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Abstract: Osteoarthritis is caused by the cartilage destruc-
tion of the bones of the joint surfaces and structures that
produce synovium fluid. Osteoarthritis treatment includes
the use of surgical methods and non-surgical or mainte-
nance treatments including knee orthoses, medical insoles
with external edges, use of physiotherapy techniques, exer-
cise, weight loss in obese people, and teaching the principles
of joint care. The main goal of treatment in osteoarthritis of
the knee is to ameliorate physical function, decrease pain,
and reduce the progression of the disease, through cor-
recting the knee alignment and reducing the varus torque.
Previous studies have indicated that medicinal plants and
herbal nanoparticles (NPs) have the best anti-inflammatory
effects. B-Cyclodextrin is a cyclic carbohydrate molecule that
is used as a host to prepare inclusion complexes. In this
study, the synthesis of nickel NPs is based on B-cyclodextrin
(NiBCD NPs) for accelerating the osteoarthritis articular car-
tilage repair. The FT-IR and XRD techniques confirmed the
formula of NiO for the NiBCD NPs. The FE-SEM imaging
shows a non-spherical structure for NiBCD NPs with a size
of less than 100 nm. In EDX, the signals at the energy levels
of 8.3, 7.5, and 0.87 keV are assigned for the electron migra-
tion of Ni KB, Ni Ka, and Ni La. Furthermore, the signals for
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the elements of oxygen and carbon of BCD appeared at 0.52
and 0.28 keV. The effectiveness of NiBCD NPs in promoting
chondrogenesis was examined in orthopedic experiments
using primary cultured chondrocytes. Subsequently, we
determined the functional restoration following NiBCD
NPs’ transplantation in a knee osteoarthritis articular car-
tilage injury model. We conducted histological, PCR, and
Western blot assays. In the immunological analysis, the
levels of MMPs, IL-1B, TNF-a, and p-p65 expression were
found to be reduced by NiBCD NPs. This reduction may be
attributed to the regulation of cellular redox homeostasis
through Nrf2. Furthermore, our findings demonstrated
the positive impact of NiBCD NPs on stimulating chondro-
genesis in vitro. Notably, the NiBCD NPs’ application
accelerated the recovery of injury-induced dysfunction.
Additionally, the presence of NiBCD NPs at the injury
site suppressed abnormal fibrosis and angiogenesis. The
histological assay revealed the chondrocytes’ prolifera-
tion and increased cartilage matrix synthesis in the NiBCD
NPs’ presence.

Keywords: nickel, f-cyclodextrin, osteoarthritis, articular
cartilage repair

1 Introduction

Osteoarthritis is a usual skeletal disorder that influences
people and makes life difficult for these people. This con-
dition leads to the protective cartilage breakdown that
protects the bone end from impact. Usually, the joints
involved in this disease include the joints of the knees,
thighs, hands, legs, and lumbar vertebrae [1-3]. The final
result of this process will be the emergence of clinical
symptoms of osteoarthritis in the form of pain and reduced
range of motion, and in more advanced cases, inflamma-
tion and swelling of the joint and complete destruction
of cartilage and disability. The biggest risk factor for this
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disease is age. Arthritis symptoms are usually seen from
the ages of 45 to 50 years, and at the age of less than 50
years, men are more affected than women, and women
over 50 years old are affected more than men [3-5]. Knee
osteoarthritis is one of the disability causes in the elderly.
Patients with knee osteoarthritis suffer from progressive
disability when walking up and down stairs [4-7]. The knee
is the most common weight-bearing joint that is involved
in osteoarthritis, and the incidence rate is 10 times higher
on the knee’s inner side than on the outer side [2-5].
Osteoarthritis may be primarily idiopathic or secondary
to trauma, surgery, infection, or other diseases. Currently,
no effective drug treatment can restore the original func-
tion and structure of damaged cartilage and other tissues
involved in osteoarthritis or any other form of arthritis.
Arthritis is managed in the usual way by controlling the
symptoms of pain and immobility through non-steroidal anti-
inflammatory painkillers. In research, it has been revealed
that NSAIDs that are usually prescribed prevent cartilage
matrix synthesis in humans, which in turn increases the
destruction of joint cartilage in osteoarthritis [6-9]. Existing
anti-inflammatory drugs have many side effects that some-
times lead to drug discontinuation. Hence, the finding of new
drugs with fewer side effects is known as an important goal of
researchers; herbal nanoparticles (NPs), which are more com-
patible with the human body and have acceptable diverse
biological activities, can be considered a new class of drugs
with significant advantages over chemical drugs [8-10].

Cyclodextrins (CDs) are known as cyclic compounds,
which consist of glucopyranose units. Among cyclodex-
trins, a-, B-, and y-CDs are the popular class of compounds
that are different in the number of glucopyranose units
(6 units for a-, 7 units for B-, and 8 units for y-). The stereo-
chemistry shows a torus-like molecular shape for CDs.
This unique structure provides various applications for
the compounds. CDs are utilized in food, pharmaceutics,
biology, targeting drug delivery, and pollution removal
[11-13]. The low water solubility, the appropriate cavity
size, and no toxicity of B-CD make it the most usable com-
pound compared to the other CDs [12]. The presence of 2
types of hydroxyl groups in the external layer of f-CD and
the suitable size of the internal cavity of B-CD make it a
convenient host to prepare inclusion complexes [12,14]. So
far, B-CD has been utilized to encapsulate a range of che-
mical and natural products, including drugs and essential
oils. Examples of these products include the essential oils
of orange [15], yarrow [16], tea tree [17], Thymus vulgaris
[18], as well as the drugs of fluconazole [19], resveratrol
[20], and capecitabine [21]. Additionally, the B-CD com-
plexes are found to have applications as catalysts and con-
tamination removal [22-25].
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The metallic ions play essential functions in all the life
tissues from humans to microorganisms. The usage of
metals to treat various diseases began in the early 1900s
and it is continued to the present time [26]. Based on our
literature analysis, numerous research teams have endea-
vored to green synthesize metallic NPs including gold, silver,
palladium, zinc, titanium, nickel, manganese copper, and tin
using plants as natural reducing and capping agents.
Besides, the chemical, physical, biological, and medical prop-
erties of this class of NPs have been studied [27-35]. In con-
trast, the reports on the synthesis or complex preparation of
metallic NPs using B-CD are limited. In the recent research,
we focused on the synthesis of nickel NPs using B-CD for the
first time. The NPs were identified by XRD, FT-IR, EDX, and
FE-SEM. In the in vivo design, accelerating properties of the
osteoarthritis articular cartilage repair of NiBCD NPs were
determined.

2 Materials and methods

2.1 Synthesis procedure of NiBCD

A 0.2 g of B-CD was added to 10 mL of NiNOs (1.5 x 1073). The
mixture was stirred for 1 day at 25°C. Then, the reaction
mixture was sonicated at 45°C for 30 min. Next, the con-
tainer was placed in the refrigerator for 24 h. After that, the
mixture was centrifuged. The residues were washed with
deionized water. Finally, the products were dried using an
oven at 50°C. The NiBCD was formed in a dark green
powder.

2.2 Osteoarthritis experiment

Sixty chicks, approximately 14 days old, were utilized in
the study. Before commencing the experiment, the chicks
were housed in standard laboratory conditions for 1 week.
They had unrestricted access to food and water, and
the temperature was maintained at 25°C. The chicks were
kept in plastic containers. As per Wang et al., chondrocytes
from the chick embryos articular cartilage were obtained
through primary culture [3]. The chondrocytes underwent
three passages before being utilized for the implementa-
tion process. The cell viability determination was indir-
ectly established through the ratio of absorbance values
between the control group and CGA-treated cells. Other
studies have led to the creation of a chick injury model
[3,4]. Initially, the xylazine intravenous injection was
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used for anesthetizing the chicks. The right femur lateral
condyle was then exposed under a stereoscope, followed
by the creation of an osteochondral defect using a 21G
needle. The NiBCD NPs’ (50 pg/mL) implantation was per-
formed to address the osteochondral defects. The gait ana-
lysis was conducted 20 days post-operation. To distinguish
between the injured left side foot and the control side
(right) foot, the former was colored green while the latter
was colored with black ink. The animals were then allowed
to walk on white paper. Subsequently, evaluations were
made regarding sway, stance, and stride lengths. After
the study, the chicks were euthanized under anesthesia
using 2% (v/v) isoflurane. After fixing the 10 samples of
lateral femoral condyle articular surface in paraformalde-
hyde, the surgical procedure was performed on the distal
femur lateral 1/3. This section was then removed and uti-
lized to extract RNA and protein for more analysis in the
case of the other five animals. The integral optical density
(IOD) of PicroSirius red and Safranin O staining was deter-
mined and compared. The defect site was evaluated and
quantified for blood vessel density (BSD) and cell numbers
using Image Pro-Plus. Safranin O staining was assessed by
the sulfated proteoglycans presence [4]. To create first-
strand cDNA, the SuperScript III First-Strand Synthesis
SuperMix was used, resulting in a final volume of 25 uL
[3]. Subsequently, a polymerase chain reaction was per-
formed. For Western blotting, the standard procedure
was followed, utilizing antibodies [4].

2.3 Antioxidant efficacy

Within this method, different levels of NPs (ranging from 0 to
1,000 pg/mL) were combined with 1mL of DPPH (300 pmol/l).
The resultant blend was subsequently thinned with methanol
until it reached a total volume of 4,000 pL.

Following incubation in the absence of light for a dura-
tion of 60 min, the absorbance at a wavelength of 517 nm
was recorded. The percentage of DPPH radical inhibition
was calculated using the formula provided in ref. [31].

Asy7 of control - Ag; of sample
As7 of control

Seavenging activity (%) =

% 100.

The sample absorption was indicated by As; of the
sample, whereas the control absorption was represented
by Asy; of the control.
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2.4 Statistical analysis

Minitab software-21 was employed to evaluate the nor-
mality of the data. Following this, the non-normal out-
comes were adjusted. Data variance analysis was carried
out utilizing SPSS version 22 software, and Excel software
was utilized to generate the graphs.

3 Results and discussion

3.1 Chemical characterization of NiBCD

The XRD analysis provides valuable information on the
crystallinity of BCD complexes [36]. Figure 1 exhibits the
XRD pattern of NiBCD NPs. The results suggest that NiBCD
NPs are materialized in a fine crystalline powder. The sig-
nals at values of 26.76 (110), 37.41 (111), 43.47 (200), 63.22
(220), 75.76 (311), and 79.75 (222) are matched to standard
JCDDS card No 1313-991, which belong to nickel oxide (NiO).
The crystal size of NiBCD was measured by the Debye
equation and found 31.85 nm.

The FT-IR spectroscopy qualitative analysis was run to
evaluate the formation of NiBCD. The spectra of B-CD and
NiBCD are indicated in Figure 2. The FT-IR spectrum of NiBCD
is very similar to that of BCD. The peaks at 3,340, 2,943, 1,635,
1,415, 1,157 and 1,031 cm ™ are related to the O-H, C-H, B-CD,
0-H, C-H, and C-O bonds as the common peaks in B-CD
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Figure 1: The XRD pattern of NiBCD.
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Figure 2: The FT-IR spectra of NiBCD and BCD.

H-0-H water deformation bands present in p-CD, 1,415 em™
belongs to in-plane bending vibration of 0O-H, 1,157 cm™
attributed to overtone of C-H overtone stretching, and
1,031cm™ for the stretching vibrational band of C-O are
the common peaks in B-CD that are matched to previous
reports for FT-IR spectrum of -CD [37,38]. For NiBCD NPs,
all peaks of B-CD can be observed. Besides, according to
previous studies, the vibration bands of Ni-O have been
recorded in the region of 400-700 em™ [32,37,38]. In conse-
quence, the other peaks in the NiBCD spectrum at 438, 530,
578, and 707 cm™" are associated with Ni-O bonds for the
nickel oxide or those of oxygen from the hydroxyl groups of
BCD as the ligands to bind NiO. The FT-IR results of NiBCD
and the starting material of B-CD approve that B-CD has
performed a reducing function for the synthesis of NiBCD.

OH
HO.

o

Beta-cyclodextrin (BCD)

Scheme 1: The procedure synthesis of NiBCD NPs.
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Figure 3: The EDX diagram of NiBCD.

Furthermore, the peaks NiBCD NPs approve the inclusion of
complex formation by B-CD, which is shown in Scheme 1.

The elemental analysis of NiBCD NPs was evaluated by
the qualitative analysis of the EDX method. The results are
shown in Figure 3. The signals at the energy levels of 8.3,
7.5, and 0.87 keV are assigned for the electron migration of
Ni KB, Ni Ka, and Ni La. Furthermore, the signals for the
elements of oxygen and carbon of BCD appeared at 0.52
and 0.28 keV. These signals confirm the formation of the
complex as well as the FT-IR results. Previous studies on
the nickel oxide NPs’ synthesis have reported similar EDX
signals for nickel and oxygen [32,37,38].

The microscopic imaging technique, such as FE-SEM
imaging, is known as an efficient method to evaluate the
morphology of NPs. The FE-SEM image of NiBCD NPs is
illustrated in Figure 4a and b. Based on the data, NiBCD

NiBCD NPs
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Figure 4: The FE-SEM images (a, b) of NiBCD NPs.

NPs have been formed in a non-spherical morphology with
a size of less than 100 nm. Other research on the green synth-
esis of nickel NPs has presented an aggregation property for
this class of material. In the opposite of these reports, NiBCD
NPs do not show a strong tendency to aggregate.

3.2 Anti-osteoarthritic efficacy of NiBCD NPs

Nickel is widely recognized as a crucial element in the life
cycles of plants, animals, and microorganisms. Its significance

Control Untreated o NiBCD NPs

Relative expression

TNF-a TGF-g IGF-1 Sox9

Figure 5: The activities of NiBCD NPs on the expressions of Sox9, IGF-1,
TGF-B, TNF-a, IL-1B, and Col2a at the mRNA level.
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lies in its ability to activate carbon monoxide dehydrogenase,
thereby facilitating the conversion of carbon monoxide into
acetate in acetogenic bacteria. Additionally, Ni interacts
with Fe in hemoglobin, aiding in the oxygen transportation.
Furthermore, it plays a vital role in stimulating metabolism
[39-42]. Moreover, nickel contributes to the genetic informa-
tion encoded transmission in RNA and DNA. Lastly, it is
present in the specific sugars enzyme matrix involved in
metabolism. Nickel plays a crucial role in various physiolo-
gical processes, including nerve impulse transmission, muscle
contraction, and excitation. It achieves this by replacing
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Figure 6: The activities of NiBCD NPs on the expressions of keap1, Nrf2,
SOD2, SOD1, HO-1, and NQO-1 at the mRNA level.
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calcium in the excitation process and participating in the
binding with membrane ligands [41-43]. In rats, a deficiency
of nickel has been observed to result in decreased iron levels
in organs and a decline in hemoglobin, ultimately leading to
the development of anemia. Nickel additionally functions as a
cofactor in the activation of calcineurin, a phosphoprotein
phosphatase that relies on calmodulin [4243]. Furthermore,
it plays a crucial role in regulating the production of
cGMP, cardiovascular health, control of high blood pressure,
and sperm physiology. Moreover, Ni is consistently found in

oControl oUntreated ©NIiBCD NPs

0.3

o Control
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RNA and forms bonds with serum albumins, proteins, and
amino acids [41-43].

In this study, Figure 5 demonstrates that the mRNA
levels of Sox9, IGF-1, TGF-B, TNF-a, IL-1B, and Col2a were
significantly reduced (P < 0.05) by the NiBCD NPs compared
to the untreated group. Moreover, the mRNA levels of
keapl, Nrf2, SOD2, SOD1, NQO-1, and HO-1 were signifi-
cantly increased (P < 0.05) by the NiBCD NPs compared
to both the control and untreated groups. However, there
was no significant difference (P < 0.05) in the expressions
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Figure 7: The activities of NiBCD NPs on ACN, SRSA, BSD, and IOD of the articular cartilage.
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of Sox9, IGF-1, TGF-B, TNF-a, Col2a, and IL-1B between the
control and NiBCD NP groups, as shown in Figure 6.

The untreated group showed a decrease in the BSD and
IOD of the articular cartilage, along with an increase in the
average cell numbers in isogenous groups of chondrocytes
(ACN) and SRSA. In contrast, the NiBCD NPs had the oppo-
site effect, increasing the BSD and 10D while decreasing the
ACN and SRSA (P < 0.05) (Figure 7).

According to the findings presented in Figure 8, the
protein level analysis revealed that the NiBCD NPs led
to a decrease in the expressions of p-p65 and MMP-13
(P < 0.05). No significant difference (P < 0.05) was reported
in these parameters between the control and NiBCD NP
groups.

According to the findings presented in Figure 9, it can
be observed that the NiBCD NPs exhibited a significant
increase in both the fluorescent intensity of F-actin and
the pHIS3" cells (P < 0.05).

On day 20, the untreated group revealed no significant
difference (P < 0.05) in terms of footprint area (cm?), sway
length (cm), stance length (cm), and stride length (cm) com-
pared to the NiBCD NPs and control groups. However, the
NiBCD NPs demonstrated an increase in these parameters,
including footprint area (cm?), sway length (cm), stance
length (cm), and stride length (cm), as shown in Figure 10.
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Figure 8: The activities of NiBCD NPs on the expressions of p-p65 and
MMP-13 at the protein level.
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Furthermore, the application of NiBCD NPs resulted in
a dose-dependent increase in the cell viability rate (CVR) as
observed in the cell counting kit-8 assay (Figure 11).

The activation of the inflammasome plays a significant
role in the various diseases development, including pul-
monary fibrosis, type II diabetes, gout, atherosclerosis,
and osteoarthritis. Macrophages, as the body’s primary
defense mechanism, are responsible for processing NPs
and facilitating the targeting of macrophages by nanoma-
terials, which distinguishes them from small molecule
drugs [44]. In the preceding investigation, Jin et al. (2023)
discovered that the inhibition of inflammasome assembly
can be effectively achieved by Ni NPs. Specifically, they
observed the inhibition of NLRP3, NLRC4, and AIM2 inflam-
masomes. Furthermore, their research demonstrated that
Ni NPs can impede neutrophil recruitment in a mouse
model of acute peritonitis and alleviate symptoms in a colitis
mouse model. The underlying mechanism behind these
effects was identified as the inhibition of IL-1B maturation.
This finding stands in stark contrast to previous studies
suggesting that inorganic NPs typically induce inflamma-
some activation. Instead, Jin et al. provide evidence that
inorganic NPs themselves possess the ability to inhibit the
activation of various inflammasome types. Ni NPs have
shown their ability to effectively inhibit the activation of
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Figure 9: The activities of NiBCD NPs on F-actin fluorescent intensity (FFI)
and pHIS3" cells (PC).
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Figure 10: The activities of NiBCD NPs on several parameters on day 20. A: stride length. B: stance length. C: sway length. D: footprint area of the

injured side.

inflammasomes by suppressing Neatl. Further investigation
is required to understand the precise mechanism through
which Ni NPs regulate Neatl transcription. If successful, this
research could potentially address the existing challenge of
limited inflammasome activation in engineered NP applications
by developing Ni NPs with enhanced biocompatibility [44].

The enhanced anti-inflammatory efficacy in this research
was achieved through the combined effectiveness of B-cyclo-
dextrin and nickel. The primary reason behind this outcome
was the increase in surface/volume, resulting in an atom’s
greater influence on the particle’s surface compared to its
interior. The result of this phenomenon is a rise in the surface
energy [45]. The surface area expansion of NiNPs facilitates
optimal interaction between B-cyclodextrin and the receptor
site, resulting in its therapeutic benefits. This process typically
reduces systemic inflammation and concurrently promotes the
growth of peripheral blood lymphocytes, thereby augmenting
the natural killer cells’ cytotoxic effectiveness [45].

3.3 Antioxidant efficacy of NiBCD NPs

The outcomes derived from the DPPH assay illustrated a
rise in the inhibition rate with the escalation of NiBCD NP
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Figure 11: The activities of NiBCD NPs on CVR in the cell counting kit-8
assay.
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Figure 12: The antioxidant activities of NiBCD NPs.

concentration. Throughout this study, NiBCD NPs displayed
the greatest antioxidant effectiveness at 1,000 pg/mL, show-
casing an inhibition rate of around 100%. The NiBCD NPs
exhibited an antioxidant IC50 value of 173 pg/mL, whereas
the standard positive control or BHT showed a value of
78 ug/mL. The results of the antioxidant assay can be
observed in Figure 12.

4 Conclusion

The structure of BCD provides a great ability for molecules
to use as a sufficient host to prepare inclusion complexes of
different compounds such as drugs or catalysts. In the pre-
sent research, the nickel oxide NPs were synthesized using
BCD as a capping and reducing agent. The NiBCD was
materialized in the formula of NiO. The FT-IR results
approved the binding of NiO to BCD as well as the XRD
and EDX diagrams. The levels of MMPs, p-p65, TNF-q, and
IL-1B expression were reduced by the NiBCD NPs. The
presence of these NPs in the histological assay resulted in
chondrocyte proliferation and increased cartilage matrix
synthesis, as well as decreased abnormal vasculature forma-
tion. It was discovered that the NPs’ application accelerated
the recovery of injury-induced dysfunction. Furthermore,
we demonstrated the positive effectiveness of NiBCD NPs
in stimulating chondrogenesis. The application of the NPs
also suppressed angiogenesis and abnormal fibrosis at the
injury site. Based on the results of clinical trial studies, these
recent NPs may serve as a novel drug for expediting osteoar-
thritis articular cartilage repair.
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