glucosamine on expression of type II collagen, matrix metalloproteinase and
sirtuin genes in a human chondrocyte cell line. Int. J. Mol. Med. 2017, 39, 472–478. [CrossRef]

38. Hongsa, N.; Thinbanmai, T.; Luesakul, U.; Sansanaphongpricha, K.; Muangsin, N. A novel modified chitosan/collagen coated-
gold nanoparticles for 5-fluorouracil delivery: Synthesis, characterization, in vitro drug release studies, anti-inflammatory activity
and in vitro cytotoxicity assay. Carbohydr. Polym. 2022, 277, 118858. [CrossRef]

39. Nakhaei, P.; Margiana, R.; Bokov, D.O.; Abdelbasset, W.K.; Jadidi Kouhbanani, M.A.; Varma, R.S.; Marofi, F.; Jarahian, M.;
Beheshtkhoo, N. Liposomes: Structure, Biomedical Applications, and Stability Parameters With Emphasis on Cholesterol. Front.
Bioeng. Biotechnol. 2021, 9, 748. [CrossRef]

40. Li, B.; Li, Q.; Mo, J.; Dai, H. Drug-Loaded Polymeric Nanoparticles for Cancer Stem Cell Targeting. Front. Pharmacol. 2017, 8, 51.
[CrossRef]

41. Tannous, M.; Trotta, F.; Cavalli, R. Nanosponges for combination drug therapy: State-of-the-art and future directions. Nanomedicine
2020, 15, 643–646. [CrossRef] [PubMed]

42. Abuelella, K.E.; Abd-Allah, H.; Soliman, S.M.; Abdel-Mottaleb, M.M.A. Skin targeting by chitosan/hyaluronate hybrid nanoparti-
cles for the management of irritant contact dermatitis: In vivo therapeutic efficiency in mouse-ear dermatitis model. Int. J. Biol.
Macromol. 2023, 232, 123458. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.joca.2009.03.004
http://doi.org/10.3892/etm.2017.4140
http://www.ncbi.nlm.nih.gov/pubmed/28413518
http://doi.org/10.3892/etm.2017.4849
http://doi.org/10.1371/journal.pone.0209747
http://www.ncbi.nlm.nih.gov/pubmed/30596714
http://doi.org/10.1002/art.38230
http://www.ncbi.nlm.nih.gov/pubmed/24449587
http://doi.org/10.1021/acs.jafc.1c01513
http://www.ncbi.nlm.nih.gov/pubmed/34004112
http://doi.org/10.1088/1681-7575/ab3073
http://doi.org/10.1016/j.joca.2014.09.005
http://doi.org/10.1038/nprot.2008.73
http://doi.org/10.1097/BOR.0000000000000353
http://doi.org/10.1186/ar3555
http://doi.org/10.1038/nrrheum.2010.159
http://doi.org/10.4161/rna.27863
http://doi.org/10.1046/j.1365-2567.2001.01189.x
http://doi.org/10.1016/S0014-5793(03)00439-3
http://doi.org/10.1016/j.joca.2016.01.988
http://doi.org/10.22203/eCM.v021a16
http://doi.org/10.3892/ijmm.2016.2842
http://doi.org/10.1016/j.carbpol.2021.118858
http://doi.org/10.3389/fbioe.2021.705886
http://doi.org/10.3389/fphar.2017.00051
http://doi.org/10.2217/nnm-2020-0007
http://www.ncbi.nlm.nih.gov/pubmed/32077373
http://doi.org/10.1016/j.ijbiomac.2023.123458
http://www.ncbi.nlm.nih.gov/pubmed/36709804

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of the NanoGlcNAc 
	Physical Characterization of Nanoparticles 
	Human Primary Cell Isolation and Culture 
	Cell Treatment 
	MTS Assay 
	RNA Extraction and Reverse-Transcription 
	Quantitative Real-Time PCR 
	Immunofluorescence Analysis 
	ELISA 
	Densitometric Analysis 
	Statistical Analysis 

	Results and Discussion 
	Physical Characterization of GlcNAc Nanoparticles 
	Biological Activity of GlcNAc Nanoparticles 
	The Effects of GlcNAc NP on Chondrocyte Viability 
	The Effects of GlcNAc NP on the Modulation of Pro-Inflammatory Genes 
	The Chondroprotective Effects of the GlcNAc NP 


	Conclusions 
	References

