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ABSTRACT

Drug delivery via intra-articular (IA) injection has proved to be effective in osteoarthritis (OA)
therapy, limited by the drug efficiency and short retention time of the drug delivery systems
(DDSs). Herein, a series of modified cross-linked dextran (Sephadex, SO) was fabricated
by respectively grafting with linear alkyl chains, branched alkyl chains or aromatic chain,
and acted as DDSs after ibuprofen (Ibu) loading for OA therapy. This DDSs expressed
sustained drug release, excellent anti-inflammatory and chondroprotective effects both
in IL-18 induced chondrocytes and OA joints. Specifically, the introduction of a longer
hydrophobic chain, particularly an aromatic chain, distinctly improved the hydrophobicity
of SO, increased Ibu loading efficiency, and further led to significantly improving OA
therapeutic effects. Therefore, hydrophobic microspheres with greatly improved drug
loading ratio and prolonged degradation rates show great potential to act as DDSs for OA
therapy.
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1. Introduction

Osteoarthritis (OA), a progressive joint disease, is
characterized by cartilage degeneration, inflammation,
subchondral bone sclerosis and osteophyte formation, and
will cause pain, joint stiffness and even long-term disability
[1-3]. The most widely-prescribed pharmacological treatment
for OA is the oral administration of non-steroidal anti-
inflammatory drugs (NSAIDs), but the effect is poor as a
deficiency of blood vessels in cartilage [4]. Drug delivery
systems (DDSs) via intra-articular (IA) injection have
confirmed their efficiency in OA therapy, which is helpful
to avoid cytotoxicity, short half-life (Ty/,) and poor utilization
rate of the drug caused by oral administration [5,6]. However,
the drugs through IA injection are cleared swiftly by the
synovium and lymphatic system in the joint cavity [7,8].
Consequently, repeated administrations are required to
alleviate pain and joint inflammation, which may cause
adverse effects [9]. To prolong the retention of local drugs, it
is necessary to develop IA DDSs.

Among DDSs, hydrogels, from natural
polysaccharides such as hyaluronic acid (HA), chitosan,
dextran, etc., are endowed with good biocompatibility,
biodegradability, non-toxicity and non-immunogenic,
especially their lubrication effect for cartilage, and have been
widely used for OA therapy [10-13]. However, the non-uniform
shape and large size of hydrogels [14] may cause damage
to the surrounding tissue and discomfort for the patient.
Additionally, rapid degradation and clearance of natural
polysaccharides in vivo [15] limited their further application.
An alternative is the use of hydrogel microspheres which are
injectable [16], allowing them to perfectly fill the space in the
joint cavity. In addition, the hydrogel microspheres usually
have higher porosity than the conventional microparticles,
with the advantages of drug-loading efficiency and release
kinetics [17].

Sephadex (S0), a cross-linked and porous dextran hydrogel
microsphere, whose hydrolysate is glucose, has renewable
sourcing, little immunogenicity/cytotoxicity, and excellent
biocompatibility [18-20], which is a potential DDS for IA
injection [21,22]. An investigation revealed that the T;, of
dextran was 5-17 h in OA joints, which might impact the long-
term therapeutic effect [7]. SO could improve the retention
time in the cavity due to its cross-linked three-dimensional
network and slow degradation. It was reported that SO acted
as a carrier to avoid rapid clearance in the nasal cavity,
demonstrating its excellent biocompatibility and controlled
drug release [23]. In addition, as a commercial product, SO is
relatively uniform in size and crosslinking degree. However,
similar to most natural polysaccharides, SO with abundant
hydroxyl groups showed high hydrophilicity, resulting in a
low drug-loading ratio[17]. Generally, hydrophobic domains
in the DDSs determined drug loading efficiency and the
corresponding release of hydrophobic drugs, due to the
hydrophobic interaction between drugs and hydrophobic
domains [24]. To improve the hydrophobicity of DDSs, it was
commonly suggested to graft hydrophobic groups such as
alkyl or aromatic chains [25,26]. Hou et al. demonstrated that
the porous octyl dextran microspheres with a higher degree
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Fig. 1 - Schematic illustration of the fabrication of
hydrophobic microspheres with different hydrophobicity
and they acted as DDSs after Ibu loading for OA therapy in
cartilage cavity.

of substitution (DS) showed higher hydrophobicity and drug
loading efficiency than those with lower DS [17]. However,
the hydrophobic domains were affected by various types
of alkyl chains, and the hydrophobicity increased with the
increase of alkyl chain length revealed by the water contact
angle (WCA). Specifically, the WCA of modified polyvinyl
alcohol (PVA) films increased obviously, with 62.8 + 4.9° for
C3, 76.6 £+ 0.2° for C6, and 83.3 £+ 0.6° for C9, compared to
PVA (59.4 + 6.8°) [27]. Simultaneously, some investigations
also revealed that a branched alkyl chain could decrease
surface energy to increase hydrophobicity [28]. Besides, the
introduction of aromatic groups in dextran could adsorb more
hydrophobic substances due to the 7-7 stacking interactions
[29]. Thus, linking with hydrophobic groups might increase
the hydrophobicity of SO and further improve drug loading.
Furthermore, alkyl chain length and aromatic chain should
also be considered as factors affecting hydrophobicity.

In this study, we innovatively fabricated a series of
modified SO grafted with alkanes or aromatics by carbazate-
mediated Schiff-base reaction as DDSs for OA therapy. We also
investigated the impact of linear alkyl chain length, branched
alkyl chain length, and aromatic chain on the hydrophobicity
and therapeutic effect of modified microspheres. Briefly, SO
was firstly modified by carbazate to obtain carbazate modified
SO (SC), followed by the Schiff-base reaction to form three
types of SO derivatives: (1) SC reacted with aliphatic aldehydes
to obtain linear alkanes-modified SC (SCLs) with different
length of alkyl chains including SCL1, SCL2, SCL3. (2) SC
reacted with alkanones to obtain branched alkanes-modified
SC (SCBs) with different lengths of alkyl chains including
SCB1, SCB2, SCB3. (3) SC reacted with benzaldehyde to
form aromatic modified SC (SCA). Furthermore, the modified
microspheres including SCLs, SCBs and SCA were loaded with
ibuprofen (Ibu), by hydrophobic interaction to generate three
types of DDSs (SCL@Ibu, SCB@Ibu and SCA@Ibu). Finally, the
therapeutic effects of these DDSs were investigated based
on IL-18 induced chondrocytes in vitro and OA rats in vivo.
Fig. 1 illustrated the schematic procedures of the fabrication
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of hydrophobic microspheres and they acted as DDSs after Ibu
loading for OA therapy in vivo.

2. Materials and methods
2.1. Materials

SO was purchased from Amersham Biosciences. Dimethyl
sulfoxide (DMSO, > 99.9%), tert-butyl carbazate (>98.0%),
hydrazine hydrate (80%), 1, 1'-carbonyldiimidazole (CDI,
>97.0%), 2, 4, 6-trinitrobenzene sulfonic acid (TNBS, 5%
(w/v) in H,0), phosphate buffer saline (PBS, pH 7.4), sodium
dihydrogen phosphate (NaH,POj,), sodium hydroxide (NaOH),
acetaldehyde (99.5%), butyraldehyde (99%), butanone (99.7%),
hexaldehyde (98%), 2-hexanone (98%) and ibuprofen (>98%)
were obtained from Sigma Aldrich. Benzaldehyde (99.9%)
and acetone (99%) were commercially obtained from Fisher
Scientific. All chemicals were used directly without further
purification.

2.2.  Synthesis of SC

SO (1 g) was dispersed with DMSO (20 ml) by shaking for
15 min on a shaker. The mixed solution was stirred for 24 h
after the addition of CDI (8 g). Subsequently, the mixture
was rinsed with deionized water and centrifuged (500 rpm,
5 min) for three times. Finally, the product was collected by
lyophilization.

2.3.  Preparation of hydrophobic SO

SC (0.3 g) was dispersed in DMSO (10 ml) for 15 min
with shaking, followed by adding acetaldehyde (88 pl),
butyraldehyde (144 pl), hexaldehyde (200 pl), acetone (116 pl),
butanone (164 pl), 2-hexanone (200 pl), and benzaldehyde
(212 pl), respectively. The mixtures reacted for another 24 h
and were then washed with DMSO for three times. After
washing with methanol, the final products were obtained
by lyophilization. And the detailed reaction condition was
illustrated in Table S1.

2.4. Basic characterization

The samples were investigated by using Fourier transform
infrared spectra (FTIR, PerkinElmer, USA) and X-ray
photoelectron spectroscopy (XPS, Physical Electronics, USA).
The thermal stability of microspheres was investigated by
implementing thermogravimetric analysis (TGA) using TA
instruments (TGAQ500). And the samples were heated from
room temperature to 800 °C with an increase of 5 °C/min
under the N, atmosphere. The morphology of microspheres
was characterized using a scanning electron microscope
(SEM) coupling with an energy dispersive spectrometer
(EDS) (Zeiss, Germany) after gold coating. The DS of carbazate
groups, defined as the content of carbazate groups per dextran
unit, was identified by TNBS assay [30]. Briefly, SC (10 mg) was
immersed in 1 ml sodium tetraborate decahydrate buffer (pH
9.3, 0.1 M), and mixed with TNBS solution (25 pl) for 3 h. Then

the absorbance of the mixture was detected at 340 nm by
UV-vis spectroscopy (Shimadzu, Japan). The standard curves
were based on various concentrations of tert-butyl carbazate
solution. The DS of SC was also calculated by the elemental
ratio of XPS.

Besides, the pH stability of microspheres was tested
according to the previous method [31]. Briefly, SO or SC (10 mg)
were separately immersed in PBS at pH 1, 2.5, 5.5 or 7.4 for
96 h. The absorbance of buffer solutions was detected at the
predetermined time points (1, 2, 6, 24, 48 and 96 h) by TNBS
assay.

The hydrophobic properties of microspheres were
investigated by a video-based optical contact angle
measuring system (OCA15EC, Data physics, Germany).
Briefly, microspheres were placed on the platform by double
side tape for WCA measurements with a droplet of 2.5 pl/s.

2.5.  Degradation rate in vitro

The degradation rate of microspheres was measured by the
gravimetric method. Details: microspheres were placed in pre-
weighed EP tubes and incubated in different PBS (pH 5.5 and
7.4) with shaking (37 °C, 80 rpm), corresponding to the pH of
synovial fluid from OA joint. At predetermined time points (1,
3,7, 14, 21 and 28 d), samples were freeze-dried and weighed
to determine their residual weight.

The resistance of microspheres to enzymatic degradation
was evaluated by wusing a dextranase assay. Briefly,
microspheres were incubated in different PBS (pH 5.5 and 7.4)
containing dextranase (2 U/ml) with shaking (37 °C, 80 rpm), to
simulate the physiological conditions of the cartilage cavity.
The supernatant was replaced every 2 d and the medium
was replenished with freshly prepared enzyme solution. At
the designated time points, samples were freeze-dried and
weighed to determine their residual weight. The degradation
rate was calculated according to the following equation:

Degradation rate(%)=(Wo—W¢)/ W x100%

Where W, referred to the initial dry weight of microspheres,
and W; referred to the freeze-dried weight of microspheres at
the given time points.

2.6.  Drug loading ratio and release rate

The microspheres (10 mg) were dispersed in PBS (4 ml),
followed by adding Ibu solution (1 ml, 10 mg/ml in methanol).
The mixtures were placed in the shaker (20 °C, 80 rpm) for
24 h till the total evaporation of methanol. After washing
three times with PBS, the final products were re-dispersed
in the solution of methanol and PBS (1: 1, v/v, 1 ml), and
the solution was studied by UV-vis spectroscopy (Shimadzu,
Japan) at 222 nm. The Ibu standard curve was established
based on Ibu solutions in various concentrations. The drug
entrapment efficiency (EE) and loading efficiency (LE) were
calculated using Egs. (1) and (2), respectively.

EE(%)= Mass of drug entrapped in microspheres/mass of
drug fed x 100% (2)
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LE(%)= Mass of drug entrapped in microspheres/mass

of microspheres with drugentrapped x 100% 2

Meanwhile, the investigation of drug release rate was
implemented as following: Ibu-loaded microspheres (10 mg)
were dispersed with PBS (1 ml) in a dialysis bag (3.5 K
MW(CO, Thermo Fisher) and then immersed in a glass bottle
containing PBS (pH 7.4, 50 ml) with 1% Tween 80. The release
study was performed in the incubator shaker (37 °C, 80 rpm).
At selected time points (1, 2, 4, 8, 24, 48, 96 and 192 h),
0.5 ml aliquots were removed and replenished with the
same volume of release medium. The absorbance value of
samples was recorded by UV-vis spectroscopy at 222 nm.
And the concentrations of Ibu were analyzed according to the
corresponding Ibu standard curve and the drug release rate
was further calculated.

2.7.  Isolation and culture of chondrocytes

The primary chondrocytes were extracted from knee joints
of five-day-old Sprague-Dawley (SD) rats which were
provided by the Animal Experimental Center of Guangxi
Medical University. Especially, the specific operation was
conducted as described previously [32]. The Dulbecco’s
modified eagle medium (DMEM, Gibco, USA) containing
1% (v/v) penicillin/streptomycin (Solarbio, China) and 10%
(v/v) fetal bovine serum (Gibco, USA) was changed every
3 d. Chondrocytes were passaged when reaching 80%—90%
confluence. Subsequently, the third passage cells were utilized
for further experiments.

2.8.  Cytotoxicity of microspheres

The cell cytotoxicity of Ibu and Ibu-loaded microspheres
was detected by using cell counting kit-8 (CCK-8, Dojindo,
Japan). Briefly, chondrocytes were seeded in 96-well plates
with a density of 8,000 cells per well, and the medium was
replaced with fresh culture medium with Ibu (0, 6.25, 12.5,
25, 50, 100, 200, 400 and 800 pg/ml). After incubation for
another 48 h, the chondrocytes were rinsed with PBS for
three times and replaced with medium containing 10% CCK-
8 solution (100 pl). The absorbance was recorded at 450 nm
in a microplate spectrophotometer (Thermo Fisher, USA).
To obtain the relative cell viability, the absorbance of other
groups was compared with the control group. Furthermore,
the protective effects of Ibu-loaded microspheres in IL-18
(10 ng/pl, 24 h) induced chondrocytes were also tested by CCK-
8 assay. All experiments were repeated in triplicates.

Besides, Live/dead staining was conducted using a Calcein-
AM/PI assay kit (Sigma, USA). The chondrocytes were
incubated with calcein and propidium iodide (PI) for 5 min in
the darkness. After rinsing with PBS, the live/dead cells were
imaged by a microscope (Olympus BX53, Tokyo, Japan).

2.9.  Quantitative real-time polymerase chain reaction
(qRT-PCR)

The gene expression levels of MMP-3, MMP-13, COX-2 and IL-
6 were quantified by gRT-PCR. The total RNA of chondrocytes
was isolated by RNA extraction kit (Magen, China) according

to the manufacturer’s protocol. The gRT-PCR reactions were
conducted using a LightCycler® System (Roche, Switzerland)
as previously described [33]. The primer sequences were
presented in Table S1. The relative gene expression levels
were analyzed by the 222¢T method and normalized to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

2.10. Intracellular protein detection

The expression of MMP-3, MMP-13, COX-2 and IL-6 at the
protein level was explored by enzyme-linked immunosorbent
assay (ELISA, Meimian, China). Briefly, chondrocytes induced
with IL-18 (10 ng/pl, 24 h) were co-cultured with different
Ibu-loaded microspheres for 24 h and the total proteins
were extracted with RIPA lysis buffer (Solarbio, China). And
the targeting proteins were detected by the corresponding
ELISA kit following the standard operation procedure. Finally,
the absorbance of samples was obtained at 450 nm by a
microplate reader (Thermo Fisher, USA).

2.11.
vitro

Anti-inflammatory and chondroprotective activity in

Chondrocytes were seeded in 6-well plates with a density of
3 x 10° cells per well and pre-treated with IL-18 (10 ng/ul)
for 24 h, followed by the addition of Ibu-loaded microspheres
for 24 h. The chondrocytes were fixed with 95% ethanol
for 15 min after rinsing with PBS for 3 times. The staining
with hematoxylin and eosin (HE, Solarbio, China) or 0.1%
Safranin-O (Solarbio, China) was performed to assess the
cell morphology and the content of glycosaminoglycans
(GAGs), respectively. The images were finally captured by a
microscope (Olympus BX53, Tokyo, Japan).

The expression levels of inflammatory cytokines
(MMP-13 and IL-6) in chondrocytes were evaluated using
immunofluorescent staining. Cell samples were cultured
for 24 h and fixed with 95% ethanol for 15 min. And cells
were blocked by goat serum for 15 min after incubating with
3% H,0, for 15 min. Subsequently, the above samples were
incubated with the primary antibody of MMP-13 or IL-6 (1:
200 dilution, Boster, China) at 4 °C overnight. The secondary
antibody FITC-anti-rabbit IgG (Boster, China) was added for
1 h in the darkness. Later, nuclei staining was performed
with DAPI (1: 1,000 dilution, Solarbio, China). The images were
finally obtained by a fluorescence microscope (Olympus BX53,
Japan).

2.12. Proliferation and biochemical analyses of
chondrocytes

Chondrocytes were induced by IL-18 (10 ng/pl) for 24 h
followed by incubation with Ibu-loaded microspheres for
another 24 h. The collected chondrocytes were resuspended
with PBS (1 ml), added with proteinase K (1 ul, 20 mg/ml,
Biosharp, China), and further incubated at 58 °C for 10 h.
After the addition of Hoechst 33258 (Solarbio, China), the
fluorescent intensity of samples was detected by a microplate
reader (BioTek, USA) at 460 nm using calf thymus DNA as
the standard. The content of GAGs was investigated by the
1, 9-dimethylmethylene blue (DMMB, Sigma, USA) method.
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The samples were mixed with DMMB solution into 96-well
plates and the absorbance was recorded at 525 nm using a
microplate reader (Thermo Fisher, USA).

2.13.  OA therapy in vivo

One hundred and fifty 8-week-old male rats (250 + 10 g) were
chosen to implement the treatment experiments in vivo. The
animal experiments were approved from the Animal Ethics
Committee of Guangxi Medical University and followed the
Guide of Care and Use of Laboratory Animals. In order to
establish the OA model in vivo, the rats were operated by
anterior cruciate ligament transection (ACLT) after anesthesia
with 2% pentobarbital sodium (40 mg/kg). The sham group
was operated on rat knees only with incisions of the skin and
joint capsule. And the OA rats were obtained after ACLT for 4
weeks.

In order to investigate the retention time of the drug in
the articular cavity, ninety OA SD rats were randomly divided
into five groups (n = 3): ibuprofen (Ibu), SO@Ibu, SCL3@Ibu,
SCB3@Ibu and SCA@Ibu, and received IA administration with
the above formulations (728 pg/ml, 100 pl). The synovial
fluids were collected at 2 h, 12 h, 24 h, 48 h, 96 h after
administration and stored at —80 °C. The synovial fluids were
thawed at room temperature before analysis. The synovial
fluids (50 pl) were added 0.1 mol/l NaOH methanol solution
(50 pl) and methanol (100 pl), vortexing for 3 min. The mixed
solutions were centrifuged for 10 min at 4,000 r/min, and
their supernates were filtered by millipore filter (0.22 pm), and
then subjected to high performance liquid chromatograph
(HPLC, Shimadzu LC-20AB, Japen) analysis. The samples were
separated on C;g column (250 mm x 4.6 mm, 5 pm, Feinigen
XPeonyx C18-S, China) and eluted with an elution of 20%
solvent A (water containing 0.1% trifluoroacetic acid) and 80%
solvent B (methanol) at column temperature 35 °C, by the
flow rate 1.0 mL/min and detection wavelength 263 nm. The
ibuprofen contents in synovial fluids were calculated by the
calibration curves.

Sixty OA SD rats were randomly separated into five groups
(n = 6): saline, SO@Ibu, SCL3@Ibu, SCB3@Ibu, and SCA@Ibu,
and received IA administration with the above formulations
(728 pg/ml, 100 pl) once a week till 4 weeks. After IA injection,
the rats were sacrificed and knee joints were harvested
for further study at 2 and 4 weeks. The knee joints were
photographed and evaluated based on Pelletier’s macroscopic
scoring [34]. In order to investigate the levels of inflammatory
factors (MMP-13 and IL-6) in the knee joints, the synovial fluid
was collected and measured using the commercially available
ELISA kit (Meimian, China) following the standard operation
procedure. The absorbance of products was obtained at
450 nm by a microplate reader (Thermo Fisher, USA).

Furthermore, the knee joints, heart, liver, spleen, lungs,
and kidney of rats were fixed using 4% paraformaldehyde
for 48 h. Specifically, the knee joints were decalcified in
10% ethylenediaminetetraacetic acid (EDTA, Solarbio, China)
buffer solution using Ultrasonic Decalcifying Unit (USE 33,
Medite, Germany) for 4 weeks. Furthermore, the samples
were embedded in paraffin and sliced into 5 pm tissue
sections. The HE staining and Safranin-O fast green (Solarbio,
China) staining were conducted for knee tissue sections.

The sections were observed by using a microscope (Olympus
BX53, Japan) and the improved Mankin’s score system was
applied to evaluate cartilage degeneration as previously
described [35].

Finally, immunohistochemical staining was performed to
identify the expression of MMP-13 and IL-6 in the knee
joint. Briefly, the knee sections were incubated with 3%
H,0, for 15 min and blocked by goat serum for another
15 min at room temperature. Subsequently, knee sections
were incubated with the primary antibody of MMP-13 or IL-
6 (1: 200 dilution, Boster, China) at 37 °C for 90 min in the
humidified chamber. After rinsing three times with PBS, knee
sections were incubated with the biotin-labeled goat anti-
mouse/rabbit IgG (ZSGb Bio, China) for 30 min. Later, samples
were counterstained with hematoxylin after staining with 3,
3’-diaminobenzidine tetrahydrochloride (DAB, Boster, China).
Finally, the tissue sections sealed with neutral resin were
imaged using the upright microscope.

2.14. Statistical analysis

The data were analyzed by SPSS 20.0 (SPSS Inc., Chicago,
Illinois, USA) and presented as mean =+ standard deviation.
All experiments were carried out at least in triplicates. The
differences between the two groups were analyzed with
one-way ANOVA followed by the Least Significant Difference
(LSD) analysis or Game Howell analysis. It was identified as
statistically significant when P < 0.05.

3. Results and discussion
3.1.  Synthesis of hydrophobic microspheres

The hydroxyl groups of SO were first activated by CDI and
then reacted with hydrazine to obtain SC. Furthermore, based
on the Schiff-base reaction between carbazate groups and
carbonyl compounds, SC reacted with acetaldehyde, butanal,
and hexaldehyde respectively to obtain a series of linear
alkanes modified SO with increased carbon chain lengths
(SCL1, SCL2, and SCL3). Similarly, SC reacted with acetone,
butanone and 2-hexanone, respectively, to obtain branched
alkanes modified with increased carbon chain lengths (SCB1,
SCB2, and SCB3). Besides, SC reacted with benzaldehyde to
form aromatic hydrocarbon-modified SC, named SCA (Fig. 1).

3.2.  Basic characterization of hydrophobic microspheres

FTIR results of microspheres were illustrated in Fig. 2A. The
peak at 1710 cm~? corresponding to -C=0 of the carbazate
group was observed for SC, SCLs, SCBs and SCA, compared
to SO. It was clearly found that SC and its derivatives were
successfully modified with carbazate groups. Besides, the
microspheres were further investigated by XPS. As presented
in Fig. 2B, the apparent peak at 397 eV corresponding to
N element (-NHNH,) was observed for SC, SCLs, SCBs and
SCA instead of SO. It also provided the proof of successful
modification of carbazate groups for microspheres.

The surface morphology of microspheres was investigated
using SEM-EDS (Fig. 2C). The diameter of microspheres
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Fig. 2 - Basic characterization of microspheres. (A) FTIR results of microspheres. (B) XPS full spectrum of microspheres and
the corresponding Cis, N1s, and O35 spectrum. (C) SEM-EDS results of microspheres.

maintained the same size, even after carbazate modification
and hydrophobic modification. It also exhibited the obvious N
peaks in SC, SCLs, SCBs and SCA, confirming the successful
grafting of carbazate groups as well.

The DS of carbazate was denoted as the content of
carbazate groups per dextran unit. The image of SO and SC
after the TNBS assay was shown in Fig. S1. It was obviously
observed that the color of SC changed after carbazate
modification compared to SO. According to the carbazate
standard curve, the carbazate DS of SC was 12.62%. And the
DS of SC was 10.87% by XPS, consistent with that of the TNBS
assay. The detailed element ratios and the DS of hydrophobic
groups were listed in Table S2. It was shown that the DS of
hydrophobic SO was at the range of 5.5%—6.5%.

In addition, the pH stability of SC was investigated by
immersing the microspheres in PBS with different pH. As
shown in Fig. S2, the absorbance of SC maintained below
0.03 both pH 5.5 and 7.4 buffer, consistent with that of S0. It
indicated that carbazate groups maintained relatively stable
under physiological (pH 7.4) and weak acid conditions (pH 5.5),

expected to possess favourable stability in both physiological
and weak acid OA environments.

3.3.  Physical properties of microspheres

Water contact angle (WCA) was applied to characterize
the hydrophobic properties of microspheres. As presented
in Fig. 3A, WCA was almost 0° for SO, but increased to
36.1° for SC. After aliphatic/aromatic chain modification, the
hydrophobicity of microspheres changed sharply. WCA of
SCLs increased as following: SCL1 (43.2°)< SCL2 (125.7°)<
SCL3 (148.4°) while that of SCBs was in the sequence of
SCB1 (55.2°)< SCB2 (133.7°)< SCB3 (165.4°). Significantly, the
WCA of SCA dramatically increased to 179.7°, which was
the biggest among all the others. For microspheres with
different types of hydrophobic modification, it presented
the trend of SCL3 < SCB3 < SCA. The superhydrophobicity
(WCA > 150°) was achieved by longer branched alkane chain
(SCB3) and aromatic group modification (SCA). Besides, the
thermal properties of microspheres were explored by TGA. As
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Fig. 3 - Physical properties of microspheres. (A) WCA of microspheres. (B) TGA results of SO and SC. (C) TGA results of
hydrophobic microspheres. (D) The degradation rate of microspheres in vitro: (i) pH 5.5 & (ii) pH 7.4, and (iii) pH 5.5 with
dextranase (2 U/ml) & (iv) pH 7.4 with dextranase (2 U/ml). (E) The EE and LE of Ibu on the microspheres. (F) The release rate

of Ibu on the microspheres.

presented in Fig. 3B, the decomposition temperature (T4) of
SC was lower than that of SO after carbazate modification.
Kenawy et al. also demonstrated that the introduction of
amino groups in chitosan resulted in lower Ty than pristine
chitosan [36]. As shown in Fig. 3C, the T4 of hydrophobic
microspheres decreased with the increase of linear/branched
alkane chains in the order of SCL3< SCL2< SCL1 and
SCB3< SCB2< SCB1, respectively. It also indicated that grafted
groups affected the thermal stability of microspheres. As

expected, the thermal stability of microspheres gradually
decreased with the increase of the chain length of modified
alkanes, which was consistent with the findings of several
studies [37]. In general, SCBs exhibited higher T4 than
that of SCLs, attributed to stronger molecular interaction
between branched alkane groups. Likewise, Demircan et al.
confirmed that the introduction of branched polymers
increased the thermal stability of cellulose derivatives [38].
Notably, the T4 of SCA increased close to SC. Thus, the T4 of



8 ASIAN JOURNAL OF PHARMACEUTICAL SCIENCES 18 (2023) 100830

hydrophobic microspheres showed the trend of SCL3< SCB3<
SCA.

From the above, it revealed that the introduction of
hydrophobic groups distinctly improved the hydrophobic
and thermal properties of microspheres. And the length of
the alkane chain remarkably affected the hydrophobicity
and Ty4. The longer alkane chain length corresponded
to stronger hydrophobicity and lower T4, and aromatic
hydrocarbon contributed the strongest hydrophobicity and
thermal stability followed by branched alkane and linear
alkane.

3.4.  Degradation rate in vitro

The degradation properties of microspheres were studied by
testing their weight changes under different conditions. In
Fig. 3D, it exhibited a smooth degradation rate in different
PBS (pH 5.5 and 7.4). On Week 4, the degradation rates
for microspheres were identical, around 16%. When the
microspheres were incubated in PBS (pH 5.5 (iii) and 7.4
(iv)) containing dextranase at 37 °C for 4 weeks, their
degradation rates accelerated to about 30%. Although a bit
increase in buffer containing dextranase, the degradation
rate of hydrophobic microspheres was still extremely lower
than most dextran-based hydrogels, which degraded within
18 h [39]. The results demonstrated that the microspheres
were gradually degraded under physiological and weak acid
conditions (close to an OA environment). To simulate the
enzyme environment in vivo, the degradation was employed
under a dextranase solution. The result showed that it could
resist decomposition to some extent, beneficial to maintain
sustained drug release.

3.5.  Drug loading ratio and release rate

The EE and LE of Ibu-loaded microspheres were investigated
respectively. As indicated in Fig. 3E, for SO, the EE and LE were
below 1% due to the microporous adsorption of SO. And the
EE and LE of Ibu-loaded microspheres increased with the
increase of linear/branched alkane chains in the order of
SCL1< SCL2< SCL3 and SCB1< SCB2< SCB3, respectively. In
comparison, the EE and LE of Ibu-loaded microspheres were
in the order of SCL3< SCB3< SCA. Among all microspheres,
SCA exhibited the highest EE and LE, with 37.89% and 27.46%,
respectively. It revealed that the introduction of hydrophobic
groups distinctly improved the EE and LE of microspheres. And
the EE and LE increased with the increase of hydrophobicity
of microspheres determined by the length of the alkane
chain, whatever the linear or branched substitutes.
Compared with the alkane chain, the aromatic group
remarkably improved the EE and LE of microspheres, mainly
attributed to the n- n stacking between Ibu and aromatic
groups.

The Ibu release rate was evaluated and illustrated in Fig. 3F.
The Ibu suspension in PBS (pH 7.4) was rapidly released
from the dialysis tube within 8 h. And the release rate of
SO0@Ibu was similar to that of Ibu alone. However, for Ibu-
loaded microspheres, they exhibited an initial burst effect
within 8 h, due to the rapid dissolution of Ibu adsorbed
on the micropores of microspheres. The Ibu release rate of

hydrophobic microspheres presented the order of SCL3@Ibu<
SCL2@Ibu< SCL1@Ibu and SCB3@Ibu< SCB2@Ibu< SCB1@Ibu,
demonstrating the effect of alkane chain length on the drug
release rate. For SC with different types of modifications, the
Ibu release rate was in the order of SCA@Ibu< SCB3@Ibu<
SCL3@Ibu. Among all groups, SCA@Ibu showed excellent
sustained drug release. The above results conformed to
their hydrophobicity, revealing that the introduction of
hydrophobic groups distinctly improved Ibu release behaviors,
particularly for the aromatic group. And the Ibu release rate
of Ibu-loaded microspheres also strongly depended on the
length of the alkane chain. Therefore, the introduction of
hydrophobic groups enhanced the interaction between carrier
and hydrophobic drugs, beneficial to high drug loading and
long-sustained drug release.

3.6.  Cell viability assessment

The cytotoxicity of Ibu-loaded microspheres was explored by
CCK-8 assay. As shown in i of Fig. 4A, Ibu exhibited little
cytotoxicity below the concentration of 200 pg/ml. However,
the viability of chondrocytes decreased sharply (P < 0.05)
when the concentration of Ibu increased above 400 pg/mL.
The Ibu concentration of 200 pg/ml was chosen as the optimal
dose for further experiment and the dosage of SCA@Ibu, acted
as the maximum Ibu-loaded microspheres, was 728 pg/ml
(equivalent concentration of 200 pg/ml Ibu) calculated by the
optimal concentration of Ibu. The concentration of other Ibu-
loaded microspheres matched that of SCA@Ibu (728 pg/ml).
All Ibu-loaded microspheres exhibited little cytotoxicity on
chondrocytes (ii of Fig. 4A).

The high level of interleukin-1 beta (IL-18) contributes to
the increased chondrocytes apoptosis, along with the cartilage
matrix degradation and further joint inflammation. Thus, it
is commonly used to induce inflammation of chondrocytes.
The cell viability of IL-18 induced chondrocytes treated by
Ibu-loaded microspheres was also tested by CCK-8 assay
(iii of Fig. 4A). It was obviously observed that a decrease
of 30.21% for chondrocytes viability was induced by IL-18
stimulation for 24 h, compared with normal chondrocytes,
which demonstrated that IL-18 exerted mitochondria and
DNA damage, leading to chondrocytes apoptosis [26,40,41].
The viability of the SO@Ibu+IL-18 group was close to the
IL-18 group, indicating that SO could not act as DDSs.
However, SCLs@lbu increased the cell viability of IL-18
induced chondrocytes as following: SCL1@Ibu< SCL2@Ibu<
SCL3@Ibu. For SCBs@Ibu, the cell viability was in the sequence
of SCB1@Ibu< SCB2@Ibu< SCB3@Ibu. Most significantly, Ibu-
loaded microspheres improved the cell viability in the order
of SCL3@Ibu< SCB3@Ibu< SCA@Ibu. Among all of the groups,
SCA@Ibu presented the optimal improvement of cell viability
and dramatically increased the cell viability of IL-18 induced
chondrocytes by 29%.

Live/dead assay was also applied to assess the cytotoxicity
of chondrocytes. As presented in Fig. 4B and 4C, IL-18 induced
an obvious decrease in live cells (green) and an increase
in dead cells (red) with a significantly low live/dead ratio
of 7.6. SCLs@Ibu rescued the IL-18 induced chondrocytes
in the order of SCL1@Ibu< SCL2@lbu< SCL3@Ibu while
SCBs@Ibu exhibited similar trends of SCB1@Ibu< SCB2@Ibu<
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Fig. 4 - The chondrocytes viability and anti-inflammatory effects of Ibu-loaded microspheres. (A) Cytotoxicity of Ibu (i) and
Ibu-loaded microspheres (ii) by CCK-8 assay after 24 h. (iii) Cell viability of chondrocytes pre-treated with culture medium
only and Ibu-loaded microspheres followed by IL-18 (10 ng/ml) stimulation for 24 h by CCK-8 assay (n = 3, “*” symbol
compared with IL-18 group, **P < 0.01 and ***P < 0.001); (B) Cell viability of chondrocytes pre-treated with culture medium
only, and IL-14 (10 ng/ml) stimulation for 24 h followed by Ibu-loaded microspheres by Calcein-AM/PI assay. (Scale bar=
400 pm); (C) Quantification of live/ dead ratio; (D) Gene expression levels of MMP-3, MMP-13, COX-2, and IL-6 in
chondrocytes pre-treated with culture medium only, and IL-18 (10 ng/ml) stimulation for 24 h followed by Ibu-loaded
microspheres by qRT-PCR. (E) Protein expression levels of MMP-3, MMP-13, COX-2, and IL-6 in chondrocytes pre-treated with
culture medium only, and IL-1 (10 ng/ml) stimulation for 24 h followed by Ibu-loaded microspheres by ELISA kit. (“*”
symbol compared with IL-18 group, *P < 0.05, **P < 0.01 and ***P < 0.001, and “*” symbol compared between groups,

#P < 0.05, #P < 0.01 and #*##P < 0.001).

SCB3@Ibu, much higher than that of SO@Ibu. Besides, the From the above, it revealed that the introduction of
live/dead ratio of Ibu-loaded microspheres was in the order hydrophobic groups distinctly improved the Ibu loading
of SCL3@Ibu< SCB3@Ibu< SCA@Ibu. Specifically, SCA@Ibu efficiency of microspheres, leading to a significant
showed the highest live/dead ratio (81.5), demonstrating a improvement of the viability of IL-18 induced chondrocytes.
positive role in cell growth. Simultaneously, the length of the alkane chain remarkably
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affected the Ibu LE of microspheres and thus affected the
chondrocytes viability, whatever the linear or branched
alkane substitutes. For three different types of modified
groups, SCA@Ibu possessed optimal cell viability than
that of SCB3@Ibu and SCL3@Ibu. Therefore, hydrophobic
modification for microspheres, especially the aromatic group,
was beneficial to cell growth by improving the hydrophobicity
to maintain long-sustained drug release.

3.7. Chondroprotective effects

The anti-inflammatory effects of Ibu-loaded microspheres
were evaluated by gRT-PCR analysis to identify the gene
expression levels of inflammatory markers (MMP-3, MMP-
13, COX-2, and IL-6). As shown in Fig. 4D, IL-18 stimulation
dramatically upregulated the expression levels of MMP-3,
MMP-13, COX-2 and IL-6. And SO@Ibu hardly decreased the
expression of inflammation regulators. However, SCLs@Ibu
decreased the expression of the above inflammatory markers
in the order of SCL1@Ibu< SCL2@lbu< SCL3@Ibu. And
SCBs@Ibu also showed similar effects in the sequence of
SCBl@Ibu< SCB2@Ibu< SCB3@Ibu. Most importantly, Ibu-
loaded microspheres decreased the inflammatory gene
expression in the order of SCL3@Ibu< SCB3@Ibu< SCA@Ibu.
Specifically, SCA@Ibu dramatically down-regulated the gene
expression of MMP-3, MMP-13, COX-2 and IL-6, by 95.81%,
87.23%, 97.39% and 83.43%, respectively.

In the meantime, the protein expression levels of
inflammation factors (MMP-3, MMP-13, COX-2, and IL-6) in
chondrocytes stimulated with IL-18 were further evaluated by
ELISA kit. As presented in Fig. 4E, it dramatically elevated the
expression levels of MMP-3, MMP-13, COX-2, and IL-6 by IL-18
stimulation. And SO@Ibu had little effect on the inflammation
factors. However, SCLs@Ibu attenuated the expression of
the above inflammation proteins as following: SCL1@Ibu<
SCL2@Ibu< SCL3@Ibu while SCBs@Ibu exhibited similar
trends in the order of SCBl@Ibu< SCB2@Ibu< SCB3@Ibu.
In comparison, Ibu-loaded microspheres decreased the
inflammation proteins expression in the order of SCL3@Ibu<
SCB3@Ibu< SCA@Ibu. After statistical calculation, SCA@Ibu
significantly attenuated the protein expression of MMP-3,
MMP-13, COX-2 and IL-6 by 75.12%, 70.33%, 68.51% and 60.92%,
respectively.

The morphology changes of chondrocytes induced with
IL-18 were observed by HE staining. From Fig. 5A, normal
chondrocytes with round or polygonal shapes changed to
elongated and spindle-like shapes after treatment with IL-
18 for 24 h, indicating the successful induction of OA
chondrocytes. SO@Ibu had little effect on the morphology of
OA chondrocytes. Conversely, more round or polygonal cells,
a typical characteristic of chondrocytes, were observed for
SCLs@Ibu, SCBs@Ibu, and SCA@Ibu, suggesting the protective
effects on IL-18 injured chondrocytes. Especially, among all
groups, the most round or polygonal cells were observed for
SCA@Ibu.

The effects of Ibu-loaded microspheres on GAG secretion
of chondrocytes were also investigated by Safranin-O staining
(Fig. 5B). The IL-18 induction led to the negative staining
(faint red) in chondrocytes, similar to that of the SO@Ibu.
However, SCLs/ SCBs@Ibu showed intense positive staining

(red) in the order of SCL1@Ibu< SCL2@Ibu< SCL3@Ibu and
SCB1@Ibu< SCB2@Ibu< SCB3@Ibu. And the highest secretion
of GAG was SCA@Ibu. In addition, the ratio of GAG/
DNA content was further assessed for the GAG secretion
of IL-18 induced chondrocytes. As presented in Fig. 5C,
the DNA content was consistent with the results of cell
viability, demonstrating the potent protective roles of cells
by hydrophobic microspheres. In Fig. 5D, the ratio of GAG/
DNA content in chondrocytes dramatically decreased after
IL-18 stimulation or SO@Ibu. However, the hydrophobic
microspheres showed the increasing trend of SCL1@Ibu<
SCL2@Ibu< SCL3@Ibu, SCB1@Ibu< SCB2@Ibu< SCB3@Ibu, and
SCL3@Ibu< SCB3@Ibu< SCA@Ibu, in agreement with the
Safranin-O staining results.

Immunofluorescent staining was also performed to
identify the protein expression of inflammatory markers
(MMP-13 and IL-6) in IL-18 induced chondrocytes. As
illustrated in Fig. 5E-5H, the intense green fluorescence of
MMP-13 or IL-6 was shown in the IL-18 group. SO@Ibu hardly
weakened the fluorescence. But SCLs/ SCBs@Ibu weakened
the degree of fluorescence in a sequence of SCL1@Ibu<
SCL2@Ibu< SCL3@Ibu and SCB1@Ibu< SCB2@Ibu< SCB3@Ibu.
Comparatively, Ibu-loaded microspheres weakened the
fluorescence in the order of SCL3@Ibu< SCB3@Ibu< SCA@Ibu.
Among all groups, SCA@Ibu extremely weakened the
fluorescence most prominent, with only 5.63% and 4.67%
positive staining for MMP-13 and IL-6, respectively.

To sum up, the above results demonstrated that
the introduction of hydrophobic groups for Ibu-loaded
microspheres distinctly improved the anti-inflammatory
and chondroprotective effects after IL-18 stimulation. The
length of the alkane chain remarkably affected the LE of
microspheres and thus affected anti-inflammatory and
chondroprotective effects, whatever the linear or branched
alkane substitutes. For the three types of modified groups,
SCA@Ibu possessed the optimal anti-inflammatory effects
and chondroprotective effects than those of SCB3@Ibu and
SCL3@Ibu, conforming to the results of LE and release rate.
Therefore, modified with hydrophobic groups, especially
the aromatic group, the microspheres were beneficial to
anti-inflammation and chondroprotection in vitro.

3.8.  OA therapy in vivo

To observe the effects of Ibu-loaded microspheres in the
articular cavity, we carried out preliminary pharmacokinetic
experiments. As shown in Fig. 6B, the concentration-time
curves of the Ibu group were markedly different from those
of the Ibu-loaded microspheres groups. The concentration of
group Ibu was rather high in the initial stage but subsequently
decreased dramatically and could not be measured at 24 h
after injection. However, the concentration of Ibu-loaded
microspheres groups gradually decreased and maintained
to 96 h, except for SO@Ibu. Among Ibu-loaded microspheres
groups, the release rate trends of three microspheres modified
groups were roughly similar, and the ranks (from high to
low) of concentration and the area under the curve (AUC)
were SCA@Ibu, SCB3@Ibu, SCL3@Ibu, SO@Ibu, in accordance
with their drug loading capacities. Noticeably, the SO@Ibu
had the lowest concentration in the initial stage and could
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Fig. 5 - Protective effects of Ibu-loaded microspheres on IL-18 induced chondrocytes. (A) HE staining. (B) Safranin-O staining.
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not be measured at 24 h after injection, due to its poor
drugloading capacities. The result indicated that hydrophobic
modification improves drug loading capacities and sustained
release effects, further reducing the frequency of injection and
enhancing the bioavailability.

After the IA injection, rats were sacrificed and the knee
joints were harvested on Week 2 and 4. The expression
levels of inflammatory markers (MMP-13 and IL-6) in the joint

fluid were measured using the ELISA kit. As illustrated in
Fig. 6A, the expression levels of MMP-13 and IL-6 significantly
increased in a time-dependent manner for the saline group,
which proved the successful establishment of OA model after
ACLT surgery. SO@Ibu hardly decreased the levels of both two
inflammatory markers on Week 2 and 4. However, Ibu-loaded
microspheres decreased the above inflammatory markers in
the order of SCL3@Ibu< SCB3@Ibu< SCA@Ibu. Significantly,
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Fig. 6 - The effect of Ibu-loaded microspheres on OA progression in vivo. (A) The protein expression levels of inflammatory
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Fig. 7 - Histological analysis of OA treatment effects by Ibu-loaded microspheres. HE staining(A). Safranin-O fast green
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group, *P < 0.05, **P <0.01 and ***P < 0.001, and “#” symbol compared between groups, *P < 0.05, #P < 0.01 and
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SCA@Ibu decreased the levels of MMP-13 the most, which
showed a decrease of 68.26% on Week 2 and 78.76% on Week
4. And SCAe@Ibu also decreased the level of IL-6 by ~60% both
on Week 2 and 4, the most dramatic for all of the groups.

In Fig. 6C, macroscopic results in knee joints showed that
the intact, smooth and glittering surface of articular cartilage
was observed for the sham group (normal group). The erosion

denudation of cartilage and formation of osteophyte around
peripheral joints were observed for the saline group (OA
group), which deteriorated versus time. And the macroscopic
observation for SO@Ibu was similar to that of the saline
group, suggesting that SO@Ibu had hardly a therapeutic
effect on OA. Compared with the saline group, SCA@Ibu
significantly improved the degeneration of articular cartilage
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with a score decline of 36.59% and 65.96% on Week 2
and 4, respectively (Fig. 6D). SCL3@Ibu and SCB3@Ibu also
suppressed the progression of OA, but their therapeutic effects
were not so prominent as that of SCA@Ibu.

Besides, the histological investigation by HE and Safranin-
O fast green staining was conducted to evaluate the changes
of articular cartilage (Fig. 7A and 7B). The histological
characteristics including fissures, fibrillation, increase of
heteromorphic cells, and extensive loss of GAG, were
identified in saline and SO@Ibu, which became worsen versus
time. However, the restoration of cartilage damage and
proteoglycan retention was observed after treatment with
SCL3@Ibu, SCB3@Ibu and SCA@Ibu, respectively. Among them,
SCA@Ibu showed the optimal therapeutic effects with the
restoration of cartilage structure, and the most remarkable
and consistent Safranin-O staining. In comparison, the three
groups were scored in the order of SCL3@Ibu< SCB3@Ibu<
SCA@Ibu (Fig. 7C and 7D). Among all groups, SCA@Ibu led to
about 52.78% and 73.17% reduction of the score on Week 2 and
4, respectively.

Furthermore, the expression levels of MMP-13 and IL-
6 in cartilage tissue on week 2 and week 4 were also
measured by immunohistochemical staining (Fig. 7E and
7F). Intense positive staining (brown granules) of MMP-13
and IL-6 was observed for saline and SO@Ibu. By contrast,
less positive staining was illustrated for SCL3@Ibu and
SCB3@Ibu. Particularly, only negative staining of MMP-13 and
IL-6 was exhibited in SCA@Ibu, close to the sham group.
It also indicated that SCA@Ibu inhibited the expression of
inflammatory cytokines, the most remarkable biomarker in
injured articular cartilage.

In general, the above results revealed that the OA
therapeutic effect of SCA@Ibu was the most prominent among
all of the groups, followed by SCB3@Ibu and SCL3@Ibu. The
anti-inflammatory and cartilage protective effects in vivo
agreed with the results of LE, release behaviors and in vitro
studies. Thus, the hydrophobic group, especially aromatic
hydrocarbon modification for microspheres showed potent
anti-inflammatory and chondroprotective effects on OA by
high drug loading ratio.

Furthermore, we  explored whether Ibu-loaded
microspheres had an impact on the major organs of rats
by histopathological evaluation after treatment for 4 weeks
(Fig. S3). No obvious damage was observed from HE staining
of the heart, liver, spleen, lung and kidney. It revealed that
microspheres presented a highly safe and effective platform
for OA therapy.

4, Conclusions

In this study, a series of hydrophobic modified Sephadex
microspheres were innovatively fabricated by carbazate-
mediated Schiff-base reaction as DDSs for OA therapy.
The results demonstrated that the introduction of
hydrophobic groups distinctly improved the hydrophobicity
of microspheres and further increased the Ibu loading
efficiency, leading to significant improvement of anti-
inflammatory and chondroprotective effects in vitro and in
vivo. And the length of the alkane chain remarkably affected

the Ibu loading efficiency and thus affected the biological
functions, whatever linear or branched alkane substitutes.
Significantly, the aromatic group modified microsphere
presented the superhydrophobicity, highest drug loading
ratio, and optimal anti-inflammatory and chondroprotective
effects. Besides, the hydrophobic microspheres degraded
slowly and maintained a long retention time in the joint
cavity. In summary, modification by hydrophobic groups,
especially aromatic hydrocarbon for microspheres improved
the behavior of sustained drug release, finally leading to
improved OA therapeutic effects.
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