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A high-efficiency drug delivery system has been successfully constructed based on visible-light triggered

Received 8th April 2019
Accepted 23rd May 2019

binding and releasing between tetra-ortho-methoxy-substituted azobenzene (mAzo) and B-cyclodextrin

(B-CD) modified mesoporous silica nanoparticles. The drug releasing efficiency is calculated to be 56%.
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Drug-delivery systems nowadays find a great number of
advanced applications in reducing drug toxicity and enhancing
therapeutic efficacy."™ Internal or external stimuli, such as
enzyme,* temperature,® pH,*” redox,® and light,>'® have attrac-
ted great attention in controlling drug release at target sites of
diseases. Among the above stimuli, light is an especially
attractive external stimulus because of its possible achievement
of spatial and temporal control. However, most of the UV-light-
triggered drug-delivery system have achieved limited success in
vitro or in vivo mainly because of the UV light may damage to
biological samples and living tissues.""** Compared with UV
light, visible light is much less damaging to biological speci-
mens and living tissues, which has been widely applied in

developing drug delivery systems for the clinical
applications.'>"”
Tetra-ortho-methoxy-substituted —azobenzene (mAzo) is

a novel visible-responsive chromophore.**** Different from the
conventional UV-responsive azopolymer, the mAzo-containing
polymer can be isomerized the trans-isomeric state to cis-
isomeric state by green light irradiation, and the reverse pho-
toswitching can be accomplished with blue light, so bidirec-
tional photoswitching between thermally stable isomers is
possible without using UV light at all.*>** Besides the visible
light responsiveness, mAzo is also sensitive to pH due to the
protonation of the azo group to give an azonium protomer.****
Based on the visible responsive mAzo/B-CD supramolecular
interactions, light-responsive supramolecular hydrogels for
controlled protein release from deep tissues were designed.>®
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The high-efficiency visible-light-triggered drug delivery system may afford great potential for cancer

Based on the visible-light responsive performance of mAzo,
a visible light responsive random copolymer consisting of
mAzo-containing acrylate units and acrylic acid units has been
prepared, and the amphiphilic polymer can self-assemble into
nanoparticles in water which can loaded model drugs.”
However, at light irradiation, most of the loaded model drugs in
the self-assembled nanoparticles could not be released because
of the small polarity changes of mAzo.

Mesoporous silica nanoparticles (MSNs) with large surface
area are generally considered as ideal drug delivery candidates
due to their excellent biocompatibility and mechanical and
chemical stability.*** Mesoporous silica nanomaterial with
stimuli-responsive capping agents has been demonstrated as
one of the most promising and high-efficiency drug carriers.
However, current release efficiency of the MSNs systems was so
low. A visible light and pH responsive drug delivery system
based on perylene-functionalized poly(dimethylaminoethyl
methacrylates) coated MSNs has been developed, and the
release efficiency would be reached about 45% when combined
with visible light and pH.** mAzo-Si was grafted onto MSNs
surface to constructed drug carry system, and red-light-
responsive supramolecular valves was developed by mAzo/f-
CD which could release drugs under red light irradiation, and
about 38% of drugs was released.**

Herein, MSNs with a visible-light-responsive polymer which
was used as a visible-light-triggered gate-keeper has been
designed as one of the most promising and high efficiency drug
releasing system (Scheme 1). MSNs were modified by B-CD via
a ring-opening reaction. An mAzo-containing amphiphilic
copolymer poly{6-[(2,6-dimethoxyphenyl)azo-4-(2',6' dimethoxy)
phenoxy|propyl dimethylaminoethyl methacrylate-random-
poly(2-(N,N-dimethylaminoethyl)methacrylate)} (Azo-
PDMAEMA) was synthesized by quaternization reaction and
used as the visible-light-triggered gate-keeper. p-Coumalic acid
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Scheme 1 (a) Schematic depiction of visible-light triggered cargo

release from MSNs-CD/Azo-PDMAEMA. (b) Chemical structure of
Azo-PDMAEMA and p-coumalic acid (CA), and schematic illustration
of the supramolecular interaction between Azo-PDMAEMA and B-CD.

(CA) was used as model drug and loaded into nanopores of the
MSNs. Visible-light was utilized to controlled inclusion and
exclusion reaction of the Azo-PDMAEMA with B-CD on the
surface of MSNs to reversibly control CA release from the MSNs
or in deep tissue. Before green light irradiation, CA was loaded
into the MSNs pores by free diffusion. Upon irradiation with
green light, the mAzo switched from trans- to cis-isomers, and
the cis-azobenzene was not recognized by CD due to the
unmatched host-guest pairs; thus, the loaded drugs could be
released. The great drug release amount of CA is calculated to
be 62% which may afford great potential for cancer therapy.
The visible-light responsive copolymer Azo-PDMAEMA was
synthesized according to our previous report.*> The polycation
Azo-PDMAEMA was synthesized by quaternization between
2,6,2',6'-tetramethoxy-(4-(3-hydroxypropoxy-bromide)) azo-
benzene (AzoOMeBr) and poly(2-(N,N-dimethylaminoethyl)
Methacrylate) (PDMAEMA). The synthetic route, the 'H NMR
spectra, and the visible-light isomerization properties of the
Azo-PDMAEMA were shown in Fig. S1, Fig. S2, and Fig. S3,}
respectively. The number-average molecular weight (M,) and
PDI of the PDMAEMA were 2.08 x 10* g mol™' and 1.19
respectively, as determined by GPC, as shown in Fig. S4.f The
degree of functionalization (DF) of the Azo-PDMAEMA was
measured by UV-vis spectroscopy, which was calculated to be
20.75%, shown in Fig. S5.1 MSNs as drug delivery systems, were
prepared according to the previous literature.”*** MSNs were
functionalized with B-CD-NH, to obtain MSNs-CD. The Fourier
transform infrared (FTIR) spectra for MSNs-CD (Fig. 1a, green
line) shows the absorption peaks of the amide group at
1658 cm ™! (vC=0) and 3353 cm ™' (0N-H), which indicated that
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Fig. 1 (a) FTIR spectra of B-CD-NH,, MSNs, MSNs-CD, Azo-

PDMAEMA and MSNs-CD/Azo-PDMAEMA. (b) Size distributions for
MSNs, MSNs-CD and MSNs-CD/Azo-PDMAEMA.
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B-CD-NH, was successfully grafted onto the MSNs. After the
polymer Azo-PDMAEMA coated onto the MSNs-CD, the char-
acteristic peaks of Azo-PDMAEMA at 1746 cm ', 2933 cm ™"
which associate to C=0 and C-H stretching vibration could be
found in the spectrum of MSNs-CD/Azo-PDMAEMA, shown in
Fig. 1a (black line). Moreover, the organic modification process
was also further testified by dynamic light scattering (DLS) as
shown in Fig. 1b. The hydrodynamic radius (R;,) of MSNs was
approximately 175 nm, after B-CD-NH, modification, the R},
increases to 184 nm, owing to the volume of the B-CD. More-
over, after Azo-PDMAEMA polycation was coated onto MSNs,
the Ry, increases to 187 nm.

The model drugs p-coumalic acid (CA) could be effectively
encapsulated into the MSNs-CD by free diffusion, and then the
Azo-PDMAEMA was attached on the surface of MSNs-CD. The
step-by-step functionalization processes were also confirmed by
Transmission Electron Microscopy (TEM), small-angle X-ray
diffraction (SA-XRD), and N, adsorption-desorption isotherm.

TEM images showed that MSNs, MSNs-CD and MSNs-CD/
Azo-PDMAEMA@CA were two-dimensional hexagonal nano-
particles with an average diameter of 150 & 30 nm respectively.
There were no obvious differences in shape and average diam-
eter between MSNs and MSNs-CD, and the pore size of the
mesoporous structures was ~2.5 nm (Fig. 2a and b). However,
the mesoporous structure of MSNs-CD/Azo-PDMAEMA@CA
became obscure, indicating that CA occupied the nanopores
and surface coverage of the monolayered supramolecular
nanovalves. Moreover, the mesoporous structure was investi-
gated by SA-XRD. In Fig. 2d, MSNs and MSNs-CD display the
obvious diffraction peak at about 2.2° with low ordered degree.
That is consistent with the TEM images, exhibiting the two-
dimensional hexagonal mesoporous structure of the silica
shell. Compared with the diffraction intensity of MSNs and
MSNs-CD, the decreased intensity of MSNs-CD/Azo-
PDMAEMA®CA is ascribed to the cargo loading and the
organic functional coating.

The N, adsorption-desorption isotherms were carried out to
investigate the mesoporous structure of MSNs, MSNs-CD, and
MSNs-CD/Azo-PDMAEMA®@CA, as shown in Fig. 2e. MSNs

e
o

== 0 E

(a) (b)

(d) (e)

s (0
8000 —msns k) ssnI

e chiAzos -POMAEMA@CA 7

~

"00 02 04 05 08 10
Relative pressure (PIP,)

o —s-mshis
——MSHs-Cl E 300
Tusiseni PDMAEMA@CA

S
e —a— MSNs.CDIAZO-PDMAE MAGCA
5 250

Intensity (a. u.)
8
8
8

dVidlog (D) (cm®ig nm)

a s
a3as
88838

Amount adsorbe

o

0 2 4 6 8 1012 14 16 18 20
Pore diameter (nm)

3
20 degree,

Fig. 2 TEM images of MSNs (a), MSNs-CD (b) and MSNs-CD/Azo-
PDMAEMA@CA (c). XRD patterns (d), nitrogen adsorption—desorption
isotherms (e), and BJH pore size distribution (f) of MSNs, MSNs-CD and
MSNs-CD/Azo-PDMAEMA@CA, respectively.
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showed typical H'-hysteresis loops, indicating that MSNs are
mesoporous materials. The Brunauer-Emmett-Teller (BET)
surface area of MSNs was 886.0518 + 12 m> g~ (n = 3). The N,
adsorption-desorption isotherms of MSNs-CD were similar to
those of MSNs, and the BET surface area of MSNs-CD (734.2583
+ 20 m? g~ ') was almost the same as that of MSNs. After loading
with CA, much weaker N, absorption was observed for the
MSNs-CD/Azo-PDMAEMA@CA, and the BET surfaces area
changed to 299.432 + 15 cm® g ', indicating the successful
loading of CA. The Barrett-Joyner-Halanda (BJH) pore sizes of
the MSNs and MSNs-Azo were similar (2.2 to 2.5 nm) to those
measured using TEM (Fig. 2f). For the MSNs-CD/Azo-
PDMAEMA@®@CA, the peak of BJH pore size distribution was
weak, which was coincided to the TEM and BET results.

Green light (520 nm) triggered the opening of mAzo/B-CD
valves and the cargo release. To evaluate the light-triggered
properties of the cargo release from the MSNs-CD/Azo-
PDMAEMA@CA, UV-vis spectrophotometer was employed to
monitor the absorption spectra upon irradiation of green (520
nm) light and without light irradiation. Two equal samples of
MSNs-CD/Azo-PDMAEMA@CA were dissolved in 1 mL of
deionized water and introduced into a dialysis membrane
(MWCO: 3500 Da). The released CA outside of the dialysis
membrane was sampled at defined time and assayed by UV-vis
absorption spectroscopy. Fig. 3a shows the UV-vis absorption
spectral change of the loaded CA upon green light irradiation
for different times, from which it can be seen that a remarkable
increase of the absorption band at 285 nm was observed with
increasing green irradiation time. With the extension of release
time, the release amounts increase. The release amount
increased to 56%, and the release can reach equilibrium after
30 min. While, the absorption band of CA changed little when
in dark, as shown in Fig. 3b, as indicated no leakage of CA. As
shown in Fig. 3c, the great release amounts upon green light
irradiation (56%) are derived from the host-guest interaction
between mAzo and B-CD to induce more CA to diffuse outside. A
control experiment without green light irradiation was also
carried to reveal just 7% of CA was leached into the aqueous
solution even after 50 h. This result strongly demonstrated that
MSNs-CD/Azo-PDMAEMA®@CA would faster release cargos
under green light irradiation.

In contrast to the zeta potential of —26.1 mV for the MSNs-
CD, the value of zeta potential for the MSNs-CD/Azo-
PDMAEMA@®@CA increased to 63.4 mV, shown in Fig. S8,f
since the polymer Azo-PDMAEMA was positively charged. After
green light irradiation, the zeta potential decreased to
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Fig. 3 UV-vis spectra of the CA in agueous solution at different times:
(a) irradiated with green light, (b) without green light irradiation. (c)
Release of CA from MSNs-CD/Azo-PDMAEMA@CA with and without
green light irradiation.
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Fig. 4 (a) The small-angle XRD patterns of MSNs-CD/Azo-PDMAE-
MA@CA before and after green light irradiation. Size distributions (b)
and TEM image (c) for MSNs-CD/Azo-PDMAEMA@CA after green light
irradiation.

—13.2 mvV, indicated the drug released by deshielding of the
polymer shell. Moreover, after green light irradiation, the
mesoporous characteristic of MSNs-CD/Azo-PDMAEMA@CA
was also confirmed by SAXRD (shown in Fig. 4a, black curve),
from which it can be seen that the MSNs-CD/Azo-
PDMAEMA®@CA still exhibited uniform mesoporous nano-
structure compared with MSNs-CD/Azo-PDMAEMA®@CA before
green light irradiation. This result indicated the success release
of CA and polymer Azo-PDMAEMA from MSNs-CD after green
light irradiation. The nanostructure of the MSNs-CD/Azo-
PDMAEMA@CA after green light irradiation was also visual-
ized by TEM. Fig. 4c shows that the porous structure of the
nanoparticles became obvious, suggesting the surface coverage
of the polymer Azo-PDMAEMA have been released after green
light irradiation, and the diameter is about 185 nm, which
corresponds to the result of a Ry, indicated by DLS shown in
Fig. 4b. The FTIR spectra for MSNs-CD/Azo-PDMAEMA after
green light irradiation was also shown in Fig. S7,f the charac-
teristic peaks of Azo-PDMAEMA at 1746 cm ™, 2933 cm ™~ ' which
associate to C=0 and C-H stretching vibration disappeared
which also indicated the success release of Azo-PDMAEMA from
MSNs-CD after green light irradiation.

In conclusion, visible-light triggered MSNs using mAzo/B3-CD
supramolecular valves for cargo release has been demonstrated.
MSNs were used as drug carriers, and a model drug (CA) could
be loaded via free diffusion. Visible light triggered supramo-
lecular valves constructed by mAzo/B-CD were grafted on the
MSNs surface. The green light could transform the isomerism
of B-CD the mAzo groups from trans to cis conformation, which
result in detachment of Azo-PDMAEMA from modified MSNs,
triggering the cargo release. The great drug release amount of
CA is calculated to be 56% which may afford great potential for
cancer therapy. We envision that this strategy described here
will provide a new option to solve the problem of premature
drug release in normal MSNs and have great application for
combination chemotherapy.
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