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Light-responsive dual-functional biodegradable mesoporous
silica nanoparticles with drug delivery and lubrication
enhancement for the treatment of osteoarthritis

Visible light-responsive biodegradable mesoporous

silica nanoparticles featuring both drug delivery and
lubrication enhancement were developed for the treatment
of osteoarthritis. Visible light could effectively trigger
azobenzene isomerization and thus induce drug release
after passing through dermal tissue. The hydration layer
formed around the phosphorylcholine groups on the surface
of the nanoparticles contributed greatly to lubrication
enhancement. The synergetic treatment of drug delivery
and lubrication enhancement is a promising method for
osteoarthritis therapy.
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Visible light-responsive dual-functional biodegradable meso-
porous silica nanoparticles with drug delivery and lubrication
enhancement were constructed by supramolecular interaction
between azobenzene-modified mesoporous silica nanoparticles
(bMSNs-AZO) and f-cyclodextrin-modified poly(2-methacryloy-
loxyethyl phosphorylcholine) (CD-PMPC). Visible light could effec-
tively trigger azobenzene isomerization and thus induce drug
release after passing through the dermal tissue. Additionally, the
hydration layer formed by CD-PMPC on the surface of the nano-
particles played an important role in lubrication enhancement,
which was beneficial for the treatment of osteoarthritis.

Osteoarthritis (OA) has been regarded as a friction-related
disease characterized by both inflammatory irritation and car-
tilage degradation.”” Improving joint lubrication and alleviat-
ing inflammation reaction have been proposed as a promising
therapeutic strategy for the treatment of OA.*>”” However, it is
difficult for oral anti-inflammatory drugs to reach the joint
and small drug molecules can be quickly removed from the
joint cavity, which greatly limits the efficiency of previous treat-
ments. Therefore, encapsulating the drug molecules into a bio-
compatible nanocarrier is an efficient way to directly deliver
the drugs into the joint capsule by local intra-articular
injection.
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Mesoporous silica nanoparticles (MSNs) have been widely
used as drug nanocarriers with large surface area and pore
volume, good biocompatibility, and the feasibility for further
functionalization.**® An effective control of drug release in
space and time using light stimulation can potentially deliver
the drugs at targeted tissues and increase local concentration
of the encapsulated drug."®"® On the other hand, the superlu-
brication of articular cartilage has been proved to be attributed
to hydration lubrication of charged biomacromolecules such
as hyaluronic acid, lubricin, collagen and phosphatidylcholine
lipid.>*** Particularly, the hydration layer surrounding the
zwitterionic headgroups in the phosphatidylcholine lipid can
bear large joint pressures (4-10 MPa) and thus results in an
extremely low friction coefficient (0.001-0.005) at physiological
conditions.>*** Inspired by this, poly(2-methacryloxyethyl
phosphorylcholine) (PMPC), with the same zwitterionic groups
as the phosphatidylcholine lipid, has been widely used in
surface modification of various substrates to reduce friction
coefficient (COF).>>>° Therefore, the strategy combining light-
responsive local drug release and lubrication enhancement is
desired to achieve a synergistic effect for the treatment of OA.

In this communication, we reported a visible light-
enhanced drug release nanosystem based on the supra-
molecular interaction between azobenzene-modified bio-
degradable mesoporous silica nanoparticles (bMSNs-AZO) and
p-cyclodextrin-modified poly(2-methacryloyloxyethyl phosphor-
ylcholine) (CD-PMPC). We found that the developed bMSNs-
AZO/CD-PMPC nanoparticles could not only improve drug
release efficiency upon visible light irradiation but also simul-
taneously achieve lubrication enhancement. The fabrication
approach and proposed mechanism are depicted in Fig. 1.
Azobenzene was grafted on the surface of bMSNs to prepare
bMSNs-AZO (the synthesis of AZO was shown in Scheme S17),
and CD-PMPC was synthesized via free radical polymerization
using mono-6-thio-f-CD as the chain transfer reagent and 2,2-
azodiisobutyronitrile as the initiator (Scheme S$271). After
loading an anti-inflammatory drug diclofenac sodium (DS),
CD-PMPC was capped onto the surface of bMSNs-AZO to form

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Schematic illustration of the visible light-responsive dual-functional nanosystem with drug delivery and lubrication enhancement for the
treatment of OA. (a) Synthesis of bMSNs nanoparticles and the corresponding modification process. (b) Mechanism of lubrication enhancement and

anti-inflammatory properties.

the complex bMSNs-AZO/CD-PMPC based on host-guest inter-
action, which could block the mesopores and allowed for light-
responsive drug release. The controlled release of DS was
achieved using a visible light (450 nm), which resulted in the
partial ¢rans-to-cis isomerization of azobenzene and thus dis-
sociation of CD-PMPC from the surface of the nanoparticles.
Besides, CD-PMPC endowed the nanoparticles with enhanced
lubrication by forming a tenacious hydration layer around the
N'(CH;); and PO,~ groups in PMPC after light irradiation,
which, with a greatly reduced COF value, was beneficial for the
treatment of OA. Particularly, the in vitro tests showed that
light irradiation after passing through the dermal tissue could
still stimulate drug release, and the nanoparticles demon-
strated excellent anti-inflammatory effect by upregulating ana-
bolic genes and downregulating pro-inflammatory cytokines
and catabolic genes. To the best of our knowledge, this study
provides for the first time the concept of designing and synthe-
sizing a stimuli-responsive nanosystem based on visible light
irradiation for OA therapy.

Biodegradable bMSNs-AZO/CD-PMPC was obtained by dis-
persing bMSNs-AZO in deionized water and subsequently
adding 40 wt% of CD-PMPC to the solution (the characteriz-
ations of AZO and CD-PMPC were provided in Fig. S1 and 27).
After blending for 24 h, the modified silica nanoparticles were
collected using centrifugation and washed with deionized
water to remove excessive CD-PMPC. The morphology, compo-
sition, thermodynamics and mesostructure of bMSNs, bMSNs-
AZO and bMSNs-AZO/CD-PMPC nanoparticles were character-
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ized by transmission electron microscopy (TEM), X-ray photo-
electron spectroscopy (XPS), Fourier transform infrared (FTIR)
spectrum, thermogravimetric analysis (TGA), small-angle X-ray
diffraction (XRD) spectrum and nitrogen adsorption and de-
sorption, and the results are illustrated in Fig. 2. The TEM
images (Fig. 2a-c) show that the diameter of bMSNs before
and after the modification is 150 nm with homogeneous
radical distribution of internal mesopores. Compared with
bMSNs, the channel of the mesopores for bMSNs-AZO/
CD-PMPC is blocked by the polymers and becomes unclear,
indicating the successful modification of CD-PMPC on the
surface. The XPS spectra shown in Fig. 2d and Fig. S3-51 indi-
cate the presence of azobenzene and CD-PMPC groups for
bMSNs-AZO/CD-PMPC as the signals of N and P elements have
been observed at 402 eV (N 1s), 189 eV (P 2s) and 132 eV (P
2p). The FTIR spectra (Fig. 2e) also confirm the successful
surface modification of bMSNs, with the absorption band of
benzene ring, C=0 and P=0 at 1543 cm™', 1723 cm™' and
1221 em™, respectively. The results of TGA (Fig. 2f) show that
the weight loss of bMSNs, bMSNs-AZO and bMSNs-AZO/
CD-PMPC in the heating process is 10.9%, 14.2% and 37.2%,
respectively. Consequently, the contents of AZO and CD-PMPC
in bMSNs-AZO/CD-PMPC are calculated to be 3.3% and 23.0%.
In addition, the XRD patterns of the nanoparticles (Fig. 2g)
show a peak centered at 1.18°, indicating the existence of
ordered mesoporous structures in the samples. The mesostruc-
ture of the nanoparticles is further investigated by measuring
the N, adsorption-desorption isotherms, and the surface area,
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Fig. 2 Characterizations of the nanoparticles. TEM images of bMSNs (a),

Relative pressure (p/p,)

Pore Diameter (nm)

bMSNs-AZO (b) and bMSNs-AZO/CD-PMPC (c). XPS spectra (d), FTIR

spectra (e), TGA curves (f), small-angle XRD patterns (g), N, adsorption—desorption isotherms (h) and the pore size distribution (i) of bMSNs,

bMSNs-AZO and bMSNs-AZO/CD-PMPC.

pore volume and pore size distribution are illustrated in
Fig. 2h, i and Table S1,f based on Brunauer-Emmett-Teller
(BET) model and Barrett-Joyner-Halenda (BJH) model.
Compared with bMSNs, the modification of CD-PMPC signifi-
cantly decreases the surface area and pore volume, indicating
that the radical channels have been blocked by CD-PMPC. The
degradation behavior of the nanoparticles in acidic simulated
body fluid is depicted in Fig. S6,f and all the samples are
degraded into small fragments in 10 d. The results indicate
that bMSNs-AZO/CD-PMPC can be effectively degraded due to
the low crosslinking degree of the nanoparticles, making it
possible for the utilization in the in vivo experiments.

After investigating the mesostructure properties of the
nanoparticles, the visible light triggered drug release behavior
and lubrication performance were then studied. As upon
photoirradiation the azobenzene group can be switched from
trans-to-cis isomerization, the introduction of azobenzene and
CD-PMPC to the bMSNs endows the nanosystem with light-
responsive property, during which the AZO group experiences
configuration conversion and repels itself from the CD cavity.
The isomerization of AZO is closely related to light wavelength,
and it has been reported that 28% of the azobenzene group
isomerization occurs under visible light illumination (1 =
455 nm).*° Therefore, in the present study a visible light with a
wavelength of 450 nm (intensity: 80 mW cm™") is chosen to
stimulate the azobenzene groups for isomerization, consider-
ing that the use of visible light can effectively minimize the
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damage to cells and increase the penetration depth compared
with ultraviolet light.>' Firstly, in order to promote practical
application of the nanosystem, the visible light-triggered drug
release through a dermal tissue (nude mouse skin) is tested,
with the experimental setup shown in Fig. 3a (the UV-vis
spectra and "H NMR spectra of AZO and AZO/B-CD with or
without light irradiation are shown in Fig. S7 and 87). In dark
condition (Fig. 3b), the DS release curves from bMSNs, bMSNs-
AZO and bMSNs-AZO/CD-PMPC show a very similar trend,
where a rapid drug release occurs in the initial stage and after-
ward gradually reaches a relative plateau stage. The modifi-
cation of both AZO and AZO/CD-PMPC on the surface of silica
nanoparticles leads to a reduction in drug release. The bMSNs-
AZO/CD-PMPC nanoparticles modified with different concen-
trations of CD-PMPC are distinguished by the weight percen-
tage of CD-PMPC in the nanoparticles during the synthesis
reaction, i.e., bMSNs-AZO/CD-PMPC 1 (20 wt%), bMSNs-AZO/
CD-PMPC 2 (40 wt%) and bMSNs-AZO/CD-PMPC 3 (60 wt%).
At 9 h, the release of DS from bMSNs, bMSNs-AZO, bMSNs-
AZO/CD-PMPC 1, bMSNs-AZO/CD-PMPC 2 and bMSNs-AZO/
CD-PMPC 3 is 78%, 69%, 43%, 31% and 26%, respectively.
The sustainable drug release for bMSNs-AZO/CD-PMPC is
attributed to the host-guest interaction of AZO and CD-PMPC
on the surface of the nanoparticles. It is shown in Fig. 3c that,
compared with the result under dark condition (43%), the DS
release of bMSNs-AZO/CD-PMPC 1 after direct visible light
irradiation for 9 h increases to 62%, whereas it slightly

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 (a) Schematic illustration of experimental setup showing visible light (450 nm) triggered drug release with a piece of nude mouse skin
between the light source and the sample. (b) Release curves of DS from bMSNs, bMSNs-AZO, bMSNs-AZO/CD-PMPC 1, bMSNs-AZO/CD-PMPC 2
and bMSNs-AZO/CD-PMPC 3 under dark conditions. (c) Release curves of DS from bMSNs-AZO/CD-PMPC 1 in the dark, upon visible light irradiation
and upon visible light irradiation in the presence of the nude mouse skin. (d) Schematic illustration of tribological test performed using a tribometer
and hydration lubrication of bMSNs-AZO/CD-PMPC before and after visible light irradiation. (e) Lubrication property of 2.0 mg mL™ of bMSNs,
bMSNs-AZO, bMSNs-AZO/CD-PMPC 1, bMSNs-AZO/CD-PMPC 2 and bMSNs-AZO/CD-PMPC 3 (scanning rate: 2 Hz; loading force: 2 N). (f)
Lubrication property of different bMSNs-AZO/CD-PMPC nanoparticles before and after visible light irradiation (scanning rate: 2 Hz, loading force: 2

N; concentration: 2.0 mg mL™Y).

decreases to 55% after dermal tissue attenuated irradiation.
This indicates that light irradiation induces a faster release of
DS (with or without passing through the dermal tissue) owing
to the weakened host-guest interaction and correspondingly
detachment of CD-PMPC from the surface of the nanoparticles
(more detailed DS release curves are shown in Fig. S9-127).
Secondly, the lubrication properties of the nanoparticles are
investigated using a universal materials tribometer (UMT) as
schematically shown in Fig. 3d. Under dark condition, all the
COF values of bMSNs-AZO/CD-PMPC are substantially lower
than that of both bMSNs and bMSNs-AZO, with the lubrication
performance slightly improved with the increase in the con-
centration of CD-PMPC (Fig. 3e). The enhanced lubrication is
attributed to the hydrated layer formed surrounding the
zwitterionic charged groups in CD-PMPC based on hydration
lubrication mechanism. The lubrication properties of bMSNs-
AZO/CD-PMPC prepared with different CD-PMPC concen-
trations are also examined at various loading forces, nano-
particle concentrations, and reciprocating frequencies, in
which the COF values still remain lower than 0.04
(Fig. S13-157). Subsequently, the influence of light irradiation
on the lubrication performance of the nanoparticles is investi-
gated, and the result is shown in Fig. 3f. Clearly, the visible
light triggers AZO isomerization and the partial detachment of
CD-PMPC from the surface of the nanoparticles leads to slight
increase in the COF value compared with the dark groups.
However, all the COF values of bMSNs-AZO/CD-PMPC still
remain a low level owing to the excellent lubrication perform-

This journal is © The Royal Society of Chemistry 2021

ance of CD-PMPC (more details about the lubrication pro-
perties of CD-PMPC, bMSNs and bMSNs-AZO before and after
light irradiation are listed in Fig. S16%).

To prove preliminary biomedical application of the devel-
oped nanosystem, bMSNs and bMSNs-AZO/CD-PMPC were
also applied to living cells, i.e. MC3T3-E1 cells, to examine the
in vitro cytotoxicity and anti-inflammatory function. Clearly,
the live/dead staining in Fig. 4a indicate that most of the
MC3T3-E1 cells stay alive after incubation for 1 d, 3 d and 5 d,
and the cell density increases gradually with the incubation
time. Moreover, the in vitro cytotoxicity of bMSNs and bMSNs-
AZO/CD-PMPC evaluated by Cell Counting Kit-8 (Fig. S17 and
187) shows that the cell viabilities are higher than 90% for all
the incubation times and nanoparticle concentrations tested.
These results reveal that cell viability is not affected following
incubation with the bMSNs-AZO/CD-PMPC nanoparticles.
After that, the protein expression levels of OA-related pro-
inflammatory cytokine interleukin-6 (IL-6), matrix metallopro-
teinases (MMP13), a disintegrin and metalloproteinase with
thrombospondin 5 (ADAMTS5) and the anabolic gene aggre-
can (Agg) were determined using commercially available
enzyme-linked immunosorbent assay (ELISA) kits. Classically,
the pathogenesis and development of OA are regulated by
many factors. For example, the pro-inflammatory cytokine IL-6
can stimulate the production of reactive oxygen species and
alter the metabolism of cells, MMP13 and ADAMTS5 play a
vital role in cartilage degradation, while Agg is a major struc-
tural component of articular cartilage.’*>> As shown in

Nanoscale, 2021,13, 6394-6399 | 6397
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Fig. 4 (a) Confocal images of the MC3T3-E1 cells after incubation with 0.1 mg mL™* of bMSNs or bMSNs-AZO/CD-PMPC for 1, 3 and 5 days,
measured by live/dead assay. The protein expression levels of IL-6 (b), MMP13 (c), ADAMTSS5 (d) and Agg (e) in the MC3T3-E1 cells treated with 5 nM
of TNF-a and then cultured with 0.1 mg mL~* of bMSNs, bMSNs-AZO/CD-PMPC or bMSNs-AZO/CD-PMPC/DS for 12 h, measured by ELISA kits. n =
3, *p < 0.05, **p < 0.01 and ***p < 0.001, compared with the control groups; *p < 0.05, #*p < 0.01 and ##*#p < 0.001, compared with the blank

groups.

Fig. 4b-e, the introduction of tumor necrosis factor-o (TNF-o)
simulates the inflammatory condition in the joints, which can
significantly upregulate the protein expression of IL-6 (278 pg
mL™", p < 0.01), MMP13 (1235 pg mL™', p < 0.001) and
ADAMTSS5 (274 pg mL™", p < 0.001), and downregulate the pro-
duction of Agg (752 pg mL™", p < 0.001) compared with the
control group. Additionally, the increased protein expression
of IL-6, MMP13 and ADAMTS5 and the reduced protein
expression of Agg are detected from the groups of bMSNs and
bMSNs-AZO/CD-PMPC, which indicates their low anti-inflam-
matory function. However, the introduction of bMSNs-AZO/
CD-PMPC/DS to the MC3T3-E1 cells induces lower protein
expression levels of IL-6 (145 pg mL™", p < 0.01), MMP13 (938
pg mL™", p < 0.001) and ADAMTS5 (171 pg mL™", p < 0.001)
and higher protein expression level of Agg (1378 pg mL™", p <
0.001) in comparison with that stimulated by TNF-a (more
details about bMSNs, bMSNs-AZO/CD-PMPC, bMSNs/DS,
bMSNs-AZO/DS or bMSNs-AZO/CD-PMPC/DS treated groups
after TNF-a stimulation are shown in Fig. S197). This indicates
that the drug-loaded bMSNs-AZO/CD-PMPC nanoparticles are
effective in reducing inflammation while also protecting the
cells from degradation.

In this study, visible light-responsive biodegradable meso-
porous silica nanoparticles, bMSNs-AZO/CD-PMPC, were suc-
cessfully constructed for lubrication enhancement and anti-
inflammation. By using visible light, partial of the azobenzene
groups on the surface of bMSNs experienced isomerization
and therefore CD-PMPC was repelled off the nanoparticles,
resulting in a sustainable drug release behavior. More impor-
tantly, bMSNs-AZO/CD-PMPC effectively improved lubrication
performance with or without light irradiation. The lubrication
enhancement was attributed to hydration lubrication, where a

6398 | Nanoscale, 2021, 13, 6394-6399

hydration layer was formed surrounding the zwitterionic
groups in CD-PMPC, resulting in a remarkably reduced COF
value at the interface. Furthermore, the in vitro tests demon-
strated that bMSNs-AZO/CD-PMPC possessed good cell com-
patibility and exhibited promising anti-inflammation function
via release of a pre-encapsulated drug, revealing its potential
application in OA therapy. Combined all the results together,
this work was expected to promote the development of a smart
nanosystem with stimulus-responsive drug release and lubrica-
tion enhancement for the treatment of OA.
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