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Figure 1 (Color online) Construction of CPA[6]-valved MSN drug
delivery systems functionalized with dimethylbenzimidazolium (DMBI)

or bipyridinium (BP) stalks for multi-responsive controlled release trig-
gered by acidic pH, metal chelating, and competitive binding?)
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Figure2 (Color online) Construction of y-CD-gated MSN drug delivery systems functionalized with disulfide-linked carbamoylphenylboronic acids
and amines for simultaneous and cascade release of two drugs entrapped in the MSN pores and included inside the y-CD cavities™
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Figure 3 (Color online) Controlled release of cargo from Con A-gated MSN delivery systems functionalized with mannose moieties in response to

changesin pH value and glucose concentration!®”

N M = OB MEMSNERH, £ =24
ik (DATA) &2 — M HIFBLAKR, &4 11 IDAS LT
NTARIZE I BTG, 13 3% 4 )8 B F ] LI 5 DATALI ik
FIMSNIE i 1: 158 1: 26 DATA-4 & il & ). b T
MSNFLIE BT 19 24 DATARC AR 7] LA R B 5 14~ 43
BB TS, WREMTFUEEES R H" M
WEGEE U NI E A R g P A AR 7/ EE
FTMSNYIUKFLIE . L E 58 Y 2 2R 5% FL RE
i 5 MSN & 1 1 DATA-4: & BL A9 1 Be A AN T A4
MOAREBAAEN. e sa 2 E A S EAE-
F[E L5 A 2 DATALIEfL FIMSN K TH, 245G 1
OB PRoph 42 JR B R BE B S BOMSNAFLIE N 35, M
1T 4 1 245 00 1) 2 i RVBE O R 1T S T A - 4 i -
WLZT 85 2 1 21 2 R AR 1) & SR AR B 2 /B, T
A BB S L E A4 R B A PR T8
DATAZhBEAL I MSNAN K 25 R 45 (K1), &R
TS5 LA 0 25 45 5 B 52 V5 W pHBE T, 38 1o 3 8 pH 512
PR A 4R BT TR 9K 302 R G 25 W P il B
. BB DATA R /4 3% 1 2% B 38 i, B ik-4 s B 7
11428 B 40 0K 2 24 2 Gt 1Y) pHINE) 0z 1) 245 400 88 A s 3
W &R B TS R AR A R 4L
(A 40 K 38 24 22 0 bL SRk 4 T T AL 35 i A oK 302 &

524

g HA SR 2 R RCR, BRIE LTS
DATAF 1 % e, Beik-4 8 & 1 H e N5
FEHLZEEAESAERARR LA, Eid —H R PE
I P A A7 25 e 245 0 1) 8 o TR sl R 1471,
ERNRANEOT, & @A 5 e & [ 48 B U
W) 145 B DATA I fig 4k B M SN 55 A54941 fifg %1k 48 h
J& s A A B R, T R R Ak 3k 2y
G0N IR A0 M A A T SRR IG B R AL 20967, 1%
YK 3 2 R G TE IR 245 3R T O T EL A WA 0 R

=
Al 5.

1.4 DNA#KT]

TETE T 4R o (1 DNA AR 22 25 4 1 1 #
2545 F A WUEE DNA Z [al 7776 3Fh AR 240 &5 & K
FRELGE G | WSS A ERIR S A iIfss AR — et
P AT IR 259 4 1 5 XUEE DNAYE FH Y 32 AL
TeFF VTR AE By B DR F 91 15 B A 1 R T T A 2 Ak,
IG5 B4R Th g i 7 28 FAT IRk 1], A
PR B L R ARDNATE AT 1 #5001, [l i DNA XA
HEGYIERAR, B SE1E M SN TR 6 1 3- T EURR N ik =
CAAFERERE, ARG 5 2 I U FE ) TR AR 3 4 A Y
We A A Wy BT, SRR A6 1 M SN 17 1481, K 4R A4k



Metal |ons

TSP-DAT, l / l

&ﬁ

Metal ions:‘Mb

TSP DATA

Metal ions
(Cu?* or Ni*)

@ Rubipy)”

pH<5.0

B4 (MR ()4 RIS LT R H 4R EA P 17 IDATA F AT E LA M SN K 224 2R 58 4 T 45 41255 K pHIT R (4 244047 il g it
Figure4 (Color online) Synergistic gating of metal latching and metal-chelating myoglobin for MSN drug delivery systems functionalized with pen-

tadentate ligands of DATA and pH-responsive controlled release*”
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Controlled assemblies of stimuli-responsive mesoporous silica
drug delivery systemsfor controlled release of drugs

DU XueZhong

Key Laboratory of Mesoscopic Chemistry (Ministry of Education), School of Chemistry and Chemical Engineering, Nanjing University, Nanjing
210023, China
E-mail: xzdu@nju.edu.cn

There has been an ever increasing interest in developing stimuli-responsive mesoporous silica drug delivery systems to
improve therapeutic efficacy and minimize the adverse effects of drugs. This paper reports the works of our research
group on valved and gated mesoporous silica drug delivery systems. Biocompatible mesoporous silica nanoparticles
(MSNs), as drug carriers, were modified with active group-terminated silanes via self-assembly followed by diverse
functionalization, a variety of macrocyclic hosts, proteins, DNA, and quantum dots were bound to the MSN surfaces to
develop nanovalves and nanogates, through multiple noncovalent interactions, dynamic covalent bonds, and even strong
covalent bonds, for the encapsulation of drugs within MSN pores, thus smart valved and gated MSN drug delivery
systems were constructed. Under the stimuli of pH, redox, competitive binding, enzymes, and near infrared lights,
controlled release of the encapsulated drugs was realized, because of the destruction of multiple noncovalent interactions,
the cleavage of dynamic covalent bonds, and the disassociation of gatekeeping scaffolds. The carboxylate-substituted
pillar[6]arene (CPA[6])-valved dimethylbenzimidazolium or bipyridinium-functionalized MSN drug delivery systems
were constructed for acidic pH, competitive binding, and metal chelating-responsive controlled release. The y-CD-gated
MSN delivery system functionalized with disulfide-linked carbamoylphenylboronic acid moieties and amines via dual
dynamic covalent bonds with dual drug loading was constructed for simultaneous and cascade release of two drugs. Itisa
smart strategy to take advantage of the specific structures and properties of cyclodextrins (CDs) for use in the MSN drug
delivery systems not only as gatekeepers but also as drug carriers. The y-CD-gated MSN delivery system provided a
smart platform for combination drug therapy, in addition to resistance to serum and normal blood glucose levels. The
concanavalin A (Con A)-gated mannose-functionalized MSN drug delivery system via multivalent carbohydrate—protein
interactions was constructed for the controlled release of drugs either by acidic pH or by competitive binding of glucose
a high concentrations. The long and flexible spacers linked with the mannose ligands played an important role in
adjusting the local spatial arrangement of the ligands to favor multivalent protein binding, as did the surface density of
the ligands. The MSN drug delivery systems functionalized with N-(3-trimethoxysilylpropyl)ethylenediamine triacetate
ligands, in the presence of metal ions with and without myoglobin containing surface-accessible histidine residues, were
constructed for pH-responsive controlled rel ease. Both the metal-latching ligands and the metal-chelating proteins played
a synergetic role in gating MSNs for high-loading drug delivery and stimuli-responsive controlled release. The
DNA-gated MSN drug delivery system functionalized with disulfide-linked acridinamine intercalators was constructed
for multi-responsive controlled release under different stimuli, including disulfide reducing agents, elevated temperature,
and deoxyribonuclease |. The DNA-gated MSN drug delivery system integrated multiple responses and AND logic gate
operations into a single smart nanodevice not only for codelivery of drugs and DNA/genes but also for cascade release of
two drugs in combination of dual stimuli. The DNA-gated gold nanorod-embedded MSN delivery system functionalized
with titanium(1V)-chelating phosphonates with dual drug loading was constructed for simultaneous and cascade release
of two drugs. Coordination chemistry is the first strategy for DNA cappings through multivalent chelating interactionsin
drug delivery systems not only as gatekeepers but also as drug carriers. The two drugs were simultaneously released upon
triggering of endonuclease degradation or photothermal dehybridization and were successively released upon first
triggering of basic pH and subsequent triggering of photothermal heating. The combination of NIR light-based
thermotherapy and triggered chemotherapy (thermo-chemotherapy) could maximize therapeutic efficacy. In addition, the
ZnO quantum dot (QD)-gated hollow mesoporous silica drug delivery system was constructed for pH and redox-
responsive controlled release, and the ZnO QD-gated mesoporous carbon nanoparticle (MCN) drug delivery system was
for pH-responsive controlled release. These constructed stimuli-responsive MSN drug delivery systems have promising
applications in targeted tumor therapy.

mesoporous silica drug delivery system, nanovalve, nanogate, stimuli-response, controlled release
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