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Regulating Chondro-Bone Metabolism for Treatment of
Osteoarthritis via High-Permeability Micro/Nano Hydrogel

Microspheres

Guilai Zuo, Pengzhen Zhuang, Xinghai Yang, Qi Jia, Zhengwei Cai, Jin Qi, Lianfu Deng,

Zhenhua Zhou,* Wenguo Cui,* and Jianru Xiao*

Destruction of cartilage due to the abnormal remodeling of subchondral bone
(SB) leads to osteoarthritis (OA), and restoring chondro-bone metabolic
homeostasis is the key to the treatment of OA. However, traditional
intra-articular injections for the treatment of OA cannot directly break through
the cartilage barrier to reach SB. In this study, the hydrothermal method is
used to synthesize ultra-small size (~5 nm) selenium-doped carbon quantum
dots (Se-CQDs, SC), which conjugated with triphenylphosphine (TPP) to
create TPP-Se-CQDs (SCT). Further, SCT is dynamically complexed with
hyaluronic acid modified with aldehyde and methacrylic anhydride (AHAMA)
to construct highly permeable micro/nano hydrogel microspheres
(SCT@AHAMA) for restoring chondro-bone metabolic homeostasis. In vitro
experiments confirmed that the selenium atoms scavenged reactive oxygen
species (ROS) from the mitochondria of mononuclear macrophages, inhibited
osteoclast differentiation and function, and suppressed early chondrocyte
apoptosis to maintain a balance between cartilage matrix synthesis and
catabolism. In vivo experiments further demonstrated that the delivery system
inhibited osteoclastogenesis and H-vessel invasion, thereby regulating the
initiation and process of abnormal bone remodeling and inhibiting cartilage
degeneration in SB. In conclusion, the micro/nano hydrogel microspheres
based on ultra-small quantum dots facilitate the efficient penetration of
articular SB and regulate chondro-bone metabolism for OA treatment.

1. Introduction

Abnormal bone remodeling in the subchon-
dral bone (SB) significantly induces artic-
ular cartilage degeneration, whose main
pathological features include early bone
loss via bone absorption, late subchon-
dral sclerosis, and osteophyte formation via
bone formation.['! Clinical interventions for
SB exhibit superior therapeutic potential
over cartilage treatment methods.??] How-
ever, cartilage treatment does not funda-
mentally reverse the pathological process in
SB during OA.[?] Moreover, abnormal bone
remodeling of SB intensifies the decompo-
sition of the cartilage matrix.¥! However,
the highly anisotropic, dense, and avascular
nature of the cartilage poses a challenge for
drugs to overcome its steric hindrance and
penetrate SB to exert therapeutic effects.!>©]
Therefore, the efficient penetration into SB
and reshaping its bone metabolism by over-
coming cartilage steric hindrance are key
factors for OA treatment.

Under physiological conditions, SB
maintains a low rate of osteogenesis with
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a few osteoclasts.[’l Abnormal bone remodeling in SB caused by
osteoclasts is an important pathological event that triggers OA.[®)
Articular cartilage lesions are formed by increased activity and
numbers of osteoclasts in SB. However, the mechanism by which
osteoclasts trigger cartilage degradation remains unclear. Several
studies!*1% have investigated the roles of osteoclasts in OA patho-
genesis. Osteoclast precursor cells migrate to the cartilage layer,
directly interacts with hypertrophic chondrocytes, to damage the
articular cartilage matrix and osteochondral junction and further
improve the release of numbers of growth factors such as the
transforming growth factor beta 1 (TGF-p1), insulin-like growth
factor 1 (IGF-1), and platelet-derived growth factor-BB (PDGF-
BB), that interfere with cell metabolism by chondrocytes.['!] In
contrast, osteoclast-induced H-vessels formation may promote a
transition from bone resorption to osteosclerosis in SB microen-
vironment in OA, accompanied by H-vessel invasion into the car-
tilage and massive cytokine and inflammatory cell invasion into
chondrocytes, which together disrupt its differentiated pheno-
type and metabolic homeostasis. Although the OA disease phe-
notype remains ambiguous, many animal and clinical trials have
shown that targeting the early activation of osteoclasts can block
the abnormal reconstruction of SB, thereby preventing articular
cartilage degeneration.!'?]

Mitochondrial reactive oxygen species (ROS), as secondary
messengers, initiate the differentiation of hematopoietic stem
cell or monocyte/macrophage progenitor cells into osteoclasts.!**]
Currently, Targeting mitochondria-generated ROS effectively in-
hibits osteoclast activation.'*] Abnormal ROS signaling is accom-
panied by a spatial and temporal distribution from the articular
surface to SB. In vivo, several antioxidant molecules neutralize
ROS and reduce oxidative stress.['>!] It has also been demon-
strated that scavenging excess ROS in the joints and inhibit-
ing abnormal metabolism of cartilage and bone are essential for
treating OA.['®] However, most antioxidants are unable to effi-
ciently go through the cartilage into SB due to the steric hin-
drance, which limits their curative efficacy.['”®/ Carbon quan-
tum dots (CQDs) are 0D ultra-small nanomaterials!'! that can
penetrate the dense structure of the cartilage to reach the chon-
drocytes, SB, and the medulla via intra-articular injections.[?! As
a unique essential trace element, selenium plays important roles
in several biological processes, for example, it exhibits antitumor,
anti-inflammatory, and antioxidant effects.?!l Selenium-doped
CQDs (Se-CQDs) perform redox regulatory functions and effec-
tively scavenge ROS under oxidative stress, furthermore it pos-
sess superior optical attributes, such as enhanced fluorescence
brightness and prolonged fluorescence duration, rendering them
valuable for cellular imaging and tracking applications.[?’) How-
ever, During the development of OA, the capillaries within the
joint cavity may undergo various changes, including capillary di-
lation and increased permeability, ultra-small CQDs are easily
removed and metabolized by capillaries and lymphatic vessels
in the synovium!®) which seriously affects their bioavailability
and reduces their protective effects on the cartilage. Hence, an
effective strategy of longer the residence time of biological agents
within the joint cavity is important for OA therapy.!?*%]

In this study, based on the anatomical concept of the osteo-
chondral unit composed of hyaline cartilage, calcified cartilage,
SB and inspired by the mechanism of OA development, primar-
ily leverages the characteristics of quantum dots to enable their
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traversal through the cartilage layer, facilitating access to the sub-
chondral bone region. This enables simultaneous regulation of
cartilage-bone metabolism for integrated arthritis treatment. we
design and synthesis high-permeability micro/nano hydrogel mi-
crospheres (SCT-HA) using hyaluronic acid modified with alde-
hyde and methacrylic anhydride (AHAMA) and selenium-doped
carbon quantum dots grafted with triphenylphosphine (SCT) to
regulate the osteoclasts activation in SB. SCT-HA continuously
released ultra-small SCT after the Schiff base bond was broken in
the weakly acidic environment of OA, which overcame the carti-
lage steric hindrance to reach SB and precisely regulated cartilage
matrix synthesis and catabolism. In vitro, we evaluated the phys-
ical and chemical properties, SB permeation rate, mitochondrial
targeting activity, and cartilage-osteoclast metabolism of SCT-HA
microspheres. Then, we injected SCT-HA microspheres into the
joint cavity of OA mouse models to assess their ability to regu-
late cartilage metabolism and bone remodeling in SB, as well as
to determine their action mechanisms. In conclusion, the high-
permeability SCT-HA microspheres for SB osteoclasts targeting
penetrated the cartilage by overcoming its steric hindrance via
joint cavity injections, acted on SB, and reshaped the homeostatic
balance in the OA microenvironment, suggesting their poten-
tial applications as efficient, rapid, and long-acting ultra-osmotic
drug delivery systems for OA treatment.

2. Results and Discussion

2.1. Preparation of SCT-HA for Bone/Chondrocyte Mitochondria

The preparation of micro/nano hydrogel microspheres included
several key steps (Scheme 1): SCT synthesis, AHAMA hydrogel
preparation, and SCT-HA microsphere preparation. First, SC
was synthesized using L-selenocystine under alkaline conditions
through hydrothermal method. Selenium atoms in SC provide
redox-dependent reversible fluorescence and strong ROS scav-
enging abilities. Since intracellular ROS are mainly generated
in mitochondria, we modified the surface of SC with TPP, a
mitochondria-targeting molecule, with excellent properties, to
confer mitochondrial targeting and in situ ROS scavenging
abilities to SC. SCT was obtained via an amide reaction between
the COOH of TPP and the -NH, of SC using 1-ethyl-(3-dimethyl
aminopropyl) carbodiimide/N-hydroxysuccinimide(EDC/NHS)
as the activator. Hydrogels are a unique scaffold material
class that facilitates cartilage healing and mechanical function
recovery. Hyaluronic acid (HA) is widely used in cartilage re-
generation due to its excellent biocompatibility.?28] Herein,
we synthesized an aldehyde-based and methacrylate-modified
injectable HA hydrogel (AHAMA). Sodium periodate was used
to modify HA oxidatively, increasing the aldehyde groups in the
material. These aldehyde groups can effectively bond to cartilage
tissue for good tissue adhesion and form Schiff base bonds
with the -NH, of SC. These bonds can break under weak acid
conditions associated with arthritis. The methacrylate-modified
HA exhibits inherent light-curing properties, allowing for rapid
gelation. Subsequently, we assembled a simple and effective
microfluidic device to prepare SCT-HA microspheres. The
principle involved shearing the aqueous phase of SCT-HA with a
high flow rate liquid paraffin oil to form a water-in-oil structure,
followed by AHAMA cross-linking using ultraviolet (UV) light
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Scheme 1. A) SCT synthesis. B) SCT-HA preparation using microfluidic technology, which includes the synthesis process of AHAMA. C) SCT-HA releases
SCT continuously in a weakly acidic environment within the joint cavity, allowing it to penetrate the cartilage matrix and reach the SB for OA treatment.
SC, SCT, HA, AHA, AHAMA and aha represent selenium-doped carbon quantum dots, TPP-doped SC, hyaluronic acid, hyaluronic acid modified with
aldehyde and hyaluronic acid modified with aldehyde and methacrylic anhydride, respectively.
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to stabilize the structure. Compared to conventional hydrogel
biomaterials, hydrogel microspheres offer several advantages,
including similarity to the natural extracellular matrix (ECM),
strong workability, high water content and designability, and a
large specific surface area, which enable the controlled delivery
of various cells, drugs, and nanoparticles.[>-32]

2.2. Characterization of the Physicochemical Properties and
Cartilage Permeability of Highly Permeable Micro/Nano
Hydrogel Microspheres Targeting Bone/Chondrocyte
Mitochondria

Both particle size and surface properties play crucial roles in the
capability of nanomaterials to infiltrate the cartilage matrix. Typ-
ically, smaller particles are more prone to penetration, whereas
surface modifications can amplify or modify interactions with the
matrix.’] The transmission electron microscope (TEM) results
revealed the spherical shape of SCT with an average diameter of
~5 nm (Figure 1A; Figure S1, Supporting Information). The sur-
face charges of SC and SCT were deter using the zeta potential
(Figure 1C). The zeta potential of CQDs is —14.62 mV and SC was
negatively charged with a potential of —16 mV, while the potential
of SCT was +10.88 mV, again indicating that positively charged
TPP is attached to the surface of SC (Figure 1C). Notably, the co-
valent attachment of the TPP cation to the SC surface did not
significantly affect its morphology and size (Figures S1 and S2,
Supporting Information). To examine the elemental composition
of SCT and confirm the presence of Se and P, which represent a
successful synthesis, we carried out the XPS (Figure 1E). The UV
spectra of the SCT exhibited a characteristic peak at 260 nm. The
photoluminescence results displayed a strong peak at 440 nm
when excited at 350 nm (Figure 1B). Aldehyde-based HAMA
is an injectable adhesive hyaluronic acid (HA) hydrogel, which
has been demonstrated in studies to possess robust mechanical
strength, adhesion, and excellent biocompatibility. Additionally,
it facilitates the seamless integration of the nascent bone layer
with the native cartilage, thereby significantly enhancing carti-
lage regeneration.** At 5.7 and 6.1 ppm, the 'H NMR spectrum
of AHAMA displayed two newly emerged peaks corresponding
to protons within the C=C bond of methacrylate (Figure 1N). For
the joint cavity microenvironment, the 100 pm microsphere is
not easy to be cleared by the joint cavity,®!! the hydrogel micro-
spheres exhibited an average particle size of 185 pm (Figure 1N)
and could be uniformly dispersed in ultrapure water and in-
jected using a syringe needle to meet the injection requirement
(Figure 1F). SCT-HA appeared green under general fluorescence
and laser scanning confocal microscopy (LSCM), indicating the
abundant presence of SCT (green) within the AHAMA micro-
spheres (Figure 1G-J). Moreover, the scanning electron micro-
scope (SEM) observations revealed numerous folds on the sur-
face of the hydrogel microspheres, indicating their large specific
surface area. Energy spectroscopy results confirmed the pres-
ence of O, N, P, and Se on the surface of hydrogel microspheres,
providing further evidence for the successful SCT introduction
(Figure 1K). SCT-HA microspheres were placed in phosphate
buffered saline (PBS) (pH = 6.8) at 37°C and Se ion concentra-
tion was detected by inductively coupled plasma emission spec-
trometer. SCT-HA released a large amount of SCT in the first 3
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days, and then the release rate slowed down. On day 7, the total
release concentration and release rate of SCT were 5.11 ug mL™
and 85.19%, respectively. (Figure 1L; Figure S3, Supporting In-
formation). Further, we evaluated the degradation of AHAMA
microspheres in a PBS solution (pH 6.8). The results showed
that AHAMA microspheres degraded less in the first 3 weeks,
the degradation rate of AHAMA microspheres increased after 3
weeks and the weight loss rate reached 61.38% at the 6th week
(Figures S4 and S5, Supporting Information).

Furthermore, we evaluated the penetration characteristics of
SCT-HA into cartilage using fresh cartilage explants obtained
from porcine joints. We observed deep penetration of SCT into
cartilage, as evidenced by strong fluorescent signals throughout
the entire cartilage layer, including the SB. Positively charged,
ultra-small nanostructured SCT can be released from AHAMA
hydrogel microspheres to effectively cross the cartilage matrix
under electrical charges. In contrast, the penetration range and
ability of CQDs and SC during the same period significantly dif-
fered from SCT, and the strong fluorescence intensity observed
on the cartilage surface is primarily attributed to the substantial
retention of non-penetrating quantum dot solution on the carti-
lage surface (Figure 2A—C). In fact, we verified in vitro that SCT
was indeed stronger than SC in penetrating porcine articular car-
tilage, which proved that SCT had a stronger advantage over SC
in vivo. Thus, we propose that the combination of small size and
positive charge of SCT enables more efficient cartilage penetra-
tion.

To investigate SCT penetration, we injected SCT-HA and CQ-
HA into the knee joints of mice. After seven days, the mice were
euthanized, and the knee cartilage specimens were examined us-
ing LSCM. We observed a noticeable green fluorescence in the
knee treated with SCT-HA, suggesting that SCT-HA effectively
prevents the abnormal bone remodeling process of subchondral
bone. The SCT could penetrate the dense surface layer and reach
cells in the deep cartilage zone, demonstrating greater penetra-
tion range and ability than CQ-HA (Figure 2D,E). Furthermore,
positive green signals were detected in the cells of the meniscus,
SB, and bone marrow cavity, when SCT-HA was injected into
the joint cavity, the number of quantum dots was limited, and
most of the quantum dots entered the subchondral bone during
the long-term degradation process, so they showed stronger flu-
orescence intensity than the cartilage surface (Figure 2D,E). It
is important to highlight that OA affects both cartilage and SB,
making the characteristics of SCT crucial for treatment. In tra-
ditional arthritis treatment strategies, a variety of nanomaterials
have been developed to penetrate cartilage, including cationic mi-
celles and inorganic nanoparticles. However, most materials are
>20 nm in size and researchers have focused on cartilage rather
than penetration of subchondral bone.[>3*]

2.3. Highly Permeable Targeted Micro/Nano Hydrogel
Microspheres Specifically Designed to Target Bone/Chondrocyte
Mitochondria protect Chondrocytes

To further evaluate the biosafety of AHAMA, CQ-HA, and SCT-
HA on chondrocytes, we applied the cell counting kit-8 (CCK-
8) and Live/Dead assays. These three groups exhibit similar
amounts of live or dead cells at one and three days of culture
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Figure 1. Preparation and characterization of highly permeable targeted bone/chondrocyte mitochondrial micro/nano hydrogel microspheres. A) TEM
image of the SCT. B) UV absorption spectra and fluorescence spectra of the SCT. C) Zeta-potential measurements of SC and SCT aqueous solutions.
D) Photographs of SC and SCT in solution. E) Se, P, and N XPS spectra in the SCT. F) Light microscopy of SCT-HA hydrogel microspheres prepared
by microfluidic technology. G) Light micrographs of individual SCT-HA hydrogel microspheres. H) Fluorescence micrographs of individual SCT-HA
hydrogel microspheres. 1) Photographs of individual SCT-HA hydrogel microspheres under laser confocal microscopy. J) 3D rendering of individual
SCT-HA hydrogel microspheres using Imris software. K) SEM images of SCT-HA and elemental mapping. L) Release curves of SCT-HA microspheres.
M) Particle size distribution of microspheres. N) TH NMR spectra of AHAMA, AHA, and HA was used to identify aldehyde and methacrylic anhydride
groups.

(Figure S2A,C, Supporting Information). Similarly, no signifi-
cant differences in the proliferative activity and viability of chon-
drocytes were detected among the groups at different time points
(Figure S2D, Supporting Information). Additionally, to evaluate
the mitochondrial targeting of SCT-HA, chondrocyte mitochon-

Adv. Sci. 2024, 11,2305023

dria were labeled with a red fluorescent dye (Mito-Tracker Deep
Red FM) to take advantage of the autofluorescence characteristic
of SCT. LSCM was used to observe the co-localized (yellow) fluo-
rescent signal of SCT and mitochondria, indicating that the TPP-
modified SC was efficiently localized in the cellular mitochondria

2305023 (5 0f19) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH

85U017 SUOWILWIOD A1) 8|qeo! dde au Aq peusenob afe Sa e YO ‘8sh JO'Sa|n 1o} Ariqi]8uluO AB]1M UO (SUONIPUOD-PUB-SWB 00" A3 1WA e.q| 18U [U0//SdNy) SUORIPUOD pue Swie | 8U18eS *[720zZ/c0/80] Uo Ariqiauljuo A(IM ‘lwepexy 0qy AQ £20S0£202 SAPe/Z00T 0T/I0p/wod Ae|im Areiq1jeuluo//sdny wo.j pepeojumod ‘S ‘20z ‘r8es6Te


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
ADVANCED
SCIENCE SEWS SCIENCE

www.advancedsciencenews.com www.advancedscience.com

Subchondral Marrow
bone cavity

Whole joint Meniscus Cartilage

Cartilage explants

i 3
1N i !
W% Pig §N ”\\ bl ! !

J SCT-HA

— 8

| ! k=

\ Ab adhesive l \Z l Z

B Kioe joint < (o 8
CQ-HA SC-HA SCT-HA

Superficial Zone =

Transitional zone

Deep Zone

3D surface

Calcified Zone

i CJ CQ-HA [ SC-HA [ SCT-HA " 1 CQ-HA = SCT-HA :
E 60— 8 6 Fkkk 4 . E E 20 HAKK 4 . P E
iz z w2 | — = 2 HEPN — - :
B B 6 @ @ 3 W B15 .‘?3 = E‘ H
14 c < 4 c noe (] X1 n 20 '
'8 8 2 2 NS ] 5 5 g :
= E4H s £ £ 204 = g0 22 2 K3 :
o9 ° —_— © 24 Ns ° g = £ £10 H
= NS S 2 2 21 w3 81 ° o :
™ — T ™ s noE 3 3 3 III H
: o " o i ] :
E Superficial zone Transitional zone Deep zone CaIc.ified " Meniscus Cartilage Subchondral Marrow -
H cartilage . bone cavity &

Figure 2. SB penetration of SCT-HA in vitro and in vivo. A) Schematic illustration of the penetration assay of SCT-HA in cartilage explants. B) Laser
scanning confocal images of CQ-HA, SC-AHAMA (SC-AH), and SCT-HA penetrating articular cartilage explants. C) Fluorescence intensity analysis of
the three materials penetrating the superficial zone, transitional zone, deep zone, and calcified cartilage of articular cartilage explants. n = 4 per group.
D) Observation of the entire joint, meniscus, cartilage, SB, and bone marrow cavity in mouse knee sections after CQ-HA and SCT-HA injection into
the joint cavity using laser scanning confocal observation and 3D surface reconstruction. E) Fluorescence intensity analysis of the meniscus, cartilage,
SB, and marrow cavity in the knee joint of mice after CQ-HA and SCT-HA penetration. n = 4 per group. C) The data (mean + standard deviation) were
quantified using one- way AN VA foIIowed by Tukey’s posthoc multiple comparison test. N S: no significance. The p-values < 0.05, 0.01, 0.001, and

0.0001 are presented as *, **, ***, and ****

(Figure 3A). Overall, these results show that the SCT-HA is bio-
compatible, and its loaded SCT has effective mitochondrial tar-
geting to chondrocytes.

The mitochondria produce excessive ROS in chondrocytes af-
fected by OA, but they can also be a sensitive target of ROS.!3
In chondrocytes, ROS and oxidative stress can damage the mi-
tochondrial DNA (mt-DNA), leading to apoptosis, cellular ag-
ing, and matrix degradation, ultimately contributing to OA de-
velopment. Next, we evaluated the distinct ROS scavenging abil-
ities of different groups (Figure 3B). Compared to the H,O,,
AHAMA, and CQ-HA groups, the SCT-HA group presented
significantly reduced intracellular ROS, indicating a substantial
anti-ROS effect (Figure 3F). Moreover, we monitored the mito-
chondrial membrane potential (MMP) using JC-1 to reveal early
apoptosis of chondrocytes under ROS-induced injury conditions.
Normal MMP, early apoptosis, and depolarization of mitochon-
dria were indicated by JC-1 aggregates (red fluorescence) and
monomers (green fluorescence), respectively. The articular chon-
drocytes MMP level of the SCT-HA treated group was similar to

Adv. Sci. 2024, 11, 2305023

, respectively. E) The data (mean + standard deV|at|on) were quantified using Two-tailed unpaired t-test. NS:
not significant. The p-values < 0. 05 0.01, 0 001, and 0.0001 are presented as *, ™, ™, and *

, respectively.

the Control group (Figure 3C). SCT-HA treatment could effec-
tively protect the mitochondrial membrane and significantly in-
hibit the MMP decline and early apoptosis of chondrocytes under
oxidative stress (Figure 3G).

Excessive oxidative stress and impaired mitochondrial func-
tion can induce damage, including imbalanced degradation and
synthesis of the extracellular matrix, as well as inflammation in
chondrocytes.®) Therefore, we used a Transwell chamber-based
co-culture system of chondrocytes to assess the impact of SCT-
HA on inflammation and degeneration in chondrocytes by en-
hancing mitochondrial antioxidant function. Chondrocytes were
exposed to H,0, to simulate oxidative stress, and the protective
effect of SCT-HA on the inflammatory response and extracellu-
lar matrix catabolism in H,O,-treated chondrocytes was assessed
using qRT-PCR (quantitative real-time PCR) and immunoflu-
orescence. A significant upregulation of IL-6 (interleukin-6),
ADAMTs (a distintegrin and metalloproteinase with throm-
bospondin motifs), and MMP-13 (matrix metalloproeinase-13)
and downregulation of Aggrecan and collagen type II alphal

2305023 (6 0f19) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 3. Protection of chondrocytes from H,0,-induced ROS damage by highly permeable targeted bone/chondrocyte mitochondria micro/nano
hydrogel microspheres. A) SCT-HA targeting to the mitochondria in mouse chondrocytes: LSCM images showing Mito-tracker mitochondrial dye (red),
SCT autofluorescence (green), and merged (yellow). Mitochondria, SCT, and cell outlines (red, green, and blue) were reconstructed using Imris. B)

Inhi

Adv.

bition of H,O,-induced ROS production by micro/nano hydrogel microspheres, DCFH-DA staining of chondrocy