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Background: Cartilage-related diseases, such as hypoplastic chondrodysplasia a rare genetic disorder that affects newborns, causing
abnormal cartilage development and restricted skeletal growth. However, the development of effective treatment strategies for
chondrodysplasia still faces significant challenges due to limitations in the controlled drug delivery, biocompatibility, and biodegrad-
ability of nanomedicines.

Methods: A biodegradable magnesium doped-silicon based-nanoplatforms based on silicon nanoparticles (MON) was constructed.
Briefly, the MON was modified with sulthydryl groups using MPTMS to form MOS. Further engineering of MOS was achieved by
incorporating Mg®" ions through the “dissolution-regrowth” method, resulting in MMOS. Ica was effectively loaded into the MMOS
channels, and HA was anchored on the surface of MOS to obtain MMOS-Ica@HA nanoplatforms. Additionally, in vitro cell
experiments and in vivo zebrafish embryo models were used to evaluate the effect of the nanoplatforms on cartilage differentiation
or formation and the efficiency of treating chondrodysplasia.

Results: A series of characterization tests including TEM, SEM, DLS, XPS, EDX, and BET analysis validate the successful
preparation of MOS-Ica@HA nanoplatforms. The prepared nanoplatforms show excellent dispersion and controllable drug release
behavior. The cytotoxicity evaluation reveals the good biocompatibility of MOS-Ica@HA due to the sustained and controllable release
of Ica. Importantly, the presence of Ica and Mg component in MOS-Ica@HA significantly promote chondrogenic differentiation of
BMSCs via the SmadS/HIF-1a signaling pathway. In vitro and in vivo experiments confirmed that the nanoplatforms improved
chondrodysplasia by promoting cartilage differentiation and formation.

Conclusion: The findings suggest the potential application of the developed biodegradable MMOS-Ica@HA nanoplatforms with
acceptable drug loading capacity and controlled drug release in chondrodysplasia treatment, which indicates a promising approach for
the treatment of chondrodysplasia.
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Introduction
Chondrodysplasia is a rare and complex genetic disorder that affects newborns, leading to abnormal development of

cartilage tissue and restricted skeletal growth.' It evidently imposes severe physical and functional impairments on
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affected infants, greatly impacting their quality of life and future development. Consequently, research on cartilage-
related diseases, including chondrodysplasia in newborns has garnered increasing attention within the scientific
community.®’

In recent decades, significant progress has been made in the study of cartilage dysplasia. Ongoing approaches,
including gene therapy, cell therapy, and drug interventions, show promise in promoting the differentiation and growth of

cartilage cells,® ! 1"

thereby improving skeletal development in affected individuals. For instance, a study by Liu et a
highlighted the potential of Icariin (Ica), a flavonoid compound extracted from the Epimedium herb, to promote
chondrogenesis in mesenchymal stem cells (MSCs) when exposed to a conditioned medium. Ica has also been shown
to support chondrocyte proliferation, maintain their distinct phenotype, enhance the secretion of proteoglycan and
collagen matrix, and prevent collagen and proteoglycan efficacy in treating chondrodysplasia disorders.'> !>
Additionally, Ica has been reported to have anti-inflammatory effects, which can inhibit the production of inflammatory
mediators and the activation of inflammatory signaling pathways in addition to treating chondrodysplasia by promoting
chondrocyte proliferation and differentiation, thereby attenuating the adverse effects of the inflammatory response on
chondrogenesis.'®'® However, sustained administration or high doses of Ica may inhibit chondrocyte proliferation and
potentially pose unnecessary biosafety risks to a certain extent.'” Therefore, there is an urgent need to design
biodegradable nano-drug carriers with favorable drug availability and controllable release for effective delivery of Ica
and other therapeutic agents in the treatment of these disorders.

As one of the well-known drug delivery systems (DDSs), mesoporous organic silicon nanoparticles (MON) are
widely used in various biomedical fields due to their unique porous structure, good biocompatibility, and
biodegradability.?* ** Especially, further engineering of MON frameworks with metallic ions (eg, -Si-O-M-, where
M = Fe, Cu, Mg, Ca) can endow the MON system with additional biological properties.”> For example, Huang et al*®
reported a silver engineered-silica nanoparticles to accelerate chronic wound healing by regulating inflammatory
response and inhibiting bacteria. Wang et al*” developed iron-engineered mesoporous silica nanocatalyst for specific anti-
tumor therapy based on enhanced Fenton-like reactions. Therefore, the strategies of metal-engineered silica nanoparticles
can endow them with multifunctionality.

Magnesium is a vital micronutrient necessary for proper bodily functions and has established a growing connection
between Mg®" deficiency and orthopedic ailments like cartilage defect and osteoporosis.”™*’ Notably, studies have
demonstrated that Mg”" plays a crucial role in promoting the adhesion and chondrogenesis of synovial mesenchymal
stem cells (SMSCs) through integrins.’*>' Additionally, Mg*" has been found to inhibit extracellular matrix (ECM)
calcification and safeguard articular cartilage by activating the HIF-1a to improve chondrogenesis pathway.*>** It can be
reasonably speculated that Mg-engineered MON has prominent application prospects in promoting cartilage reconstruc-
tion. However, the integration of metal ions and silica nanoparticles in engineering processes often leads to nanoparticle
aggregation and uncontrollable structural damage.>* These challenges pose significant obstacles to the use of metal-
engineered silica nanoparticles in future biomedical applications.

To overcome the above concerns, we pioneeringly constructed a biodegradable magnesium doped-silicon based-
nanoplatforms for optimizing drug delivery and efficiently treating chondrodysplasia. In brief, the MON is decorated
with sulfhydryl groups through the grafting of 3-mercaptopropyltrimethoxysilane (MPTMS), resulting in the formation
of MOS, and the MOS is further engineering with Mg®" via the “dissolution-regrowth” method to obtain MMOS. Due to
its unique structure, Ica is effectively loaded into the MMOS channel and achieves appreciable drug-loading capacity.
After that, hyaluronic acid (HA) as a gate is anchored on the surface of MOS to construct MMOS-Ica@HA (Scheme 1a).
A series of measurements and characterizations, such as TEM observation, particle size distribution, EDX, XPS, and
BET analysis were conducted to verify the successful preparation of MMOS-Ica@HA. The cytotoxicity of MMOS-Ica
@HA was comprehensively evaluated by cell proliferation assay, live-dead staining, or cell morphology and spreading
after staining of the cytoskeleton. Furthermore, the effect of nanoplatforms on cartilage differentiation and formation was
examined through in vitro cell culture and in vivo zebrafish embryo models with chondrodysplasia, validating that the
MOS-Ica@HA can improve the chondrodysplasia by promoting the differentiation and formation of cartilage
(Scheme 1b).
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Scheme | (a) Construction of MOS-lca@HA nanocapsules. (b) Schematic illustration of MOS-lca@HA nanocapsules for treatment of zebrafish chondrodysplasia by
promoting the proliferation and differentiation of chondrocytes.

Experimental Section

Materials

Tetracthyl orthosilicate (TEOS) and triethanolamine (TEA) were bought from Aladdin Reagent (China).
Cetanecyltrimethylammonium chloride (CTAC), bis (3-triethoxysilylproyl) disulfide (BTDS) was purchased from
Shanghai Yuanye Biological Technology Co., Ltd. Magnesium chloride hexahydrate (MgCl,-6H,0), hyaluronic acid
(HA, sodium salt, M, = 500-600 kDa, 99%), and dexamethasone was provided from Sigma-Aldrich (USA). Ammonium
chloride (NH4Cl), ammonium hydroxide (NH3-H,O, 28%) glutathione (GSH, 98.0%), rhodamine6G (R6G), and
MPTMS were purchased from Shanghai Macklin Biochemical Co., Ltd. Primary antibodies of anti-collagen type II
(COL 1I), anti-aggrecan (ACAN), sex-determining region Y-box 9 (SOX 9) were provided from Abcam and Life
Technology. All chemical reagents were analytical grade.

Synthesis of MON and MOS

Typically, the procedure involves stirring a mixture of 20 g CTAC (10 wt%) and 0.8 g TEA aqueous solution (10 wt%) at
90 °C for 30 minutes. Subsequently, 1.0 mL of TEOS is added. After 1 h, a mixture of 1 mL TEOS and 0.6 mL BTDS,
serving as mixed silicon sources, is introduced with stirring for 4 h. The resulting product is a white precipitate (eg,
MON), which is obtained through centrifugation and subsequent washing steps. For the synthesis of MOS, 100 mg of
MOS was dispersed in 100 mL of isopropanol. Subsequently, 200 pL of MPTMS was added to the mixture, and the
solution was refluxed at 80 °C overnight. The MOS precipitates were acquired by centrifugation and washing procedures.
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Synthesis of MMOS

100 mg of MOS was dispersed in 10 mL of an aqueous solution and combined with 2 mL of a MgCl, solution (15.6 mg/
mL) under magnetic stirring for 45 minutes. Following this, 0.436 g of NH4Cl and 1.0 mL of NH5-H,O (28%) were
added to the mixture. After stirring for 2.0 h, the solution was transferred to a Teflon-lined autoclave and maintained at
120 °C for 18 h. The resulting MMOS was obtained by centrifugation at 20,000 xg for 15 min, followed by washing with
pure water five times. Finally, the product was freeze-dried under a vacuum condition.

Synthesis of MMOS-lca@HA

To initiate the Ica loading process, a dispersion of MMOS (4.0 mL, 2.5 mg/mL) was mixed with 1.0 mL of Ica solution
(2.0 mg/mL) and stirred overnight at room temperature. The resulting solution was then subjected to centrifugation
(20,000 x g, 10 minutes) and washed to obtain MMOS-Ica. Subsequently, HA was used for surface modification and
block. The MMOS-Ica obtained previously was dissolved in a HA solution (5.0 mL, 0.5 mg/mL) and stirred for 12
h. Afterward, the solution was centrifuged (20,000 x g, 10 min) and rinsed twice with MilliQ water to obtain MMOS-Ica
@HA. The supernatants from each step were collected for UV-vis analysis at a wavelength of 360 nm to determine the
Ica loading content.

The morphology and distribution of the MMOS and MMOS-Ica@HA nanoparticles were assessed using transmission
electron microscopy (TEM) with a Philips CM-120 instrument from Eindhoven, Netherlands. Additionally, TEM
measurements provided elemental mappings and energy-dispersive X-ray spectroscopy (EDS) spectra for the AMSN
nanoparticles. The composition of MMOS-Ica@HA was analyzed by X-ray photoelectron spectroscopy (XPS) spectrum.

Assessment of Biodegradability Behavior

To investigate the degradation behavior of the nanoplatforms, MOS, MMOS, and MMOS-Ica@HA (20 pL, 10 mg/mL)
were incubated with 1.0 mL of simulated body fluid (SBF) solution containing 1.0 mM GSH at 37 °C with shaking. After
incubating for 1, 3, 5, or 7 days, a 10 pL portion of the solution was extracted for TEM measurement to observe the
degradation behavior of the nanoplatforms.

In vitro Drug Release

2.0 mL aqueous solution of MMOS-Ica or MMOS-Ica@HA (1.0 mg/mL) was enclosed in a dialysis bag with a molecular
weight cutoff of 3.5 kDa. The dialysis bag was then immersed in 10 mL of PBS containing either 0.5 or 1.0 mM GSH.
The dialysis process was carried out at 37 °C in a culture incubator with gentle shaking at 100 rpm. At specific time
intervals of 0.25, 0.5, 1.0, 2.0, 3.0, 5.0, or 7.0 days, 0.5 mL of the PBS solution was taken out and replaced with fresh
PBS of the same conditions and volume. The released Ica in the PBS was quantified using a UV-vis spectrophotometer,
while the released Mg”" ions were measured using inductively coupled plasma optical emission spectrometry (ICP-OES)
with a Thermo Fisher Scientific iCAP 6300Duo instrument.

R6G-Labeled Nanoplatforms

To label nanoplatforms with R6G, a dispersion of nanoplatforms (10 mL, 1.0 mg/mL) was mixed with R6G (100 uL,
15 mg/mL) and stirred in the dark for 24 h. The resulting R6G-labeled MOS, MMOS, or MMOS-Ica@HA was obtained
by centrifugation at 15,000 x g for 10 minutes, followed by washing with deionized water for subsequent use.

In vitro Cell Analysis

Cell Isolation and Culture

SD rats (4 days old, provided by Guangdong Provincial Animal Experiment Center) were used to obtain bone marrow
mesenchymal stem cells (BMSCs). The rats were anesthetized with pentobarbital sodium and sterilized by soaking in
75% absolute ethanol. The femoral marrow cavities were then accessed to collect the bone marrow extracts. These
extracts were cultured in a complete culture medium consisting of a-MEM, 1% PS, and 10% FBS. The initial BMSCs
were purified at passages 3—4 to be used for further studies.
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Endocytosis Performance of R6G-Labeled Nanoplatforms

BMSCs were seeded into confocal dishes at a density of 5.0x10* cells and allowed to adhere overnight. The growth
media were then replaced with 0.5 mL of culture medium containing R6G-labeled MOS, MMOS, or MMOS-Ica@HA at
a concentration of 4.0 pg/mL for R6G. The cells were incubated for an additional 2.0 h. Subsequently, the treated cells
were washed with PBS and fixed using a 4.0% paraformaldehyde solution. To visualize the cell nuclei, DAPI staining
was performed for 15 min. The obtained cells were followed by treatment with a Rhodamine-Phalloidin solution
containing 0.1% Triton X-100 and 1.0% BSA for 20 min. Finally, the cells were observed using laser scanning confocal
microscopy (LSCM).

To prepare for flow cytometry analysis, BMSCs were seeded into 6-well plates at a density of 2.0x10° cells per well
and allowed to adhere overnight. Subsequently, the culture medium was replaced with the fresh culturing medium.
(1.0 mL) containing R6G-labeled MMOS-Ica@HA (Cgre = 4.0 ng/mL). After an additional 2.0 h of incubation, the cells
were washed twice with cold PBS and harvested by trypsinization. The cell suspension was then centrifuged at 2000 x
g for 3.0 min. The resulting cell pellet was re-suspended in PBS and subjected to analysis using flow cytometry. (Guava
easyCyte, USA).

Cytotoxicity Assay

To evaluate the cytocompatibility of various formulations, an MTT assay was conducted. BMSCs were seeded into 96-
well plates at a density of 5.0x10° cells per well and incubated overnight at 37 °C. Subsequently, the culture medium was
replaced with fresh complete culture medium containing different concentrations (ranging from 0 to 400 pg/mL) of PBS,
MOS, MMOS, MMOS-Ica, and MMOS-Ica@HA. After co-incubation for 1.0, 3.0, and 5.0 days, the relative cell
viability was assessed using a standardized method. Meanwhile, BMSCs treated with MOS, MMOS, MMOS-Ica, and
MMOS-Ica@HA at a concentration of 100 pg/mL for 3.0 days were subjected to a live/dead assay.

Furthermore, the cell morphology and spreading ability of BMSCs were assessed after co-incubation with different
nanoplatforms. Subsequently, the collected cell samples were fixed in 4% paraformaldehyde, permeabilized with 0.1%
Triton X-100, blocked with bovine serum albumin, and then subjected to immunostaining using Rhodamine-Phalloidin
for F-actin filaments and DAPI for the nucleus in a dark environment. The samples were then observed using LSCM. As
for the quantitative analysis of live/dead cells or cell spreading area, which was determined by the regions of the three
replicates by Image J software.

BMSCs Chondrogenic Differentiation Assay
BMSCs were cultured in 15 mL centrifuge tubes using the chondrogenic medium. The medium was refreshed every 2
days with fresh medium and a solution containing nanoplatforms (10 pL) for a period of 14 days. Following the
incubation, the resulting cell pellets were frozen and sliced into sections with a thickness of 5 pum. These sections were
then subjected to Alcian blue and Safranin-O staining. Additionally, BMSCs were cultured for 14 days in a chondrogenic
medium supplemented with the nanoplatform solution. To assess the expression of cartilage-related markers (including
Col-II, ACAN, SOX9), quantitative real-time PCR (qPCR) analysis was performed. The gene sequences of Col-II,
ACAN, and SOX9 are described in Table 1.

Besides, to visualize the expression of cartilage-related proteins, immunofluorescence staining was employed.
Primary antibodies targeting Col-II, or SOX9 were utilized, followed by incubation with goat anti-mouse IgG secondary
antibodies labeled with Alexa Fluor®594 or Alexa Fluor®488. To visualize the cell nuclei, DAPI was used as

a counterstain. The resulting images were captured using a fluorescence microscope.

In vivo Cartilage Regeneration Assessment

Construction of a Model of Embryonic Chondrodysplasia in Zebrafish

The adult wild-type zebrafish (AB, bought from the Animal Experiment Center of Southern Medical University) used in
this study were obtained from the Zebrafish Research Centre of Southern Medical University, China. The zebrafish were
housed individually in a water purification system provided by Shanghai Aquarium Devices Company, China. To initiate
the breeding process, the zebrafish were transferred to a mating pool with a sex ratio of 1:2 (male to female). Spawning
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Table |1 The Sequence of Primers

Gene Name | Sequence
GAPDH F TCACCATCTTCCAGGAGCGA
R CACAATGCCGAAGTGGTCGT
Col-ll F AAGAGCGGTGACTACTGGATAG
R TGCTGTCTCCATAGCTGAAGT
ACAN F AGGTCGTGGTGAAAGGTGTTG
R GTAGGTTCTCACGCCAGGGA
Sox9 F GGTGCTCAAGGGCTACGACT
R GGGTGGTCTTTCTTGTGCTG

was induced in the morning when the lights were turned on, simulating natural conditions. After approximately 30 min,
the embryos were collected in a dish. These embryos were then placed in egg water, which is a culture medium
containing 5-10% methylene blue (Sigma). After the embryo developed to 2 days post-fertilization (dpf), the zebrafish
embryo was treated with prednisolone (10 uM) to construct the model of zebrafish with chondrodysplasia. All animal
procedures were performed in accordance with the Guidelines for Care and Use of Laboratory Animals of Guangzhou
Medical University and approved by the Animal Ethics Committee of Guangzhou Medical University. The assigned
approval/accreditation number is SYXK(YUE)2023-0112.

Pharmacological Treatment

The obtained zebrafish chondrodysplasia model was divided randomly into four groups: PBS (control group), MOS
(2.0 mg/mL), MMOS (2.0 mg/mL), and MMOS-Ica@HA (2.0 mg/mL) groups. Subsequently, the embryos in each group
were exposed to the pharmacological drug MMOS-Ica@HA from 3 to 7 dpf. At 7 dpf, the larvae from all groups were
subjected to an assay to evaluate the development of their craniofacial cartilage structures.

Cartilage Reconstruction Ability in the Zebrafish Embryo

At the end of 7 dpf, the larvae from different groups, including those treated with nanoplatforms and the control group were
thoroughly washed and then euthanized using a lethal dose of MS-222. Following euthanization, the larvae were fixed in
a solution consisting of 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS). For visualization of the cartilage
development in zebrafish, the prepared slices were subjected to staining techniques. Two staining methods, namely alcian
blue, and hematoxylin-eosin (H&E), were employed. Alcian blue staining specifically highlights the presence of cartilage by
binding to sulfated proteoglycans, while H&E staining provides a broader visualization of tissue structures.

Acute Toxicity of MMOS-lca@HA to Zebrafish Embryos and Larvae

At 6 hours post-fertilization (hpf), zebrafish embryos were transferred to a 96-well plate and cultured in egg water
(100 mL per well). The embryos were then treated with different concentrations of MMOS-Ica@HA (0.25, 0.50, 1.0, 2.0,
5.0, 10, and 20 mg/mL) and placed in an incubator at 28.5 °C. To assess the effects of the treatment, the percent survival
and percent of malformed zebrafish were evaluated every 24 h from 24 to 168 hpf using a dissecting microscope. Dead
larvae were identified by the absence of cardiac function, lack of response to touch, or decomposition. Malformed larvae
were characterized by pericardial edema, axis curvature, yolk sac edema, and cranial and facial abnormalities. The
numbers of dead and malformed zebrafish were recorded every 24 h throughout the experiment.

In addition, to measure the antioxidant enzyme activities and oxidative stress markers, specific assay kits were used.
Superoxide dismutase (SOD) activity, catalase (CAT) activity, and malondialdehyde (MDA) content were determined
using their respective assay kits (Shanghai Enzyme-linked Biotechnology Co., Ltd.). These kits provide standardized
protocols and reagents for accurate measurement of SOD and CAT activities, as well as MDA levels.
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Statistical Analysis

The experimental data are presented as mean = S.D. The experiments were performed at least in triplicate, and data were
analyzed with the SPSS software using one-way ANOVA followed by a post hoc Tukey’s test. The significance level was
fixed as *P < 0.05, **P < 0.01, or ***P < 0.001.

Results and Discussion

Construction and Characterizations of Nanoplatforms

First, the MON was prepared through a sol-gel approach and then modified with MPTMS to obtain MOS. After that, the
Mg-engineered MOS (eg, MMOS) was fabricated a hydrothermal method by using monodispersed MON as a hard
template and MgCl, as a magnesium source. During the hydrothermal process, the reaction between Mg®" and the
released silicon-containing oligomers (dissolution process) leads to the formation of a Mg-doped silica layer on the
surface of MOS (growth process). This approach is known as the “dissolution-growth” strategy for producing MMOS
nanoparticles. Additionally, a similar procedure has been reported for the preparation of biodegradable mesoporous
copper silicate nanospheres.®* As an ideal drug delivery carrier, the Ica was then loaded into MMOS within mesoporous
channels to generate MMOS-Ica, and the HA molecules serve as “gatekeepers” for controlling drug release and are
further modified on the surface of MOS, resulting in MMOS-Ica@HA. The Ica loading content of MMOS-Ica@HA is
determined to be 11.2 £ 0.7% based on the UV-vis analysis, which is higher than previously reported drug delivery
systems (around 8.9%).%

Figure 1A—C shows the morphology of synthesized MOS, MMOS, and MMOS-Ica@HA, revealing the good aqueous
dispersion and spherical capsule morphology of obtained nanoparticles. The prominent spherical nanoplatforms of
MMOS-Ica@HA with excellent monodispersity were also confirmed by the SEM observations (Figure 1D). Elemental
mapping of MMOS-Ica@HA (Figure 1E) displays a clear presence of N, C, O, Si, S, and Mg, demonstrating the
successful formation of the spherical nanoplatform structures and incorporation of Mg ions. Meanwhile, the Mg content
in the MMOS-Ica@HA specimen was quantified as 7.8 £ 0.6% by inductively coupled plasma optical emission
spectrometry (ICP-OES) test using the Thermo Fisher Scientific iCAP 6300Duo instrument, and the corresponding
ratio of Si/Mg is determined to be 6.7.

According to the dynamic light scattering (DLS) analysis, the average particle size of MOS or MMOS is approxi-
mately 113 nm or 121 nm, respectively. However, after the conjugation of HA, the particle size slightly increased to
around 137 nm (Figure 1F-H). Both the EDX spectrum (Figure 11I) and full-range survey XPS spectrum (Figure 1J)
exhibit the homogeneous distributions of N, C, O, Si, S, and Mg signals in MMOS-Ica@HA specimens. The above
results all indicate the successful construction of MMOS-Ica@HA nanoplatforms.

Next, the N, adsorption isotherm measurements were conducted to determine the specific surface area and average
pore size of MOS or MMOS-Ica@HA using the Brunauer-Emmett-Teller (BET) technique. The specific surface area and
pore diameter of MOS are determined to be 376.1 m* g ' (Figure S1) and 5.0 nm (Figure 1K), respectively, indicating its
ability to provide an appreciable drug encapsulation capacity. After drug loading and modification, the BET area and pore
size decreased to 158.9 m? g ' and 4.2 nm, respectively. Figure S2 illustrates the positive colloidal stability of MMOS-
Ica@HA in various physiological solutions, such as deionized water, PBS buffer, or DMEM medium. The results of the
polydispersity index (PDI) values of MMOS-Ica@HA after 7 days of storage in different media are all less than 0.3
(Figure S3), further demonstrating the favorable dispersibility of our nanoplatforms.

In vitro Biodegradation Behavior and Endocytosis Performance

It is well recognized that MOS frameworks can degrade in response to reducing environments. To validate this
hypothesis, TEM images of MMOS-Ica@HA were captured at various incubation time intervals in a simulated body
fluid (SBF) solution containing 1.0 mM GSH (Figure 2A). During a 7-day incubation period, the presence of GSH leads
to a gradual deformation, collapse, and fragmentation of MMOS-Ica@HA, indicating its biodegradable nature. The
degraded 7-day MMOS also shows a similar behavior with visible framework collapse and deformation, while the MOS
presents a relatively complete spherical framework (Figure S4), indicating its degradation rate is lower than MMOS or
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Figure | (A-C) TEM images of MOS (A), MMOS (B), or MMOS-lca@HA (C). (D and E) SEM images (D) or HAADF-STEM images (E) of MMOS-lca@HA nanoplatforms.
(F-H) Size determination of MOS (F), MMOS (G), or MMOS-lca@HA (H) via DLS measurements. (I and J) EDX spectrum (l) or full-range survey XPS spectrum (J) of
MMOS-lca@HA. (K) Pore diameter distribution of MOS or MMOS-lca@HA.

MMOS-Ica@HA specimen. This is probably because the Mg-engineered process leads to a looser nanoparticle frame-
work, which in turn can further promote nanoparticle degradation in response to reduced GSH, and similar findings have
been reported in previous studies.*®

Building upon the promising outcomes mentioned above, the release of drugs from nanoplatforms in response to stimuli
was investigated under various conditions (Figure 2B and C). Due to the presence of disulfide bonds within the MMOS

framework, which are highly sensitive to GSH (glutathione), the decomposition of the framework can result in the
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Figure 2 (A) TEM images of biodegradable MMOS-lca@HA after incubation in SBF solution containing 1.0 mM of GSH for 1.0-7.0 days. (B and C) Release profile of Ica (B)
or Mg?* (C) from nanoplatforms in PBS solution containing GSH. (D) CLSM results of BMSCs after treatment with R6G-labelled MMOS-lca@HA. (E and F) Flow
cytometric analysis on the intracellular R6G fluorescence for BMSCs treated with R6G-labelled MMOS-Ica@HA for 2.0 h. ***P < 0.001, represents an extremely significant
difference.

detachment of the HA coating layer from MMOS-Ica@HA. This detachment “turns on” the switch of the mesopores,
leading to the release of Ica. Simultaneously, as the disulfide bonds are cleared in response to GSH stimulation, the
framework is significantly disrupted, further allowing for the controllable release of loaded Ica or Mg components. As
expected, the cumulative release of Mg®" or Ica in SBF solution for 7.0 days is only about 20%, while their corresponding
cumulative release exceeds 50% under SBF solution with 1.0 mM GSH. Additionally, due to the protection provided by HA
“gatekeepers”, the MMOS-Ica@HA group exhibits a more stable and sustained release performance compared to the
MMOS-Ica sample, which shows relatively rapid burst release behavior upon stimulation by GSH (Figure S5). Notably, the
reductive GSH levels can lead to the controlled release of loaded drugs from MMOS-Ica@HA nanoplatforms.

The intracellular endocytosis performance of R6G-labelled MMOS-Ica@HA was evaluated in vitro using both CLSM
and flow cytometry techniques. Compared to the control group, CLSM observation displays a significant red fluorescence
signal within the cytoplasm for the MMOS-Ica@HA group (Figure 2D). Meanwhile, the positive cellular endocytosis
results of the MOS or MMOS treated group are also presented in Figure S6, which reveals the appreciable cellular uptake

International Journal of Nanomedicine 2024:19 https: 499
Dove:


https://www.dovepress.com/get_supplementary_file.php?f=446552.docx
https://www.dovepress.com/get_supplementary_file.php?f=446552.docx
https://www.dovepress.com
https://www.dovepress.com

Chen et al Dove

capacity of our nanoplatforms based on the enhanced permeability and retention (EPR) effect.’” The further flow
cytometry analysis of the fluorescence intensity of BMSCs also confirms the above conclusion. It can be found that
the fluorescence intensity of BMSCs treated with R6G-labelled MMOS-Ica@HA is evidently higher than PBS treated
group (Figure 2E and F). The results above suggest the prominent intracellular endocytosis capability of the prepared
nanoplatforms.

Biocompatibility Assessment of Nanoplatforms
In vitro cytotoxicity of the resultant nanoplatforms on BMSCs was further examined. Figure 3A and C depict the calcein
AM- and propidium iodide (PI) co-stained BMSCs, along with the corresponding quantitative analysis results, following
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Figure 3 (A) Live/dead cell staining of BMSCs cultured with complete culture medium containing PBS, MOS, MMOS, or MMOS-Ica@HA, and (C) its quantitative analysis of
live/dead cells on day 3.0. (B) CLSM images of stained BMSCs visualizing cell morphology after incubation with different formations, and (D) its quantitative results of spread
area via the Image ] software. (E) Viability of BMSCs incubated with PBS, MOS, MMOS, or MMOS-lca@HA for 1.0, 3.0, or 5.0 days. *P < 0.05, represents a significant
difference. ¥***P < 0.001, represents an extremely significant difference.
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incubation with PBS, MOS, MMOS, or MMOS-Ica@HA for 3.0 days. Almost a few dead cells can be found in each
treatment group, indicating the favorable biocompatibility of the nanoplatform system. Due to the “gatekeeper” role of
HA in providing controlled release of Ica, the cell viability of BMSCs after treatment with MMOS-Ica@HA remains at
99.3% even at high doses of Ica drug (44.8 pg/mL). In contrast, the negative impact of freely diffused Ica on BMSCs is
evident in the MMOS-Ica group, where the corresponding cell viability decreases to 85.4% (Figure S7). This decrease is
significantly lower than that observed in the MMOS-Ica@HA group under the same conditions (P < 0.05). The live/dead
staining results of BMSCs after treatment with MMOS-Ica also present a similar trend owing to the sudden release of Ica
accompanied by certain cellular side effects (Figure S8). These findings can be consistent with the results of in vitro
release, further demonstrating the “gatekeeper” role of HA to optimize drug delivery and decrease the negative impact of
rapid drug release on cell viability.

In addition, the analysis of cell morphology (Figure 3B and D) demonstrates that BMSCs incubated with MMOS or
MMOS-Ica@HA exhibit a significantly larger spreading area compared to the PBS or MOS group. Especially, BMSCs
treated with MMOS-Ica@HA show the largest spreading area and typical slender fusiform shapes with distinct
pseudopodia. Previous studies have indicated that moderate levels of Mg?" can not only promote the proliferation and
differentiation of chondrocytes but also inhibit their apoptosis.*®* *° Meanwhile, the released Ica from MMOS-Ica@HA
also can further combinedly promote the proliferation of BMSCs.*' Similar findings with positive cell proliferation can
be observed in the MTT assays. As depicted in Figure 3E, the BMSCs treated with MMOS-Ica@HA show the highest
cell viability compared to other treated groups, proving the existence of Ica and Mg*" have a promoting effect on BMSCs
proliferation to a certain extent.

Improvement of Cartilage Differentiation Potential

To examine the impact of nanomedicine on the chondrogenic differentiation behavior of BMSCs, a series of
experimental techniques were employed. Immunofluorescence staining, Safranin O, and Alcian staining, as well as
RT-gPCR  analysis, were performed following a 14-day induction of chondrogenic differentiation.
Immunofluorescence staining of SOX9 and Col-II (Figure 4A) reveals that the introduction of the Mg component
leads to increased expression of SOX9 and deposition of Col-II compared to the PBS group. Notably, the MMOS-
Ica@HA treated group exhibits the highest fluorescence signal, indicating superior cartilage differentiation perfor-
mance attributed to the combined effects of Ica and Mg. Both Safranin O (Figure 4B) and Alcian (Figure 4C)
staining demonstrate successful directed chondrogenic differentiation of BMSCs in the MMOS-Ica@HA treated
group in the presence of Mg and Ica. This was evidenced by the abundant production of glycosaminoglycans
(GAGs) and the distinct blue staining of mucopolysaccharides in chondrocytes, in contrast to the observations in the
PBS or MOS group.

For further assessment of chondrogenic differentiation of BMSCs, the expression levels of chondrogenic
markers, including SOX9, ACAN, and Col-II, were quantified using qRT-PCR (Figure 4D-F). The results demon-
strated that the MOS groups exhibit a slight enhancement in the expression of chondrogenic genes, while the
MMOS group shows partial upregulation. In contrast, the MMOS-Ica@HA group displays a significant improvement
in gene expression compared to the PBS group. Evidently, the combined effect of Mg and Ica plays a crucial role in
promoting the chondrogenic differentiation of BMSCs. On one hand, the sustained release of Ica positively
influenced chondrocyte proliferation and the secretion of proteoglycan and collagen matrix.**** On the other

28,40 as

hand, the Mg®" could potentiate the synthesis of the cartilage matrix by activation of the HIF-a pathway,
confirmed by Figure 4G, thereby conferring a Mg”*-mediated improvement of cellular chondrogenic regulation.
These findings suggest that both Mg and Ica combinedly contribute to the promotion of chondrogenic differentiation
in BMSCs, whereas further studies are needed to investigate the cooperative impact of Mg and Ica on chondrogenic

differentiation.

In vivo Evaluation of Cartilage Regeneration
Zebrafish chondrodysplasia models were constructed with prednisolone and used to evaluate the potential of cartilage
differentiation and regeneration. The morphological findings of Alcian blue staining, together with H&E staining on

International Journal of Nanomedicine 2024:19 https: 501
Dove!


https://www.dovepress.com/get_supplementary_file.php?f=446552.docx
https://www.dovepress.com/get_supplementary_file.php?f=446552.docx
https://www.dovepress.com
https://www.dovepress.com

Chen et al Dove

MMOS-Ica@HA
DAPI Merge DAPI

>

g
=
(¢}
~
o
(S

SOX9 SOX9
100 pm

Merge DAPI M
Col-11
100 pm
MOS

MMOS-Ica@HA

) Safranin O W Immunofluorescence stainin

=

=

= :

< 200 pm
D E s F G

g 25 SOX9 e g ACAN S g 8] Col-11 St % 1
2 z 4 = 315 oo
%20' el § % 61 3 JOss
E 151 E 3 T 5‘ % EIO

2104 @ 2 @ 41 o
= = 2z 25
3 5 S 1 £ 2 £ D ’-x-‘
D ) > =
= 0 ~ 0 =2 0 [~ :
¥BS MO N\MN(\)S —‘C“‘@“A PBS MO N\OS ya@BA PBS MO N\MN(\)S -‘ca\'@m ?BS MO MN‘N(\)SS \ca@“
M M

Figure 4 (A) Immunofluorescence staining for SOX9 and Col-ll expressed in BMSCs incubated with different formulations for 14 days. (B and C) Safranin O and Alcian
staining of the BMSCs after treatment with PBS, MOS, MMOS, or MMOS-lca@HA. (D—F) Expression level of chondrogenic-related biomarkers including SOX9, ACAN, and
Col-Il measured by qRT-PCR assays. (G) Quantification of HIF-lo expression level based on the ELISA Kit. *P < 0.05, represents a significant difference. **P < 0.01,
represents a very significant difference. ***P < 0.001, represents an extremely significant difference.

craniofacial sections show the effect of nanoplatforms on zebrafish cartilage regeneration. The MMOS-Ica@HA group
demonstrated a fully intact distribution of chondrocytes in the craniofacial cartilage structure of zebrafish. Conversely,
the cartilage structure of the PBS or MOS treated group exhibited disarray (Figure 5A). As shown in Figure 5B, H&E
staining indicated that the chondrocytes of the MMOS-Ica@HA group were oval and deeply stained compared to those
of the control group. Furthermore, as the exposure time increased, the demarcation between the ceratohyal chondrocytes
became distinct, leading to the gradual growth of the entire craniofacial cartilage. Additionally, the connective tissue
layer surrounding the perichondrium thickened. Therefore, our findings from the analysis of pathology (including
morphological and histopathological evaluations) suggest that MMOS-Ica@HA nanoplatforms exerted
a comprehensive impact on chondrogenesis in the craniofacial cartilage of zebrafish offspring. This led to craniofacial
regeneration through the proliferation and differentiation of chondrocytes.
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Figure 5 (A) Alcian blue and (B) H&E staining of zebrafish embryo treated (I) PBS, () MOS, (lll) MMOS, and (IV) MMOS-lca@HA at 5 dpf, 6 dpf, or 7dpf, showing the
craniofacial cartilage regeneration.

Acute Toxicity in Zebrafish Embryo

The acute toxicity of MMOS-Ica@HA at various concentrations (0.25, 0.50, 1.0, 2.0, 5.0, 10, and 20 mg/mL) was
assessed on zebrafish embryos or larvae from 1 dpf to 7 dpf. No significant changes are observed in the percent survival
of zebrafish embryos and larvae at different developmental stages (1-7 dpf) when exposed to concentrations of MMOS-
Ica@HA ranging from 0 to 2.0 mg/mL, while slight toxicity begins to appear at a concentration of 5.0 mg/mL, and over
85% survival rate can be maintained even at concentrations as high as 20 mg/mL (Figures 6A—C and S9). The results
clearly demonstrate that MMOS-Ica@HA has minimal impact on the survival of zebrafish and exhibits weak toxicity
towards zebrafish. In addition, the percent of malformed zebrafish embryos induced by varying concentrations at 1-7 dpf
also validates the prime biosafety performance of the nanoplatform system (Figures 6D-F and S10), the toxic effect of
MMOS-Ica@HA at different concentrations (<5.0 mg/mL) on the morphological development of zebrafish is almost
negligible.

According to previous studies, it has been shown that the toxicity induced by nanoparticles can trigger oxidative
stress reactions, leading to an increase in the production of reactive oxygen species.*>*® Consequently, we measured
the levels of the index (CAT, SOD, and MDA) related to oxidative stress in the pharyngeal arch of zebrafish
embryos exposed to MMOS-Ica@HA. Figure 6G-1 show the CAT, SOD, and MDA level of zebrafish embryo
treated with different concentrations, respectively. There are no significant differences were observed between the
MMOS-Ica@HA-treated group with a concentration of 5.0 mg/mL and the normal control group. This suggests that
the oxidative stress induced by MMOS-Ica@HA has a negligible or low impact on zebrafish embryos. Hence, it can
be inferred that MMOS-Ica@HA nanoplatforms do not exhibit significant toxicity during the developmental stages
of zebrafish.

In summary, although the Ica-loaded nanoplatform has shown efficacy in chondrogenesis and chondrocyte prolifera-
tion, the reproducibility of results when using it in chondrodysplasia still requires more research. Furthermore, in the
present study, the absence of additional evaluation regarding the treatment of chondrodysplasia using MOS-Ica@HA
particles hinders a more robust demonstration of the collaborative effect between the Ica and Mg components. In future
studies, an in-depth understanding of the different subtypes of chondrodysplasia and the optimization of therapeutic
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Figure 6 (A—C) Percent survival of zebrafish embryo treated with various concentrations of MMOS-lca@HA at 5-7 dpf. (D—F) Percent of malformed zebrafish embryo at
5-7 dpf. (G-1) Effect of MMOS-lca@HA on the oxidative stress level of zebrafish embryos, including MDA, SOD, and CAT. *P < 0.05, represents a significant difference.
**P < 0.01, represents a very significant difference.

parameters for MMOS-Ica@HA, as well as rigorous study design and implementation, will help to assess and ensure the
reproducibility of nanomedicine in the treatment of chondrogenesis.

Conclusions

In summary, a biodegradable MMOS-Ica@HA nanoplatform is proposed for chondrodysplasia treatment. The findings of
TEM images, particle diameter by DLS, STEM mapping, EDX, XPS, and BET analysis all validate the successful
preparation of the MMOS-Ica@HA. Due to its specific degradation behavior, the MMOS-Ica@HA shows controlled
drug release with negligible cytotoxicity. In addition, the biocompatible nanoplatforms display superior advantages for
inducing BMSCs proliferation and differentiation in vitro owing to the collaborative promotion of released Mg”" and Ica.
Further results of in vivo zebrafish embryo with chondrodysplasia shows the prominent performance of cartilage regenera-
tion and excellent biocompatibility. All these results suggest that the MMOS-Ica@HA nanomedicine formulation exhibits
a satisfactory effect on cartilage differentiation and reconstruction. This finding provides an alternative and promising
strategy to address chondrodysplasia, warranting further investigation to facilitate its potential clinical application.
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