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Abstract: The ever-growing interest for finding efficient
and reliable methods for treatment of diseases has set
a precedent for the design and synthesis of new function-
al hybrid materials, namely porous nanoparticles, for con-
trolled drug delivery. Mesoporous silica nanoparticles
(MSNPs) represent one of the most promising nanocarriers
for drug delivery as they possess interesting chemical and
physical properties, thermal and mechanical stabilities,
and are biocompatibile. In particular, their easily functio-
nalizable surface allows a large number of property modi-
fications further improving their efficiency in this field.
This Concept article deals with the advances on the novel
methods of functionalizing MSNPs, inside or outside the
pores, as well as within the walls, to produce efficient and
smart drug carriers for therapy.

\_ /

Drugs and Drug Delivery Systems

In pharmacology, a drug is a chemical substance that is used
in treatment, cure, prevention, or diagnosis of diseases as well
as to enhance physical or mental well-being. Drug therapy is
an important part of the medical field and there is a wide
range of medications that all share the same three following
parameters: 1) the prescribed doses, 2) the time interval be-
tween shots and 3) the treatment duration.

Pharmaceutical drugs may be used for a limited period or
on a regular basis for chronic disorders. Any increase in the
treatment may cause an overdose and conversely an inade-
quate dose can result in incomplete treatment. Some drugs
can lead to addiction and habituation and all of them have
more or less severe side effects. Indeed, to reach the target,
the drug must first enter the bloodstream and throughout the
circulation biotransformation and/or elimination of the drugs
can occur resulting in a variation of concentration. However, to
achieve the therapeutic effect a minimum effective concentra-
tion in the plasma should be maintained without reaching tox-
icity levels. This is often difficult to achieve because of the
large amount of drugs needed due to their low bioavailability
and problems in crossing biological barriers.

The development of new treatments is leading to the evolu-
tion of therapeutic agents and also to the administration
mechanism. Indeed, the controlled delivery is an essential tool
to improve the current therapies by manipulating the biologi-
cal profiles, such as pharmacokinetics, biodistribution, tissue
uptake, and so forth. The design of site-specific and stimuli-re-
sponsive controlled drug delivery systems (DDSs) is of major
interest for researchers worldwide. Basically a DDS can be de-
scribed as a formulation that controls the rate and period of
drug delivery and targets specific areas in the body. The key
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Scheme 1. Schematic representation of an efficient DDS.

challenge of such DDSs is to have the ability to carry an effec-
tive amount of drugs with none or significantly decreased side
effects than those of current therapy methods (Scheme 1). For
that, several prerequisites for DDSs are necessary: 1) biocom-
patibility, 2) high loading and protection of the drug, 3) zero
premature release before the target, 4) efficient cellular uptake
and endosome escape, 5) controllable rate of release, and 6) ef-
ficient targeting.

Nanotechnologies have great potential in this area. In the
past decades, several DDSs were developed to meet these cri-
teria. For instance several nanocarriers based on liposomes,"
polymeric micelles,” dendrimers,”’ carbon nanotubes,” inor-
ganic nanoparticles,” silicon®- and silica-based” materials
have been investigated as promising candidates for drug deliv-
ery.

This concept article focuses on up-to-date strategies for
functionalizing mesoporous silica nanoparticles (MSNPs) and
then on the introduction of several different properties to pro-
duce very efficient drug delivery carriers. Firstly we describe
how and why MSNPs became promising candidates as drug
delivery carriers. Then we present the different methods to in-
clude linkers either on the pores surface and/or the outer sur-
face or directly in the wall of the nanoparticles. Finally, we
show how further functionalization can affect all stages of
nanoparticles life. Indeed, by choosing appropriate functions,
the loading of drugs, the circulation in blood, the targeting of
cells, the internalization in cells, and the release of drugs can
be influenced or even controlled.

Silica Nanoparticles as Drug Delivery Systems

Development of mesoporous silica nanoparticles for drug
delivery

Following Vallet-Regi’'s work, who first reported the use of mes-
oporous silica as DDSs,® significant improvements have been
made to develop MSNPs for drug delivery and which can chro-
nologically be divided into three stages resulting in three gen-
erations of DDSs (Scheme 2).

MCM-41% or SBA-15"% mesoporous silica type were the first-
generation of material used, after loading with various cargo
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Scheme 2. Development of three generations of mesoporous silica materials
for DDSs.

molecules, for in vitro evaluation of delivery performance.
Using these systems, the authors were able to validate the
concept of MSNPs as DDSs, but unfortunately the large parti-
cles size, irregular morphologies, and aggregation hindered in
vivo applications.

Due to the progress of nano-synthetic chemistry by tuning
the hydrolysis and condensation rates of silicon alkoxides
under acidic or alkaline conditions in the presence of various
surfactants, all the previous problems were overcome to pro-
vide MSNPs, the second generation of mesoporous silica-based
DDSs. Such nanoparticles exhibit uniform size and morphology,
tunable pores and compositions, and enhanced drug-loading
capacity, ideal for standard in vitro and also in vivo evalua-
tions.

Then the abundant surface chemistry of MSNPs allowed the
elaboration of the third-generation of DDSs with diverse func-
tionalities further improving the properties and efficiency of
the carriers as described hereafter.

Benefits

MSNPs have received growing attention as drug delivery carri-
ers since they possess the following unique features

1) Tunable particles sizes (in the range 50 to 300 nm) and
morphology (spheres, rods).

2) Uniform and tunable pore sizes (2-6 nm).

3) High surface area (700-1000 m*g~") and large pore volume
(0.6-1 cm®g™") for efficient encapsulation and high loading
capacity.

4) High thermal/chemical stability compared to other poly-
mer-based DDSs.

5) Two tunable functional surfaces: an inner surface in the
pore channels and the outer surface of the particle allow-
ing a selective functionalization.

6) Unique porous structures without any connections allow
for a perfect “capping” essential for zero premature release.

7) Endocytosed in short times by numerous mammalian cells.

8) Good in vivo biocompatibility™ (well tolerated up to
200 mgkg ") and hemocompatibility."?

The adopted amount of silica carriers can then be signifi-
cantly reduced and the corresponding biosafety can be im-
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proved. Due to their stable and rigid framework under extreme
conditions compared to organic DDSs (liposome or emulsion),
silica carriers do not suffer from uncontrollable drug release
owing to degradation in an explosive manner in a physiological
environment, but release the drugs in a sustained way when
suitably functionalized. In addition, the abundant surface silane
chemistry facilitates the easy chemical modifications of MSNPs
to improve their properties. Furthermore, silica carriers can be
synthesized in various shapes (nanospheres, nanorods, etc.).

Biocompatibility and toxicity

As therapy, the compatibility and safety of MSNPs are required,
as when they interact with the body (organs and tissues) a vari-
ety of responses may occur, for example, alterations of
immune system or interactions with blood, depending signifi-
cantly on their composition. Because of the chemical inertness
of silica, MSNPs with optimized structural features and at suita-
ble dosages show great biocompatibility in many biological
systems, as demonstrated by several groups.""! However sever-
al factors can affect the nanoparticles toxicity and pharmacoki-
netics like cell lines, concentrations, and physiochemical prop-
erties, such as size, shape, surface charge, and modification.

Due to the huge variation of characteristics in this class of
materials, it is actually illusive to draw general conclusions for
their toxicity and for this reason nanoparticles have to be eval-
uated individually to characterize their absorption, distribution,
metabolism, excretion, and toxicity properties.

Finding the ideal treatment concentration for an efficient
drug delivery and a minimal toxicity will definitively allow ob-
taining optimal clinical results with pronounced decrease of
side effects. However, the relevance of toxicity studies may be
questionable, firstly because we know that coating nanoparti-
cles with polymers, lipid bilayers, or proteins effectively elimi-
nate toxicity as demonstrated in vivo™® and secondly because,
when considering the high drug loading capacity of MSNPs
which reduces needed dosages, appropriate concentrations to
study toxicity are less than 100 pgmL~', an amount for which
actually most studies have shown insignificant toxicity.

Methods for modification of the MSNP surface

MSNP functionality can be introduced by modifying chemically
accessible silanols, which can easily react with functional alkox-
ysilane, introducing a desired organic unit through a covalent
bond. Moreover this last functional group can be used to
attach other molecules for further post-functionalization or to
modify surface properties. Most of the alkoxysilane precursors
used are now commercially available and some of them being
more complex, for specific applications, can be synthesized
(Scheme 3).

Two main approaches of surface modification exist, namely,
post-functionalization methods or direct sol-gel hydrolysis—
condensation routes (Scheme 4).
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Scheme 3. Various alkoxysilanes to introduce functionality or modify surface
properties.

2

Post-functionalization methods

Through the post-grafting strategy, MSNPs can be modified by
reacting accessible surface silanol groups both within the mes-
oporous network and on the outer surface with functional or-
ganosilanes (Scheme 4A). Here it is possible to restrict a first-
step functionalization on the outer surface prior to surfactant
removal and perform a second-step functionalization after re-
moving the latter. In this case the grafting of chemically more
delicate organic functionalities prone to hydrolysis and elimi-
nation reactions is possible. However, the distribution of func-
tional groups may not be uniform if the blocking of pores
occurs.

Exploiting electrostatic interactions on the outer surface rep-
resents another way to post-modify MSNPs. Indeed, at neutral
pH, the deprotonation of surface silanols occurs resulting in
a negatively charged silica surface. Consequently, the surface
can be functionalized electrostatically with positively charged
moieties to form an adsorbed coating through noncovalent in-
teractions (Scheme 4B). In almost all cases polymers' are
commonly employed on MSNPs. In addition MSNPs can be en-
veloped by supported lipid bilayers (SLBs)."

Sol-gel routes

The co-condensation method consists in coupling hydrolyzed
alkoxysilanes with organoalkoxysilanes (R’,Si(OR),.), in which R’
is an added functionality that induces the modification on the
surface inside the pores (Scheme 4C). In this one-pot co-con-
densation process, organosilanes are added directly together
with a silica source (tetramethoxysilane (TMOS) or tetraethoxy-
silane (TEOS)) into the gel solution with a surfactant. As orga-
nosilane is amphiphilic, it may act as co-surfactant incorporat-
ed into the surfactant micelles. When condensation occurs, the
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A) Post-grafting methods
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Scheme 4. Methods for MSNP modification: A) post-grafting, B) surface coat-
ing, C) co-condensation and D) bridged silsesquioxanes.

organic moieties are then anchored on the pore walls. Then,
the surfactant molecules are removed by ion exchange with
a solution of ammonium nitrate or HCl in ethanol. The advan-
tages of this method are the following: a simple operation,
uniformity in distribution of functionalization, and achievable
high loading of organic functions. However, the simultaneous
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addition of functional molecules may affect the structural fea-
tures of the resulting MSNPs, namely their pore structures.

In order to obtain a homogeneous distribution of organic
groups inside the framework, a high loading of organic groups
and a narrow pore size distribution, the sol-gel process can be
performed with organo-bridged silsesquioxane (BS) precur-
sors,' a single molecular organosilane with the organic frag-
ment connected to at least two trialkoxysilyl groups, in the
presence of organic soft template and without any silica
source to produce periodic mesoporous organosilicas (PMO)!”
(Scheme 4D). To date, very few reports deal with the prepara-
tion of pure PMO-based nanoparticles due to the difficulty of
precisely controlling the growth of the nanoparticles during
the hydrolysis—condensation of the activated organosilanes,
the bulkiness and chemical features of bridging groups greatly
affecting the sol-.gel reaction and surface properties. In fact,
most often in such MSNP synthesis, the BS precursor still forms
as gel with TEOS.

Drug Loading and Release Rate

Drugs can be introduced into silica by using essentially two
different strategies (Scheme 5).

Cleavable chemical
bond formation

Inner pore
functionalized

© Cleavable unit @ CO,H, NH, .. @Drugs = Silylated stalk

Scheme 5. Strategies for drug loading.

The most commonly used method, due to several advantag-
es, is the physical trapping of drugs inside the pores of MSNPs,
the silanol groups serving as adsorption sites. This method
does not require any chemical modification of the drug to
form chemical bonds and can be easily applied for various
drugs. In addition, it allows a high loading percent up to
30wt% due to the high surface area and pore volume of
MSNPs. The adsorption can be favored when the pore surface
is modified with functionalities, such as weak acids or bases,
like carboxylic acids or amines, to provide additional adsor-
bate/adsorbent interactions, like strong hydrogen bonding,
and then optimize the interactions between the drug and
silica support. These modifications can also directly affect the
release rate of the drug"® by increasing its diffusion resistance.
In addition, the mobility of the drugs, and consequently the re-
lease efficiency (amount of drug released/total uptaken
amount) of MSNPs, is also affected by their electrostatic inter-
actions with their surroundings. For instance, the release effi-
ciency is higher when the silica surface is modified with posi-
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tively charged amine groups—the charge expulsion between
the positively charged drugs and the particle surface enables
them to move efficiently out of the pores."”

However in most cases, the interactions are not strong
enough to prevent the release of the housed compound
before reaching the target site. If a nontoxic and well-tolerated
prodrug,”” for which an activating enzyme is not present and
has to be co-administrated for its activation, is loaded the ne-
cessity to avoid the premature release is not as important as in
the case of transporting a conventional cytotoxic drug. Indeed,
for the latter avoiding this release during the blood circulation
should reduce side effects and can be done by using a stimuli-
responsive pore-keeper which will be outlined later below.

The second strategy to incorporate the drug consists in co-
valently linking it to silica using a stimuli-responsive cleavable
bond which will be also detailed later.

Targeting

As already mentioned, one of the major disadvantages of cur-
rently used drugs is their lack of target selectivity between
healthy and diseased cells which leads to significant side ef-
fects and to a reduced therapeutic efficiency. MSNPs as DDSs
can provide a solution to improve the transport of drugs
using, among others, their surface properties for targeting pas-
sively or/and actively?" a specific area in the body (Scheme 6).

Passive targeting

Effective passive targeting is favored by the “enhanced perme-
ability and retention” (EPR) effect, discovered by Matsumura

Passive targeting Active targeting
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Scheme 6. Passive and active targeting possibilities on MSNPs.
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and Maeda in 1986,%? which causes the accumulation of nano-
objects or macromolecules in tumors. The rapid angiogenesis
in solid tumors, which generates anomalies in tumor blood
vessels (permeability), and the poor lymphatic drainage in the
tumor area (retention) lead to a preferentially delivery of nano-
objects in tumors with a concentration that is 70 times higher
than in normal cells. Indeed, irregular blood vessels are rapidly
formed in the solid tumors to provide the nutrient and oxygen
supply for cells proliferation. They thus exhibit discontinuous
epithelium with wide defective fenestrations from 200 to
2000 nm depending on the location and tumor type.?® Conse-
quently, when the nanoparticles reach these vessels, they
escape through fenestrations to the tumor interstitium during
extravasation. Furthermore as the lymphatic drainage is defec-
tive in tumors, unlike normal tissues in which the extracellular
fluid is constantly drained to the lymphatic vessels, nanoparti-
cles are trapped in the tumor interstitium and hence resulting
in an accumulation in the tumor tissues (Scheme 7).

EPR effect ++

Nanoparticles

o
- ) Normal cells

Cancer cells

Angiogenic
vessels

Defective
fenestrations

Lymphatic drainage

Scheme 7. Enhanced permeability and retention effect.

To avail the EPR effect and obtain effective passive targeting,
nanoparticles should meet some criteria for size, shape and es-
pecially surface properties.

The optimal diameter size range of nanoparticles for long
circulation time, increased accumulation in the tumor and effi-
cient cellular uptake is 50-300 nm.*? In this range, nanoparti-
cles will avoid renal clearance®® and diffuse in sufficient quan-
tities through the tumor area for a therapeutic effect.

The DDS shape plays also an important role in biological
effect; however, since opposing observations have been re-
ported, it is really difficult to take the shape as a single variable
and establish the relationship between particle shape and per-
formance for drug delivery. Recently, Huang et al® evaluated
the capability of internalization by tumors cells through the
non-specific cellular uptake of MSNPs with similar particle di-
ameter, chemical composition, and surface charge, but with
different shapes (AR: aspect ratio length/width). Their in vitro
attempts showed that the rod particles (bigger AR) were inter-
nalized faster and in larger amounts than spherical ones (AR of
1). This result reminds us that MSNPs with large AR and suita-
ble diameter may have longer circulation times than the spher-
ical ones, which may enhance significantly the therapeutic effi-
cacy of the nanoparticulate DDSs.?”
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The interactions between biological environment and MSNP
surfaces are the main parameters to be considered to limit ef-
fects that reduce the blood circulation time of nanoparticles.
The surface properties of MSNPs can be modified with func-
tionality to prolong as long as possible their circulation in the
bloodstream by decreasing the nonspecific binding of nano-
particles to plasma proteins (opsonins) causing their rapid re-
moval by macrophages.

The combination of silica nanoparticles with hydrophilic and
neutral polymers, such as polyethyleneglycol (PEG), on external
surfaces has been described as “stealth” nanocarriers® with
reduced opsonization and better stability in biological fluids
due to the hindered and repulsive PEG chains. The PEGylation
methods can be achieved through covalent grafting or physi-
cal adsorption of PEG chains. Compared with the PEG physical
adsorption, the covalently PEGylated nanoparticles can keep
higher accessibility to PEG chains and thus possess longer
blood circulation half-life times. The PEG molecular weight and
conformation directly affect their hydrophilicity and flexibility
and consequently the steric repulsion against blood proteins
and macrophages. PEG10k-silanes were reported as optimal
precursors to reduce phagocytosis.”*”

To maximize the cellular uptake of nanoparticles, their sur-
face characteristics are also essential and, more particularly
here, the charge on the surface. Some studies have shown that
a highly positive-charged surface of MSNPs enhances the
uptake into cells with specific endocytosis pathways. The sur-
face modification of MSNPs to introduce cationic charges typi-
cally involves grafting with amine groups (quaternary ammoni-
um)® or coating with a cationic polymer (polyethyleneimine
(PEI)™ through either covalent or electrostatic associations.
However, it is important to note that the charge effect of cell-
uptake is dependent on the cell type.

Active targeting

As has been seen previously, MSNP surface can be chemically
modified to further include functionality, such as ligands, to
promote active targeting. These ligands selectively bind mole-
cules (antigens) or receptors overexpressed on surface or in
the nuclei of the diseased target, such as mannose, galactose,
asialoglycoprotein, transferrin (TfR), human epidermal growth
factor (HER or EGFR), avf3 integrins, importin a/f and folate
(FR) receptors or CD20 and 44 antigens, which have been
proved to be potential cellular targets for applications in nano-
medecine. Therefore, several targeting ligands (Scheme 6) that
compliment these receptors can be employed to conjugate on
the MSNP surfaces

1) Antibodies, grafted onto PEG or other hydrophilic polymers
for dispersibility and cellular uptake, to target specific anti-
gens but with possibly immune response by the host.

2) Proteins, such as transferrin (Tf), since TfR can be overex-
pressed in pancreatic, breast, or cervical carcinoma.

3) Aptamers (nucleic acids) owing to their small size, non-im-
munogenic nature, facile synthesis and modification, and
high specificity and affinity for their target.
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4) Peptides (<50 amino acids), which are more advantageous
to use than proteins or antibodies, with an improved stabil-
ity, easy synthesis, and no immune response.

5) Saccharides to bind lectins, carbohydrate receptors overex-
pressed on certain tumors.

6) Small molecules, such as folic acid which is one of the most
widely used, can be conjugated on MSNPs in larger
amounts than with voluminous compounds, and are less
expensive and with low immunogenicity.

Table 1 shows some concrete examples of these ligands
grafted on MSNPs, the corresponding targeted cells line, and
cell membrane receptors.

In cancer therapy, active and passive targeting are comple-
mentary, but the targeting efficiency is not only related to the
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abundance of the receptor on the target, but also to the densi-
ty of the ligands on nanoparticles. Indeed, as the abundance
of the receptors overexpressed on membrane cell is variable,
the grafted ligand density should be optimized to obtain the
best targeting efficiency.

The surface grafting with ligands can then be achieved by
using several methods (Scheme 8), but always in such a way
that the ligand is easily accessible by the membrane cell. Dif-
ferent strategies based on coupling reactions have been devel-
oped: carbodiimide-mediated coupling, maleimide/thiol cou-
pling, disulfide bond formation, epoxy opening with amines,
and diethyl squarate mediated coupling. Other grafting meth-
ods were also achieved by using non-covalent interactions:
electrostatic, hydrophobic, and host—guest interactions.

Triggered Release

Table 1. Examples of ligands grafted on MSNPs.

MSNPs possess a unique parallel-
pore network without any con-

proteins
EGF“8 HuH-7 (EGFR)
THi38.49) PANC-1; BT-549; Hela (TfR)

saccharides
galactose®”
hyaluronic acid®" HTC-116; MDA-MB-231 (CD44)

lactobionic acid®? HepG2 (asiaglycoprotein receptor)
mannose®?! MDA-MB-231 (mannose receptor)

small molecules

HCT-116; Capan-1; MDA-MB-231 (galactose receptor)

; ; fal b] R
Ligand Targeted cell line (cell membrane receptor) G.M. nections between them: howev-
antibodies er, developing DDSs with drugs
i [30] - . .
anti ErbBZ(Abj428) MCF-7 (ErbB2) 6 simply adsorbed into these
anti-HER2/neu®" BT474 (HER2/neu) 2 or d
anti-herceptin®? SK-BR3 (HER2) 1 pores may present ma'uor raw-
anti-ME153 MM (mesothelin) 1 backs. Indeed, they will lead to
anti-TRC10554 HUVECs (CD105/endoglin) 2 the immediate release of the
. cargo molecules after the admin-
aptamers . . .
aptamer AS 14115 MCF-7; MDA-MB-231 (nucleolin) 2 Istration, the_” to the decomposi-
TBAA,sC,g Hela (thrombin) 7 tion/denaturing of the drugs
and also to the nonspecific
peptides ) _ uptake of drugs by healthy cells
c(RGDyK)®” U87-MG (avf3 integrins) 2 bef hi h di
cRGD™ MDA-MB 435 (avB3 integrins) 3 efore reaching the target dis-
IL-13 peptide®” U251 (IL13Ra2) 2 eased cells causing, similarly to
KALA peptide™ A549 3 classical therapy, severe side-ef-
K,RGD; c-RGDFK“" Hela (avf3 integrins) 1 fects
Ks(RGD),"*” U87-MG (avf3 integrins) 6 As alread ti d ab
N,GPLGRGRGDK-Ad"! SCC-7; HT-29 (avf3 integrins) 8 s already mentioned above,
N;RGDFFFFC*¥ U-87 MG (avPB3 integrins) 3 an ideal drug carrier should
SP94 peptide™” Hep3B 2 show zero premature release of
i Jacl46] . ~ + : .
TAT peptides HelLa; MCF-7/ADR (importing a/f3) . . 1 the housed drugs prior to the
thiolated-RGD"” A375; HepG2; MCF-7; Neuro-2a (avp3 integrins) 2

target. This is made possible by
placing different organic or inor-
2 ganic moieties acting as pore-

4ord blockers or gatekeepers on the

pore outlets. These blockers
5 should be able to respond by
1 a chemical or physical change to
; different stimuli allowing to

close and open the pores on
demand. In this case, the drugs

anisamide™” ASPC-1 (sigma receptor) 1 cannot leak out from the silica
i ei5S] . . . "MR-921- SK-RR-2- Mi ~ ) .

folic acid . Hela; PANC; U20s; MDA-MB-231; SK-BR-3; MiaPaca-2 (FR) 1 carriers unless the system is ex-

methotrexate®® Hela (FR) 1 d . |

phenylboronic acid®” HepG2 (sialic acid) 1 posed to an internal or an exter-

nal stimulus that induces the re-

[a] Targeted cells lines - Human: Breast cancer : MCF-7; BT474; SK-BR3; MDA-MB-435; MCF-7/ADR; BT-549; SK-
BR-3; MDA-MB-231(metastatic). Multiple myeloma: MM. Umbilical vein: HUVEC. Epithelial cervical carcinoma:
Hela. Primary glioblastoma: U87-MG. Lung carcinoma: A549; H1299. Osteosarcoma: U20S. Hepatoblastoma-de-
rived: HepG2. Squamous carcinoma: SCC-7. Intestinal epithelial: HT-29. Hepatoma: Hep3B; HuH-7. Amelanotic
melanoma: A375. Pancreatic cancer: PANC-1, Capan-1; ASPC-1; MiaPaca-2. Colon carcinoma: HCT-116 - Mouse
neuroblastoma: Neuro-2a. [b] G.M.: Grafting method number—see Scheme 8.

moval of caps, thus allowing the
release of the entrapped drugs.
These MSNP-based stimuli-re-
sponsive systems were originally
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and resulted in a marked increase of the efficiency of treat-
ments.

In the following we will describe in detail different strategies
of functionalization to introduce diverse gatekeepers, either di-
rectly with their silylated derivatives or using silylated linkers,
which will respond to stimuli such as enzyme, pH, redox, tem-
perature, light, and key molecules (Scheme 9).

Enzyme-triggered release

Dysregulation of enzymatic activity and anomalous increase of
enzymatic presence has been observed in a number of dis-
eased states that make enzymes interesting stimuli to trigger
drug release by using their biocatalytic actions.®¥ Hydrolases
(including proteases, lipases and glycosidases) are the most
widely used enzymes for drug delivery probably due to the
facile design involving the attachment of moieties to carrier
through enzyme cleavable units. Recently several strategies
using innovative approaches for enzyme-triggered release of
entrapped drugs have been proposed with functionalized
MSNPs.
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The first enzyme-sensitive
gate on MSNPs was described
by Stoddart and co-workers,®
who functionalized the nanopar-
ticle surface with stalks encircled
by cyclodextrins (CD) and incor-
porated an enzyme cleavable
site, generally an ester function,
with a bulky stopper. In the pres-
ence of esterase the responsive
bond is cleaved, the molecular
gate removed, and the drug re-
leased (Scheme 10).

An enzyme-sensitive system
was also obtained by using
biotin to functionalize MSNP sur-
face. The biotin functions can
form a complex with the protein
avidin®" through strong interac-
tions, resulting in the closure of

O Ligands the pores. The hydrolysis of the

avidin cap by the protease tryp-

A~ Silylated stalk sin opens the pores and allows

> © Drugs the release of cargo molecules

“ﬁ Lipid bilayer (Scheme 11). . .

Another strategy consists in

@ - attaching  enzymatic-sensitive

W caps to the surface to hamper

Grafting the drug diffusion until the

@ rethod MSNPs meet enzymes capable of
number

decomposing them and releas-

ing the access of the pores. Poly-

saccharides,®”  polypeptides,®

hyaluronic acid (HA),*™ polyes-

ters,®™ or CD,* can act as cap-

ping agents after grafting them
to the entrance of the pores of MSNPs (Scheme 12), where
they remain until they face f-galactosidase, amidase, esterase,
protease, hyaluronidase or metallo-proteinases.
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lysosomal Enzymes
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N =,

Scheme 9. External and internal stimuli used for triggered release.
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Scheme 11. Avidin-biotin caps.
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Finally the last way proposed in the literature consists in di-
rectly anchoring the cap (Scheme 13 A and B) or the drug (or
prodrugs; Scheme 13C) on the silica surface by using mono- or
bisilylated enzyme-sensitive linkers. CD,*  ester—glycol
groups,® bulky organic moieties,®” bridged silsesquioxane!®®
or sulfasalazine (prodrugs of 5-aminosalicilic acid)® were
linked to MSNPs bearing enzyme-cleavable functions, such as
esters, ureas, amides, and peptides that are responsive to hy-
drolases or azo bonds degraded by azo-reductases.

pH-responsive systems

pH-sensitive DDSs are often employed, since the human body
exhibits variations in pH at organ, tissue and cellular levels.
Indeed, pH variations are observed along the gastrointestinal
tract from the stomach (1.0-3.0), to the small intestine (6.5-
7.0) and to the colon (7.0-8.0). Moreover, different pathologies
such as cancer or inflammation present pH gradients. For in-
stance, the extracellular pH of tumor tissues (6.5-7.0) or the pH
of inflamed tissues and wounds (5.4-7.2) are more acidic than
the pH of blood and normal tissues (7.4). In addition, when
nanoparticles are internalized inside cells, they can be exposed
to different pH depending on the cell compartments. Indeed,
pH values in cytosol (7.4), Golgi apparatus (6.4), endosomes
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Scheme 14. Anchored polymer caps with basic properties.

(5.5-6.0) and lysosomes (5.0) are considerably different. Thus,
by functionalizing the MSNP surface with appropriate func-
tions, pH-sensitive stoppers can be used as pore-blockers to
control the drug release in response to these pH changes.””

One strategy consists in the grafting of polymer chains bear-
ing functional groups with basic properties that change their
conformation in response to an external pH (Scheme 14). Di-
verse pH-sensitive polymers, such as poly(4-vinylpyridine),””
poly(2-(diethylamino)ethylmethacrylate),” chitosan,”
starch,”¥ or poly(styrene sulfonate),”” have been attached to
MSNP surfaces. At neutral pH (7.4), the polymer chains are in
a neutral state with no charge and then interact with them-
selves by adopting a collapsed conformation on the MSNP sur-
face, blocking the pores and inhibiting the drug release. Under
mild acidic conditions, such as in the lysosome compartment
(pH ca. 5), the polymer chains are protonated and positively
charged, resulting in movement to an extended conformation
allowing the cargo molecules to leak out of the particles. In
contrast, a neutral medium induces the pore opening of
MSNPs functionalized with polyamines.”®

Another way to cap the pores is based on pH-sensitive
host-guest interactions using mobile polymacrocyclic mole-
cules, such as CD"” or cucurbit[6]uril,”® which are able to form
inclusion complexes with different immobilized organic mole-
cules covalently attached to MSNP external surface, and that
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can dissociate upon exposure to acidic
(Scheme 15).

MSNP surfaces can also be functionalized with stalks con-
taining pH-sensitive functions, such as boronates, acetals, hy-
drazones, imines, esters and so forth, and bearing as caps inor-
ganic nanoparticles, such as gold,”” iron oxide®” cerium
oxide,®" or polymers, such as polyacrilic acid (PAA)®? or PEG
hosting CD.® Under mild acidic condition the linker breaks al-
lowing the drug to leave the pores (Scheme 16A,B). Drugs,
such as Doxorubicin (DOX)® or cis-platin,® can also be direct-
ly grafted on the surface using similar acid-sensitive functions
(Scheme 16 C).

lysosomal pH

Drugs

Silylated stalk

pH-sensitive
function

o
o
@ Polymer

U Inorganic
nanoparticle

Scheme 16. Anchored A),B) caps and C) drugs.

MSNPs can also be grafted with silylated stalks bearing mo-
lecular recognition (MR) units able to form, at neutral pH, com-
plexes through hydrogen bonding with complementary enti-
ties to cap the pores and which can dissociate at acidic pH to
deliver the drug (Scheme 17). Such MR units can be a nucleic
base, a DNA strand or a melamine derivative that are able to
complex polynucleotides,®™ DNA strands linked to Au nano-
particles®” or thymine-mercury-thymine pairs,®® CD,®” cyanu-
ric acid, or 5-FU derivatives,” respectively, bearing the com-
plementary pattern and acting as the stopper. Under the lyso-
somal pH (ca. 5), an acceptor site of the MR unit is protonated,
cleaving the hydrogen bonds and dissociating the complex al-
lowing cargo molecules to come out of the pores.

Finally the last approach relies on functionalizing MSNP sur-
faces with a pH-decomposable inorganic coating that acts as
a gatekeeper either by using a covalent silylated linker (ZnO

A European Journal
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Scheme 18. Inorganic acid decomposable coating caps.

phosphate (CaP)®). Upon exposure to acidic pH, the coating
starts to dissolve uncapping the mesopores (Scheme 18).

Redox-responsive systems

Glutathione (GSH), a tripeptide containing a thiol group, is a re-
ducing agent that breaks disulfide groups to give two SH func-
tions. As glutathione is more (1000 times) concentrated inside
than outside cells and in tumor tissues rather than in healthy
ones, it can be used as stimulus to release drugs®™ from
MSNPs functionalized with a disulfide (5-S) linkage, which
would be stable in blood and in normal cells and be scissored
in cancer cells.

MSNP surfaces can be functionalized with silylated stalks
containing disulfide bonds and bearing a pore-keeper that can
be of a different nature: an inorganic entity, such as CdS,®
Fe,0,°9 or Au nanoparticles,”” a polymer, such as collagen®”
or PEG®® (Scheme 19A,B), or an organic molecule, such

quantum dots nanolids,®” hydroxyapatite®) or by electrostatic ~ as CD,*” dendrimers," peptides®” or folic acid"®? (Sche-
interactions (layered double hydroxide nanosheets,” calcium  me 19C,D).
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Polymers that can cross-link with disulfide bonds on the
outer surface of MSNPs"® can form a shell around the nano-
particles which through a redox stimulus will dissociate allow-
ing the drug release to occur (Scheme 20A).

Moreover, silylated stalks with disulfide bonds can also be
endowed with a charged organic moiety (NH?>*) to electrostati-
cally interact with an oppositely charged coating (ssDNA")
acting as cap (Scheme 20B)."*!

Active cargo molecules can also be attached to MSNPs by
means of a redox-sensitive linker without losing their activity
once released. Thus, anticancer drugs (paclitaxel, PTX)"® or
enzymes (carbonic anhydrase, cytochrome c)'°? have been
grafted by using a silylated stalk with disulfide bond
(Scheme 21A). Furthermore reducible inactive prodrugs, such
as cisplatin,"®” can also be linked on nanoparticle surfaces and
be released and activated in the GSH-rich reductive environ-
ment of cancer cells (Scheme 21B).
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Magnetic and thermo-responsive systems

Hyperthermia (or thermotherapy) is a cancer treatment
method in which body tissue is exposed to slightly higher tem-
peratures (up to 45°C) to kill cancer cells or to make cancer
cells more sensitive to radiation effects and/or to certain anti-
cancer drugs. It can be artificially induced by using injections
of heated fluids or magnetic field. Consequently functionaliz-
ing MSNP surfaces with thermo-responsive agents acting as
caps would provide an effective method to control drug re-
lease. In the case of magnetic field, the temperature is generat-
ed by magnetic particles encapsulated in the silica matrix. The
most widely employed magnetic particles are super-paramag-
netic iron oxide nanoparticles (SPION).""%

Thermo-sensitive polymers that exhibit a hydrated state at
temperatures below their lower critical solution temperature
(LCST) may be used, after grafting on MSNP surfaces, as a barri-
er for the cargo molecules. For a temperature above the LCST
they release water and then collapse causing the pores to
open and the drugs to be released (Scheme 22). For example,

Hydrated state Release of water

when T>LCST ! @ Drugs
collapsed '; '1 Silylated stalk
o ) I}ay polymers
:: Magnetic
' particles

Q.03

Scheme 22. Thermo-sensitive polymers with lower critical solution tempera-
ture (LCST) as a cap.

polymers such as poly-N-isopropylacrylamine (PNIPAM)™ or
poly-N-vinyl-caprolactam™® have been used as caps. However,
it was also demonstrated that, depending on the synthesis
conditions, PNIPAM can also act as stoppers for a temperature
above its LCST"" Here, PNIPAM and MSNPs are preformed
and the authors explain this different behavior by the signifi-
cant grafting of the former essentially at the pore surface and
not within the pores like in the previous case.
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MSNPs can also functionalized with a thermosensitive single-
strand DNA (ssDNA) linker, which on hybridization with a com-
plementary strand bearing a cap (iron oxide nanoparticle'? or
avidin-biotin™*) causes the pore closure. The opening of the
pore is achieved during the progressive double-strand melting
by increasing the temperature allowing their dissociation
(Scheme 23).

As already mentioned a lipid bilayer can create a coating on
MSNPs that closes the pores."¥ On heating, through the intro-
duction of a magnetic field, the bilayer can be distorted to re-
lease the drugs (Scheme 24)

o Drugs

o :
: . Caps
9 .
“ ‘é ssDNA
I_-> : Magnetic
d\' ‘ ' particles

Scheme 23. Hybridization/dehybridization by melting a DNA linker as a gate-
keeping mechanism.
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Scheme 24. Lipid bilayer as a cap.

Finally, mechanized MSNPs with nanovalves have also been
described as DDSs that are responsive to heat activation.”
Indeed, a nanovalve that is non-self-opening in biological sys-
tems and which exhibits thermal stability at room temperature
can be attached to the MSNP surface. An increase in tempera-
ture leads to the disassembly of the molecular machine result-
ing in the opening of the valve, allowing the contained cargo
molecules to diffuse out.

Light-responsive systems

Light-activated drug release allows a better control, since light
can be easily focused in small areas reducing the potential side
effects for the neighboring regions. Different sources can be
used to trigger the release: UV/Vis light—but with limited ap-
plications since it can damage the cells and does not penetrate
deep inside living tissues—or NIR radiation, especially two-
photon excitation (TPE), which provides deeper and safer pen-
etration (down to 2 cm), lowers scattering losses and gives
good 3D spatial resolution of the excitation at the focal point
of the laser.
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External light manipulations, such as changing irradiation
wavelength, intensity, and time, can regulate the release of the
drug precisely. Recent and striking reports on functionalized
MSNPs with light-sensitive entities are described below.

A first example makes use of the anchorage of azobenzene
units. The pore channels of MSNPs can be decorated with sily-
lated azobenzene derivatives (Scheme 25). The azobenzene

o Drugs
{@ Q Azobenzene
e

isomerization
Silylated stalks
Irradiation

2-photon
fluorophore

Upconverting NP

AL LSS

Energy transfer

Scheme 25. Various nanoimpellers.

unit isomerizes from the cis to the trans conformation under
UV/Vis irradiation. Without light activation, it acts as a pore-
keeper in its trans conformation and, under continuous UV/Vis
illumination, it acts as a nanoimpeller, owing to a constant cis—
trans photoisomerization of the N=N bond that causes a dy-
namic wagging motion and propels the drugs out of the
pores.[''®

By introducing up-converting nanoparticles (NaYF4:TmYb) as
core in MSNPs,"” NIR light can also be used, since these mate-
rials are able to absorb it and emit photons in the UV/Vis
region, which in turn can be absorbed immediately by the
photo-responsive azo molecules. An additional way is to func-
tionalize the walls with a bisilylated two-photon fluoro-
phore,™® which on light-activation is suitable to transfer
energy by the Forster resonance energy transfer (FRET) to pho-
toisomerize the azobenzene in the NIR region.

MSNP surfaces can also be grafted with stalks containing
azobenzene derivatives capable of reversibly binding CD caps,
again due to the photoisomerization.'"” Moreover, a silylated
two-photon fluorophorel™ can also be incorporated in the
walls to use NIR irradiation (Scheme 26 A). The azobenzene/CD
nanovalve is then activated by FRET transfer from the two-
photon excited para-cyclophane fluorophore delivering a drug
for efficient cancerous cell killing.

The host-guest assembly™®" can also be achieved between
CD anchorage and azobenzene polymers (Scheme 26 B).

Organic moieties, which under UV/Vis suffer from reversible
photodimerization, such as thymine or coumarin,"*? can also
be incorporated as stoppers on MSNP surfaces (Scheme 27).

Another strategy consists in grafting gatekeepers bearing
a light-sensitive linker, either covalently with a silylated stalk or
using electrostatic interactions. The pore-blockers can be nano-
particles (CdS,"*' Au"™¥), macrocycles (CD"*), bulky organic
units,"* or metal complexes''?” and the photo-cleavable linker
can be o-nitrobenzylester or carbamate, o-methylbenzylamine,
or a coordination bond (Ru—S) (Scheme 28A).
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Moreover, thermo-sensitive polymers containing light-sensi-
tive groups can also be grafted on MSNP surfaces as valves.!*®
With a LCST below 37°, the polymer collapses blocking the
pores. Upon UV irradiation, the photolysis of light-sensitive
groups occurs that leads to an increase in the LCST of the re-
sulting polymers higher than 37 °C. Thus the polymer changes
its phase state and the loaded molecules are released from the
hybrid nanoparticles (Scheme 28B).

Drugs can also be loaded covalently in MSNPs through a sily-
lated stalk with a photo-trigger molecule and a cleavable link.
For example, a coumarin derivative modified with anticancer
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chlorambucil™® has been grafted onto the surface of MSNPs.
Upon the irradiation of two-photon excitation, the coumarin
derivative chromophore, which has a sufficiently high two-
photon absorption cross section, acts as a photo-trigger to
uncage anticancer drug chlorambucil (Scheme 28 C).

Gold nanoparticles (AuNPs) possess intense adsorption
bands in the NIR range and upon exposure to a NIR laser
beam their adsorbed photo-energy is converted into heat with
high efficiency. Consequently functionalizing MSNPs that pos-
sess a gold core with thermo-responsive pore-blockers is an-
other way to control the drug release. For example, the photo-
thermal conversion in AuNPs can be combined with tempera-
ture-dependent assembly properties of a CD host-guest™” or
DNA."®" Plasmonic heating of the gold core raises the local
temperature, which consequently decreases the ring-stalk
binding constant or induces the DNA dehybridization, thereby
unblocking the pores and releasing the cargo molecules that
were preloaded inside.

Key molecules

As in the case of enzymes, some diseases accumulate or pro-
duce an abnormal amount of certain chemical species that can
be used as key molecules; such molecules should possess mo-
lecular recognition and responsive properties to open pore-
blockers and trigger drug release? (Scheme 29).

@ Drugs

~ Silylated stalk
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inclusion complex,
H-bond, hapten,
cleavable link ...

Cap:
Protein, enzyme,

antibody, DNA...

Key molecule :
glucose, antigen,
adenosine derivative,
HiO5

Scheme 29. Key-molecule-responsive caps.

In diabetic treatment, glucose can be used to open glucose-
sensitive gatekeepers. For this MSNPs can be functionalized
with proteins or enzymes (Gox, G-ins) acting as caps and the
uncapping process is triggered either by the product obtained
by the activity of the enzyme on the target substrate or by the
target substrate itself due to a competitive reaction or
a higher affinity."* For instance, CD-modified glucose oxidase
forming an inclusion complex with propylbenzimidazole and
grafted on MSNPs is split (pore opening) in the presence of
glucose, which is converted by GOx into gluconic acid produc-
ing a pH drop that induces the protonation of benzimidazo-
Ie‘[133c]

Besides proteins, antibodies are also used as pore-blockers,
binding with haptens grafted on MSNP surfaces and the un-
capping being induced by the presence of an antigen with
higher affinity for the antibody."*¥ Such competitive binding is
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also observed between aptamer- or DNA-functionalized MSNPs
and adenosine derivatives."*”

For Alzheimer’s disease, H,0, responsive MSNPs have also
been designed by grafting aryl boronic acid on the surface
which can bind immunoglobin acting as caps through boronic
ester bonds. These bonds are cleaved when H,0, is added, re-
leasing the loaded molecules.®

Summary and Outlook

MSNPs represent promising and powerful candidates for effi-
cient DDSs due to their excellent properties as evidenced by
the numerous recent publications describing the design of
new materials and the increasing number of reviews"”’ devoted
to them. As described in this concept article, functionalization
of MSNPs has allowed the engineering of tumor-targeted and
stimuli-responsive DDSs and their performance in vitro has
been demonstrated successfully and is no longer in doubt.

Such MSNPs are expected to play an important role in this
field although clinical applications may not emerge overnight.
The next stage is to facilitate the transition from in vitro to in
vivo. Indeed, when the nanocarrier is injected in blood, it will
be rapidly covered by proteins that can affect its stability, the
gatekeeping mechanism, or targeting capacity. Therefore more
experiments are needed to guarantee that its behavior will be
maintained in living tissues. In addition we need evidence to
prove that the active targeting will efficiently improve their in
vivo accumulation and is really advantageous compared to the
passive one. Indeed, most of the targeting ligands tested for
active targeting have also great absorption in the liver and
spleen, which may induce side effects to normal tissues and
organs.

Moreover, to increase the therapy efficiency early diagnosis
is crucial for patient survival. Then, producing multifunctional
MSNPs, with several organic functions required to direct specif-
ic targeted roles such as imaging and therapy, represents an-
other challenging task in nanomedecine to provide a universal
platform for theranostics. In this direction, novel nanohybrid
silicas, namely nano-PMO (illustrated in Scheme 4D), represent
an emerging family of silica nanoparticles that allow multiple
functionalities on a single system (functionalized inner and
outer pore surface as well as pore-walls) and may thus help in
conceiving and constructing new smart MSNPs with several
operating functions (targeting, trigger, pore-blocking and
opening, etc.) although the development of these MSNPs is
still in its infancy.

Acknowledgements

We are grateful to the CNRS, the French Higher Education and
Research Ministry and the French National Research Agency
for the young researcher grant JCJC-(ANR-2010-1006-01).

Keywords: drug delivery - mesoporous silica + nanoparticles -
surface functionalization - targeting

Chem. Eur. J. 2015, 21, 13850 - 13865 www.chemeurj.org

13863

CHEMISTRY

A European Journal

Concept

[11 T. M. Allen, P.R. Cullis, Adv. Drug Delivery Rev. 2013, 65, 36-48.

[2] M.S. Aw, M. Kurian, D. Losic, Chem. Eur. J. 2013, 19, 12586-12601.

[3] a) A-M. Caminade, C.-O. Turrin, J. Mater. Chem. B 2014, 2, 4055 -4066;
b) J. Zhu, X. Shi, J. Mater. Chem. B 2013, 1, 4199-4211.

[4] J. M. Tan, P. Arulselvan, S. Fakurazi, H. Ithnin, M. Z. Hussein, J. Nanomat-
er. 2014, 20.

[5] G. Bao, S. Mitragotri, S. Tong, Annu. Rev. Biomed. Eng. 2013, 15, 253 -
282.

[6] E.J. Anglin, L. Cheng, W.R. Freeman, M.J. Sailor, Adv. Drug Delivery
Rev. 2008, 60, 1266-1277.

[7] a) Y. Wang, Q. Zhao, N. Han, L. Bai, J. Li, J. Liu, E. Che, L. Hu, Q. Zhang,
T. Jiang, S. Wang, Nanomedicine 2015, 11, 313-327; b)Y. Chen, H.
Chen, J. Shi, Expert Opin. Drug Delivery 2014, 11, 917-930; c) A. Baeza,
M. Colilla, M. Vallet-Regi, Expert Opin. Drug Delivery 2015, 12, 319-337;
d) X. Wu, M. Wu, J. X. Zhao, Nanomedicine 2014, 10, 297 -312; e) M.
Colilla, B. Gonzalez, M. Vallet-Regi, Biomaterials Science 2013, 1, 114-
134; f)V. Mamaeva, C. Sahlgren, M. Lindén, Adv. Drug Delivery Rev.
2013, 65, 689-702; g) D. Tarn, C. E. Ashley, M. Xue, E.C. Carnes, J. I.
Zink, C. J. Brinker, Acc. Chem. Res. 2013, 46, 792-801; h) P. Yang, S. Gai,
J. Lin, Chem. Soc. Rev. 2012, 41, 3679-3698; i) F. Tang, L. Li, D. Chen,
Adv. Mater. 2012, 24, 1504-1534; j) Z. Li, J. C. Barnes, A. Bosoy, J.F.
Stoddart, J. I. Zink, Chem. Soc. Rev. 2012, 41, 2590-2605; k) R. E. Yanes,
F. Tamanoi, Therapeutic delivery 2012, 3, 389 -404.

[8] M. Vallet-Regi, A. Ramila, R. P. del Real, J. Pérez-Pariente, Chem. Mater.
2001, 73, 308-311.

[9] J.S. Beck, J.C. Vartuli, W.J. Roth, M. E. Leonowicz, C.T. Kresge, K.D.
Schmitt, C. . W. Chu, D.H. Olson, E.W. Sheppard, J. Am. Chem. Soc.
1992, 7714, 10834 -10843.

[10] D. Zhao, Q. Huo, J. Feng, B. F. Chmelka, G. D. Stucky, J. Am. Chem. Soc.
1998, 120, 6024 -6036.

[11] T. Asefa, Z. Tao, Chem. Res. Toxicol. 2012, 25, 2265-2284.

[12] I. 1. Slowing, C.-W. Wu, J. L. Vivero-Escoto, V.S.Y. Lin, Small 2009, 5,
57-62.

[13] M. A. Malvindi, V. Brunetti, G. Vecchio, A. Galeone, R. Cingolani, P.P.
Pompa, Nanoscale 2012, 4, 486 -495.

[14] T. Xia, M. Kovochich, M. Liong, H. Meng, S. Kabehie, S. George, J. .
Zink, A. E. Nel, ACS Nano 2009, 3, 3273-3286.

[15] J. Liu, A. Stace-Naughton, X. Jiang, C.J. Brinker, J. Am. Chem. Soc.
2009, 7131, 1354-1355.

[16] a) K. J. Shea, D. A. Loy, O. Webster, J. Am. Chem. Soc. 1992, 114, 6700 -
6710; b)R.J.P. Corriu, J.J.E. Moreau, P. Thepot, M. Wong Chi Man,
Chem. Mater. 1992, 4, 1217 -1224.

[17] a) B.J. Melde, B. T. Holland, C. F. Blanford, A. Stein, Chem. Mater. 1999,
11, 3302-3308; b) T. Asefa, M. J. MacLachlan, N. Coombs, G. A. Ozin,
Nature 1999, 402, 867-871; ¢)S. Inagaki, S. Guan, Y. Fukushima, T.
Ohsuna, O. Terasaki, J. Am. Chem. Soc. 1999, 121, 9611-9614.

[18] M. Vallet-Regi, Chem. Eur. J. 2006, 12, 5934 -5943.

[19] Z. Li, J. L. Nyalosaso, A. A. Hwang, D. P. Ferris, S. Yang, G. Derrien, C.
Charnay, J.-O. Durand, J.1. Zink, J. Phys. Chem. C 2011, 115, 19496 -
19506.

[20] A. Baeza, E. Guisasola, A. Torres-Pardo, J. M. Gonzélez-Calbet, G.J.
Melen, M. Ramirez, M. Vallet-Regi, Adv. Funct. Mater. 2014, 24, 4625—
4633.

[21] N. Bertrand, J. Wu, X. Xu, N. Kamaly, O. C. Farokhzad, Adv. Drug Delivery

Rev. 2014, 66, 2-25.

Y. Matsumura, H. Maeda, Cancer Res. 1986, 46, 6387 -6392.

R. K. Jain, T. Stylianopoulos, Nat. Rev. Clin. Oncol. 2010, 7, 653 -664.

[24] M. L. Etheridge, S. A. Campbell, A. G. Erdman, C. L. Haynes, S. M. Wolf,
J. McCullough, Nanomedicine 2013, 9, 1-14.

[25] M.E. Davis, Z. Chen, D. M. Shin, Nat. Rev. Drug. Discov. 2008, 7, 771 -

782.

a) X. Huang, X. Teng, D. Chen, F. Tang, J. He, Biomaterials 2010, 31,

438-448; b) X. Huang, L. Li, T. Liu, N. Hao, H. Liu, D. Chen, F. Tang, ACS

Nano 2011, 5, 5390-5399.

[27] P. Decuzzi, R. Pasqualini, W. Arap, M. Ferrari, Pharm. Res. 2009, 26,
235-243.

[28] a) F. M. Veronese, G. Pasut, Drug Discovery Today 2005, 10, 1451 -1458;
b) Q. He, J. Zhang, J. Shi, Z. Zhu, L. Zhang, W. Bu, L. Guo, Y. Chen, Bio-
materials 2010, 37, 1085-1092; c)Y. Zhu, Y. Fang, L. Borchardt, S.
Kaskel, Microporous Mesoporous Mater. 2011, 141, 199-206; d) M.

NN
W~

N
o

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://dx.doi.org/10.1016/j.addr.2012.09.037
http://dx.doi.org/10.1016/j.addr.2012.09.037
http://dx.doi.org/10.1016/j.addr.2012.09.037
http://dx.doi.org/10.1002/chem.201302097
http://dx.doi.org/10.1002/chem.201302097
http://dx.doi.org/10.1002/chem.201302097
http://dx.doi.org/10.1039/c4tb00171k
http://dx.doi.org/10.1039/c4tb00171k
http://dx.doi.org/10.1039/c4tb00171k
http://dx.doi.org/10.1039/c3tb20724b
http://dx.doi.org/10.1039/c3tb20724b
http://dx.doi.org/10.1039/c3tb20724b
http://dx.doi.org/10.1146/annurev-bioeng-071812-152409
http://dx.doi.org/10.1146/annurev-bioeng-071812-152409
http://dx.doi.org/10.1146/annurev-bioeng-071812-152409
http://dx.doi.org/10.1016/j.addr.2008.03.017
http://dx.doi.org/10.1016/j.addr.2008.03.017
http://dx.doi.org/10.1016/j.addr.2008.03.017
http://dx.doi.org/10.1016/j.addr.2008.03.017
http://dx.doi.org/10.1016/j.nano.2014.09.014
http://dx.doi.org/10.1016/j.nano.2014.09.014
http://dx.doi.org/10.1016/j.nano.2014.09.014
http://dx.doi.org/10.1517/17425247.2014.908181
http://dx.doi.org/10.1517/17425247.2014.908181
http://dx.doi.org/10.1517/17425247.2014.908181
http://dx.doi.org/10.1517/17425247.2014.953051
http://dx.doi.org/10.1517/17425247.2014.953051
http://dx.doi.org/10.1517/17425247.2014.953051
http://dx.doi.org/10.1016/j.nano.2013.08.008
http://dx.doi.org/10.1016/j.nano.2013.08.008
http://dx.doi.org/10.1016/j.nano.2013.08.008
http://dx.doi.org/10.1039/C2BM00085G
http://dx.doi.org/10.1039/C2BM00085G
http://dx.doi.org/10.1039/C2BM00085G
http://dx.doi.org/10.1016/j.addr.2012.07.018
http://dx.doi.org/10.1016/j.addr.2012.07.018
http://dx.doi.org/10.1016/j.addr.2012.07.018
http://dx.doi.org/10.1016/j.addr.2012.07.018
http://dx.doi.org/10.1021/ar3000986
http://dx.doi.org/10.1021/ar3000986
http://dx.doi.org/10.1021/ar3000986
http://dx.doi.org/10.1039/c2cs15308d
http://dx.doi.org/10.1039/c2cs15308d
http://dx.doi.org/10.1039/c2cs15308d
http://dx.doi.org/10.1002/adma.201104763
http://dx.doi.org/10.1002/adma.201104763
http://dx.doi.org/10.1002/adma.201104763
http://dx.doi.org/10.1039/c1cs15246g
http://dx.doi.org/10.1039/c1cs15246g
http://dx.doi.org/10.1039/c1cs15246g
http://dx.doi.org/10.4155/tde.12.9
http://dx.doi.org/10.4155/tde.12.9
http://dx.doi.org/10.4155/tde.12.9
http://dx.doi.org/10.1021/cm0011559
http://dx.doi.org/10.1021/cm0011559
http://dx.doi.org/10.1021/cm0011559
http://dx.doi.org/10.1021/cm0011559
http://dx.doi.org/10.1021/ja00053a020
http://dx.doi.org/10.1021/ja00053a020
http://dx.doi.org/10.1021/ja00053a020
http://dx.doi.org/10.1021/ja00053a020
http://dx.doi.org/10.1021/ja974025i
http://dx.doi.org/10.1021/ja974025i
http://dx.doi.org/10.1021/ja974025i
http://dx.doi.org/10.1021/ja974025i
http://dx.doi.org/10.1021/tx300166u
http://dx.doi.org/10.1021/tx300166u
http://dx.doi.org/10.1021/tx300166u
http://dx.doi.org/10.1002/smll.200800926
http://dx.doi.org/10.1002/smll.200800926
http://dx.doi.org/10.1002/smll.200800926
http://dx.doi.org/10.1002/smll.200800926
http://dx.doi.org/10.1039/C1NR11269D
http://dx.doi.org/10.1039/C1NR11269D
http://dx.doi.org/10.1039/C1NR11269D
http://dx.doi.org/10.1021/nn900918w
http://dx.doi.org/10.1021/nn900918w
http://dx.doi.org/10.1021/nn900918w
http://dx.doi.org/10.1021/ja808018y
http://dx.doi.org/10.1021/ja808018y
http://dx.doi.org/10.1021/ja808018y
http://dx.doi.org/10.1021/ja808018y
http://dx.doi.org/10.1021/ja00043a014
http://dx.doi.org/10.1021/ja00043a014
http://dx.doi.org/10.1021/ja00043a014
http://dx.doi.org/10.1021/cm00024a020
http://dx.doi.org/10.1021/cm00024a020
http://dx.doi.org/10.1021/cm00024a020
http://dx.doi.org/10.1021/cm9903935
http://dx.doi.org/10.1021/cm9903935
http://dx.doi.org/10.1021/cm9903935
http://dx.doi.org/10.1021/cm9903935
http://dx.doi.org/10.1021/ja9916658
http://dx.doi.org/10.1021/ja9916658
http://dx.doi.org/10.1021/ja9916658
http://dx.doi.org/10.1002/chem.200600226
http://dx.doi.org/10.1002/chem.200600226
http://dx.doi.org/10.1002/chem.200600226
http://dx.doi.org/10.1021/jp2047147
http://dx.doi.org/10.1021/jp2047147
http://dx.doi.org/10.1021/jp2047147
http://dx.doi.org/10.1002/adfm.201400729
http://dx.doi.org/10.1002/adfm.201400729
http://dx.doi.org/10.1002/adfm.201400729
http://dx.doi.org/10.1016/j.addr.2013.11.009
http://dx.doi.org/10.1016/j.addr.2013.11.009
http://dx.doi.org/10.1016/j.addr.2013.11.009
http://dx.doi.org/10.1016/j.addr.2013.11.009
http://dx.doi.org/10.1038/nrclinonc.2010.139
http://dx.doi.org/10.1038/nrclinonc.2010.139
http://dx.doi.org/10.1038/nrclinonc.2010.139
http://dx.doi.org/10.1016/j.nano.2012.05.013
http://dx.doi.org/10.1016/j.nano.2012.05.013
http://dx.doi.org/10.1016/j.nano.2012.05.013
http://dx.doi.org/10.1038/nrd2614
http://dx.doi.org/10.1038/nrd2614
http://dx.doi.org/10.1038/nrd2614
http://dx.doi.org/10.1016/j.biomaterials.2009.09.060
http://dx.doi.org/10.1016/j.biomaterials.2009.09.060
http://dx.doi.org/10.1016/j.biomaterials.2009.09.060
http://dx.doi.org/10.1016/j.biomaterials.2009.09.060
http://dx.doi.org/10.1021/nn200365a
http://dx.doi.org/10.1021/nn200365a
http://dx.doi.org/10.1021/nn200365a
http://dx.doi.org/10.1021/nn200365a
http://dx.doi.org/10.1007/s11095-008-9697-x
http://dx.doi.org/10.1007/s11095-008-9697-x
http://dx.doi.org/10.1007/s11095-008-9697-x
http://dx.doi.org/10.1007/s11095-008-9697-x
http://dx.doi.org/10.1016/S1359-6446(05)03575-0
http://dx.doi.org/10.1016/S1359-6446(05)03575-0
http://dx.doi.org/10.1016/S1359-6446(05)03575-0
http://dx.doi.org/10.1016/j.biomaterials.2009.10.046
http://dx.doi.org/10.1016/j.biomaterials.2009.10.046
http://dx.doi.org/10.1016/j.biomaterials.2009.10.046
http://dx.doi.org/10.1016/j.biomaterials.2009.10.046
http://dx.doi.org/10.1016/j.micromeso.2010.11.013
http://dx.doi.org/10.1016/j.micromeso.2010.11.013
http://dx.doi.org/10.1016/j.micromeso.2010.11.013
http://www.chemeurj.org

:(\,'* ChemPubSoc
et Europe
Hamidi, A. Azadi, P. Rafiei, Drug Delivery 2006, 13, 399-409; e)D.E.
Owens llI, N. A. Peppas, Int. J. Pharm. 2006, 307, 93-102.
[29] T-H. Chung, S.-H. Wu, M. Yao, C.-W. Lu, Y--S. Lin, Y. Hung, C.-Y. Mou, Y.-
C. Chen, D.-M. Huang, Biomaterials 2007, 28, 2959 - 2966.
[30] Z. Deng, Z. Zhen, X. Hu, S. Wu, Z. Xu, P. K. Chu, Biomaterials 2011, 32,
4976 -4986.
[31] C-P. Tsai, C.-Y. Chen, Y. Hung, F-H. Chang, C.-Y. Mou, J. Mater. Chem. [56]
2009, 19, 5737 -5743.
[32] A. Milgroom, M. Intrator, K. Madhavan, L. Mazzaro, R. Shandas, B. Liu, [57]
D. Park, Colloids Surf. B 2014, 116, 652-657.
[33] K. Cheng, S.R. Blumen, M. B. MacPherson, J. L. Steinbacher, B. T. Moss- [58]
man, C. C. Landry, ACS Appl. Mater. Interfaces 2010, 2, 2489 - 2495.
[34] F. Chen, H. Hong, Y. Zhang, H.F. Valdovinos, S. Shi, G.S. Kwon, C.P. [59]
Theuer, T. E. Barnhart, W. Cai, ACS Nano 2013, 7, 9027 -9039.
[35] L-L. Li, Q. Yin, J. Cheng, Y. Lu, Adv. Healthc. Mater. 2012, 1, 567 -572. [60]
[36] L. Gao, Y. Cui, Q. He, Y. Yang, J. Fei, J. Li, Chem. Eur. J. 2011, 17, 13170—
13174. [61]
[37] S--H. Cheng, C.-H. Lee, M.-C. Chen, J.S. Souris, F.-G. Tseng, C.-S. Yang,
C.-Y. Mou, C.-T. Chen, L.-W. Lo, J. Mater. Chem. 2010, 20, 6149-6157. [62]
[38] D.P. Ferris, J. Lu, C. Gothard, R. Yanes, C.R. Thomas, J.-C. Olsen, J.F.
Stoddart, F. Tamanoi, J. I. Zink, Small 2011, 7, 1816-1826.
[39] Y. Wang, K. Wang, J. Zhao, X. Liu, J. Bu, X. Yan, R. Huang, J. Am. Chem. [63]
Soc. 2013, 135, 4799-4804.
[40] X. Li, Y. Chen, M. Wang, Y. Ma, W. Xia, H. Gu, Biomaterials 2013, 34,
1391-1401. [64]
[41] 1. J. Fang, I. . Slowing, K. C. W. Wu, V. S. Y. Lin, B. G. Trewyn, Chem. Eur.
J. 2012, 18, 7787 -7792.
[42] G.-F. Luo, W.-H. Chen, Y. Liu, J. Zhang, S.-X. Cheng, R.-X. Zhuo, X.-Z. [65]
Zhang, J. Mater. Chem. B 2013, 1, 5723-5732.
[43] J. Zhang, Z-F. Yuan, Y. Wang, W.-H. Chen, G.-F. Luo, S.-X. Cheng, R.-X. [66]
Zhuo, X.-Z. Zhang, J. Am. Chem. Soc. 2013, 135, 5068 -5073.
[44] D. Xiao, H.-Z. Jia, J. Zhang, C-W. Liu, R-X. Zhuo, X.-Z. Zhang, Small
2014, 10, 591 -598. [67]
[45] a) C. E. Ashley, E. C. Carnes, K. E. Epler, D.P. Padilla, G. K. Phillips, R. E.
Castillo, D. C. Wilkinson, B.S. Wilkinson, C. A. Burgard, R. M. Kalinich,
J. L. Townson, B. Chackerian, C. L. Willman, D. S. Peabody, W. Wharton, [68]
C. J. Brinker, ACS Nano 2012, 6, 2174-2188; b) K. Epler, D. Padilla, G.
Phillips, P. Crowder, R. Castillo, D. Wilkinson, B. Wilkinson, C. Burgard, [69]
R. Kalinich, J. Townson, B. Chackerian, C. Willman, D. Peabody, W.
Wharton, C. J. Brinker, C. Ashley, E. Carnes, Adv. Healthc. Mater. 2012, 1,
348-353. [70]
[46] a)L. Pan, Q. He, J. Liu, Y. Chen, M. Ma, L. Zhang, J. Shi, J. Am. Chem.
Soc. 2012, 134, 5722-5725; b) Z. Li, K. Dong, S. Huang, E. Ju, Z. Liu, M. [71]
Yin, J. Ren, X. Qu, Adv. Funct. Mater. 2014, 24, 3612-3620; c) L. Pan, J. [72]
Liu, Q. He, L. Wang, J. Shi, Biomaterials 2013, 34, 2719-2730.
[47] L. He, Y. Huang, H. Zhu, G. Pang, W. Zheng, Y.-S. Wong, T. Chen, Adv. [73]
Funct. Mater. 2014, 24, 2754-2763.
[48] S. A. Mackowiak, A. Schmidt, V. Weiss, C. Argyo, C. von Schirnding, T. [74]
Bein, C. Brauchle, Nano Lett. 2013, 13, 2576 -2583.
[49] W. Fang, Z. Wang, S. Zong, H. Chen, D. Zhu, Y. Zhong, Y. Cui, Biosens. [75]
Bioelectron. 2014, 57, 10-15.
[50] M. Gary-Bobo, O. Hocine, D. Brevet, M. Maynadier, L. Raehm, S. Richet- [76]
er, V. Charasson, B. Loock, A. Morére, P. Maillard, M. Garcia, J.-O.
Durand, Int. J. Pharm. 2012, 423, 509-515.
[51] a) M. Yu, S. Jambhrunkar, P. Thorn, J. Chen, W. Gu, C. Yu, Nanoscale [77]
2013, 5, 178-183; b) Z. Chen, Z. Li, Y. Lin, M. Yin, J. Ren, X. Qu, Chem.
Eur. J. 2013, 19, 1778-1783.
[52] Z. Luo, K. Cai, Y. Hu, L. Zhao, P. Liu, L. Duan, W. Yang, Angew. Chem. Int.
Ed. 2011, 50, 640-643; Angew. Chem. 2011, 123, 666 - 669.
[53] D. Brevet, M. Gary-Bobo, L. Raehm, S. Richeter, O. Hocine, K. Amro, B. [78]
Loock, P. Couleaud, C. Frochot, A. Morere, P. Maillard, M. Garcia, J.-O.
Durand, Chem. Commun. 2009, 1475-1477. [79]
[54] J. L. Vivero-Escoto, K. M. L. Taylor-Pashow, R. C. Huxford, J. Della Rocca,
C. Okoruwa, H. An, W. Lin, W. Lin, Small 2011, 7, 3519-3528. [80]
[55] a)J. M. Rosenholm, A. Meinander, E. Peuhu, R. Niemi, J. E. Eriksson, C.
Sahlgren, M. Lindén, ACS Nano 2009, 3, 197-206; b) M. Liong, J. Lu, [81]
M. Kovochich, T. Xia, S. G. Ruehm, A. E. Nel, F. Tamanoi, J. l. Zink, ACS
Nano 2008, 2, 889-896; c) J. Lu, M. Liong, Z. Li, J. . Zink, F. Tamanoi, [82]
Small 2010, 6, 1794-1805; d) J. Lu, Z. Li, J. I. Zink, F. Tamanoi, Nanome-
dicine 2012, 8, 212-220; e) L-S. Wang, L.-C. Wu, S.-Y. Lu, L-L. Chang, [83]
I.T. Teng, C-M. Yang, J.-a. A. Ho, ACS Nano 2010, 4, 4371-4379; f)I.
Chem. Eur. J. 2015, 21, 13850 - 13865 www.chemeurj.org 13864

CHEMISTRY

A European Journal

Concept

Slowing, B. G. Trewyn, V. S. Y. Lin, J. Am. Chem. Soc. 2006, 128, 14792 -
14793; g) F. Porta, G. E. M. Lamers, J. Morrhayim, A. Chatzopoulou, M.
Schaaf, H. den Dulk, C. Backendorf, J.I. Zink, A. Kros, Adv. Healthc.
Mater. 2013, 2, 281-286; h) Q. Zhang, X. Wang, P-Z. Li, K. . Nguyen,
X.-J. Wang, Z. Luo, H. Zhang, N. S. Tan, Y. Zhao, Adv. Funct. Mater. 2014,
24, 2450-2461.

J. M. Rosenholm, E. Peuhu, L. T. Bate-Eya, J. E. Eriksson, C. Sahlgren, M.
Lindén, Small 2010, 6, 1234-1241.

J. Liu, B. Zhang, Z. Luo, X. Ding, J. Li, L. Dai, J. Zhou, X. Zhao, J. Ye, K.
Cai, Nanoscale 2015, 7, 3614-3626.

C.-Y. Lai, B.G. Trewyn, D. M. Jeftinija, K. Jeftinija, S. Xu, S. Jeftinija,
V. S.Y. Lin, J. Am. Chem. Soc. 2003, 125, 4451 -4459.

R. de LaRica, D. Aili, M. M. Stevens, Adv. Drug Delivery Rev. 2012, 64,
967-978.

K. Patel, S. Angelos, W. R. Dichtel, A. Coskun, Y.-W. Yang, J.I. Zink, J. F.
Stoddart, J. Am. Chem. Soc. 2008, 130, 2382 -2383.

A. Schlossbauer, J. Kecht, T. Bein, Angew. Chem. Int. Ed. 2009, 48,
3092-3095; Angew. Chem. 2009, 121, 3138-3141.

A. Bernardos, L. Mondragén, E. Aznar, M.D. Marcos, R. Martinez-
Maénez, F. Sancendn, J. Soto, J. M. Barat, E. Pérez-Paya, C. Guillem, P.
Amorés, ACS Nano 2010, 4, 6353 -6368.

C. Coll, L. Mondragén, R. Martinez-Ménez, F. Sancenén, M. D. Marcos, J.
Soto, P. Amords, E. Pérez-Paya, Angew. Chem. Int. Ed. 2011, 50, 2138-
2140; Angew. Chem. 2011, 123, 2186-2188.

A. Bernardos, L. Mondragén, I. Javakhishvili, N. Mas, C. de La Torre, R.
Martinez-Manez, F. Sancendn, J. M. Barat, S. Hvilsted, M. Orzaez, E.
Pérez-Paya, P. Amords, Chem. Eur. J. 2012, 18, 13068 - 13078.

C. Park, H. Kim, S. Kim, C. Kim, J. Am. Chem. Soc. 2009, 131, 16614 -
16615.

A. Agostini, L. Mondragén, L. Pascual, E. Aznar, C. Coll, R. Martinez-
Ménez, F. Sancenén, J. Soto, M. D. Marcos, P. Amords, A. M. Costero, M.
Parra, S. Gil, Langmuir 2012, 28, 14766 - 14776.

A. Agostini, L. Mondragén, C. Coll, E. Aznar, M. D. Marcos, R. Martinez-
Ménfez, F. Sancenoén, J. Soto, E. Pérez-Payd, P. Amorés, ChemistryOpen
2012, 1, 17-20.

X. Li, T. Tang, Y. Zhou, Y. Zhang, Y. Sun, Microporous Mesoporous Mater.
2014, 184, 83-89.

A. Popat, B. P. Ross, J. Liu, S. Jambhrunkar, F. Kleitz, S. Z. Qiao, Angew.
Chem. Int. Ed. 2012, 51, 12486-12489; Angew. Chem. 2012, 124,
12654-12657.

K-N. Yang, C.-Q. Zhang, W. Wang, P.C. Wang, J.-P. Zhou, X.-J. Liang,
Cancer Biol. Med. 2014, 11, 34-43.

R. Liu, P. Liao, J. Liu, P. Feng, Langmuir 2011, 27, 3095 -3099.

J-T. Sun, C.-Y. Hong, C.-Y. Pan, J. Phys. Chem. C 2010, 174, 12481-
12486.

A. Popat, J. Liu, G.Q. Lu, S.Z. Qiao, J. Mater. Chem. 2012, 22, 11173 -
11178.

J. Wang, H. Liu, F. Leng, L. Zheng, J. Yang, W. Wang, C. Z. Huang, Micro-
porous Mesoporous Mater. 2014, 186, 187 -193.

W. Feng, X. Zhou, C. He, K. Qiu, W. Nie, L. Chen, H. Wang, X. Mo, Y.
Zhang, J. Mater. Chem. B 2013, 1, 5886 -5898.

R. Casasus, M. D. Marcos, R. Martinez-Manez, J. V. Ros-Lis, J. Soto, L. A.
Villaescusa, P. Amoros, D. Beltran, C. Guillem, J. Latorre, J. Am. Chem.
Soc. 2004, 126, 8612-8613.

a) L. Du, S. Liao, H. A. Khatib, J. F. Stoddart, J. I. Zink, J. Am. Chem. Soc.
2009, 131, 15136-15142; b) H. Meng, M. Xue, T. Xia, Y.-L. Zhao, F. Tam-
anoi, J. F. Stoddart, J.1. Zink, A.E. Nel, J. Am. Chem. Soc. 2010, 132,
12690-12697; c)L. Du, H. Song, S. Liao, Microporous Mesoporous
Mater. 2012, 147, 200-204.

S. Angelos, N. M. Khashab, Y.-W. Yang, A. Trabolsi, H. A. Khatib, J. F.
Stoddart, J. I. Zink, J. Am. Chem. Soc. 2009, 131, 12912-12914.

R. Liu, Y. Zhang, X. Zhao, A. Agarwal, L. J. Mueller, P. Feng, J. Am. Chem.
Soc. 2010, 7132, 1500-1501.

Q. Gan, X. Ly, Y. Yuan, J. Qian, H. Zhou, X. Lu, J. Shi, C. Liu, Biomaterials
2011, 32, 1932-1942.

C. Xu, Y. Lin, J. Wang, L. Wu, W. Wei, J. Ren, X. Qu, Adv. Healthc. Mater.
2013, 2, 1591-1599.

M. Chen, X. He, K. Wang, D. He, S. Yang, P. Qiu, S. Chen, J. Mater. Chem.
B 2014, 2, 428-436.

Y. Gao, C. Yang, X. Liu, R. Ma, D. Kong, L. Shi, Macromol. Biosci. 2012,
12, 251-259.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://dx.doi.org/10.1080/10717540600814402
http://dx.doi.org/10.1080/10717540600814402
http://dx.doi.org/10.1080/10717540600814402
http://dx.doi.org/10.1016/j.biomaterials.2007.03.006
http://dx.doi.org/10.1016/j.biomaterials.2007.03.006
http://dx.doi.org/10.1016/j.biomaterials.2007.03.006
http://dx.doi.org/10.1016/j.biomaterials.2011.03.050
http://dx.doi.org/10.1016/j.biomaterials.2011.03.050
http://dx.doi.org/10.1016/j.biomaterials.2011.03.050
http://dx.doi.org/10.1016/j.biomaterials.2011.03.050
http://dx.doi.org/10.1039/b905158a
http://dx.doi.org/10.1039/b905158a
http://dx.doi.org/10.1039/b905158a
http://dx.doi.org/10.1039/b905158a
http://dx.doi.org/10.1016/j.colsurfb.2013.10.038
http://dx.doi.org/10.1016/j.colsurfb.2013.10.038
http://dx.doi.org/10.1016/j.colsurfb.2013.10.038
http://dx.doi.org/10.1021/am100530t
http://dx.doi.org/10.1021/am100530t
http://dx.doi.org/10.1021/am100530t
http://dx.doi.org/10.1021/nn403617j
http://dx.doi.org/10.1021/nn403617j
http://dx.doi.org/10.1021/nn403617j
http://dx.doi.org/10.1002/adhm.201200116
http://dx.doi.org/10.1002/adhm.201200116
http://dx.doi.org/10.1002/adhm.201200116
http://dx.doi.org/10.1002/chem.201101658
http://dx.doi.org/10.1002/chem.201101658
http://dx.doi.org/10.1002/chem.201101658
http://dx.doi.org/10.1039/c0jm00645a
http://dx.doi.org/10.1039/c0jm00645a
http://dx.doi.org/10.1039/c0jm00645a
http://dx.doi.org/10.1002/smll.201002300
http://dx.doi.org/10.1002/smll.201002300
http://dx.doi.org/10.1002/smll.201002300
http://dx.doi.org/10.1021/ja312221g
http://dx.doi.org/10.1021/ja312221g
http://dx.doi.org/10.1021/ja312221g
http://dx.doi.org/10.1021/ja312221g
http://dx.doi.org/10.1016/j.biomaterials.2012.10.072
http://dx.doi.org/10.1016/j.biomaterials.2012.10.072
http://dx.doi.org/10.1016/j.biomaterials.2012.10.072
http://dx.doi.org/10.1016/j.biomaterials.2012.10.072
http://dx.doi.org/10.1002/chem.201200023
http://dx.doi.org/10.1002/chem.201200023
http://dx.doi.org/10.1002/chem.201200023
http://dx.doi.org/10.1002/chem.201200023
http://dx.doi.org/10.1039/c3tb20792g
http://dx.doi.org/10.1039/c3tb20792g
http://dx.doi.org/10.1039/c3tb20792g
http://dx.doi.org/10.1021/ja312004m
http://dx.doi.org/10.1021/ja312004m
http://dx.doi.org/10.1021/ja312004m
http://dx.doi.org/10.1002/smll.201301926
http://dx.doi.org/10.1002/smll.201301926
http://dx.doi.org/10.1002/smll.201301926
http://dx.doi.org/10.1002/smll.201301926
http://dx.doi.org/10.1021/nn204102q
http://dx.doi.org/10.1021/nn204102q
http://dx.doi.org/10.1021/nn204102q
http://dx.doi.org/10.1002/adhm.201200022
http://dx.doi.org/10.1002/adhm.201200022
http://dx.doi.org/10.1002/adhm.201200022
http://dx.doi.org/10.1002/adhm.201200022
http://dx.doi.org/10.1021/ja211035w
http://dx.doi.org/10.1021/ja211035w
http://dx.doi.org/10.1021/ja211035w
http://dx.doi.org/10.1021/ja211035w
http://dx.doi.org/10.1002/adfm.201303662
http://dx.doi.org/10.1002/adfm.201303662
http://dx.doi.org/10.1002/adfm.201303662
http://dx.doi.org/10.1016/j.biomaterials.2012.12.040
http://dx.doi.org/10.1016/j.biomaterials.2012.12.040
http://dx.doi.org/10.1016/j.biomaterials.2012.12.040
http://dx.doi.org/10.1002/adfm.201303533
http://dx.doi.org/10.1002/adfm.201303533
http://dx.doi.org/10.1002/adfm.201303533
http://dx.doi.org/10.1002/adfm.201303533
http://dx.doi.org/10.1021/nl400681f
http://dx.doi.org/10.1021/nl400681f
http://dx.doi.org/10.1021/nl400681f
http://dx.doi.org/10.1016/j.bios.2014.01.042
http://dx.doi.org/10.1016/j.bios.2014.01.042
http://dx.doi.org/10.1016/j.bios.2014.01.042
http://dx.doi.org/10.1016/j.bios.2014.01.042
http://dx.doi.org/10.1016/j.ijpharm.2011.11.045
http://dx.doi.org/10.1016/j.ijpharm.2011.11.045
http://dx.doi.org/10.1016/j.ijpharm.2011.11.045
http://dx.doi.org/10.1039/C2NR32145A
http://dx.doi.org/10.1039/C2NR32145A
http://dx.doi.org/10.1039/C2NR32145A
http://dx.doi.org/10.1039/C2NR32145A
http://dx.doi.org/10.1002/chem.201202038
http://dx.doi.org/10.1002/chem.201202038
http://dx.doi.org/10.1002/chem.201202038
http://dx.doi.org/10.1002/chem.201202038
http://dx.doi.org/10.1002/anie.201005061
http://dx.doi.org/10.1002/anie.201005061
http://dx.doi.org/10.1002/anie.201005061
http://dx.doi.org/10.1002/anie.201005061
http://dx.doi.org/10.1002/ange.201005061
http://dx.doi.org/10.1002/ange.201005061
http://dx.doi.org/10.1002/ange.201005061
http://dx.doi.org/10.1039/b900427k
http://dx.doi.org/10.1039/b900427k
http://dx.doi.org/10.1039/b900427k
http://dx.doi.org/10.1002/smll.201100521
http://dx.doi.org/10.1002/smll.201100521
http://dx.doi.org/10.1002/smll.201100521
http://dx.doi.org/10.1021/nn800781r
http://dx.doi.org/10.1021/nn800781r
http://dx.doi.org/10.1021/nn800781r
http://dx.doi.org/10.1021/nn800072t
http://dx.doi.org/10.1021/nn800072t
http://dx.doi.org/10.1021/nn800072t
http://dx.doi.org/10.1021/nn800072t
http://dx.doi.org/10.1002/smll.201000538
http://dx.doi.org/10.1002/smll.201000538
http://dx.doi.org/10.1002/smll.201000538
http://dx.doi.org/10.1016/j.nano.2011.06.002
http://dx.doi.org/10.1016/j.nano.2011.06.002
http://dx.doi.org/10.1016/j.nano.2011.06.002
http://dx.doi.org/10.1016/j.nano.2011.06.002
http://dx.doi.org/10.1021/nn901376h
http://dx.doi.org/10.1021/nn901376h
http://dx.doi.org/10.1021/nn901376h
http://dx.doi.org/10.1021/ja0645943
http://dx.doi.org/10.1021/ja0645943
http://dx.doi.org/10.1021/ja0645943
http://dx.doi.org/10.1002/adhm.201200176
http://dx.doi.org/10.1002/adhm.201200176
http://dx.doi.org/10.1002/adhm.201200176
http://dx.doi.org/10.1002/adhm.201200176
http://dx.doi.org/10.1002/adfm.201302988
http://dx.doi.org/10.1002/adfm.201302988
http://dx.doi.org/10.1002/adfm.201302988
http://dx.doi.org/10.1002/adfm.201302988
http://dx.doi.org/10.1002/smll.200902355
http://dx.doi.org/10.1002/smll.200902355
http://dx.doi.org/10.1002/smll.200902355
http://dx.doi.org/10.1039/C5NR00072F
http://dx.doi.org/10.1039/C5NR00072F
http://dx.doi.org/10.1039/C5NR00072F
http://dx.doi.org/10.1021/ja028650l
http://dx.doi.org/10.1021/ja028650l
http://dx.doi.org/10.1021/ja028650l
http://dx.doi.org/10.1016/j.addr.2012.01.002
http://dx.doi.org/10.1016/j.addr.2012.01.002
http://dx.doi.org/10.1016/j.addr.2012.01.002
http://dx.doi.org/10.1016/j.addr.2012.01.002
http://dx.doi.org/10.1021/ja0772086
http://dx.doi.org/10.1021/ja0772086
http://dx.doi.org/10.1021/ja0772086
http://dx.doi.org/10.1002/anie.200805818
http://dx.doi.org/10.1002/anie.200805818
http://dx.doi.org/10.1002/anie.200805818
http://dx.doi.org/10.1002/anie.200805818
http://dx.doi.org/10.1002/ange.200805818
http://dx.doi.org/10.1002/ange.200805818
http://dx.doi.org/10.1002/ange.200805818
http://dx.doi.org/10.1021/nn101499d
http://dx.doi.org/10.1021/nn101499d
http://dx.doi.org/10.1021/nn101499d
http://dx.doi.org/10.1002/anie.201004133
http://dx.doi.org/10.1002/anie.201004133
http://dx.doi.org/10.1002/anie.201004133
http://dx.doi.org/10.1002/ange.201004133
http://dx.doi.org/10.1002/ange.201004133
http://dx.doi.org/10.1002/ange.201004133
http://dx.doi.org/10.1002/chem.201200787
http://dx.doi.org/10.1002/chem.201200787
http://dx.doi.org/10.1002/chem.201200787
http://dx.doi.org/10.1021/ja9061085
http://dx.doi.org/10.1021/ja9061085
http://dx.doi.org/10.1021/ja9061085
http://dx.doi.org/10.1021/la303161e
http://dx.doi.org/10.1021/la303161e
http://dx.doi.org/10.1021/la303161e
http://dx.doi.org/10.1002/open.201200003
http://dx.doi.org/10.1002/open.201200003
http://dx.doi.org/10.1002/open.201200003
http://dx.doi.org/10.1002/open.201200003
http://dx.doi.org/10.1016/j.micromeso.2013.09.024
http://dx.doi.org/10.1016/j.micromeso.2013.09.024
http://dx.doi.org/10.1016/j.micromeso.2013.09.024
http://dx.doi.org/10.1016/j.micromeso.2013.09.024
http://dx.doi.org/10.1002/anie.201206416
http://dx.doi.org/10.1002/anie.201206416
http://dx.doi.org/10.1002/anie.201206416
http://dx.doi.org/10.1002/anie.201206416
http://dx.doi.org/10.1002/ange.201206416
http://dx.doi.org/10.1002/ange.201206416
http://dx.doi.org/10.1002/ange.201206416
http://dx.doi.org/10.1002/ange.201206416
http://dx.doi.org/10.1021/la104973j
http://dx.doi.org/10.1021/la104973j
http://dx.doi.org/10.1021/la104973j
http://dx.doi.org/10.1021/jp103982a
http://dx.doi.org/10.1021/jp103982a
http://dx.doi.org/10.1021/jp103982a
http://dx.doi.org/10.1039/c2jm30501a
http://dx.doi.org/10.1039/c2jm30501a
http://dx.doi.org/10.1039/c2jm30501a
http://dx.doi.org/10.1016/j.micromeso.2013.11.006
http://dx.doi.org/10.1016/j.micromeso.2013.11.006
http://dx.doi.org/10.1016/j.micromeso.2013.11.006
http://dx.doi.org/10.1016/j.micromeso.2013.11.006
http://dx.doi.org/10.1039/c3tb21193b
http://dx.doi.org/10.1039/c3tb21193b
http://dx.doi.org/10.1039/c3tb21193b
http://dx.doi.org/10.1021/ja048095i
http://dx.doi.org/10.1021/ja048095i
http://dx.doi.org/10.1021/ja048095i
http://dx.doi.org/10.1021/ja048095i
http://dx.doi.org/10.1021/ja904982j
http://dx.doi.org/10.1021/ja904982j
http://dx.doi.org/10.1021/ja904982j
http://dx.doi.org/10.1021/ja904982j
http://dx.doi.org/10.1021/ja104501a
http://dx.doi.org/10.1021/ja104501a
http://dx.doi.org/10.1021/ja104501a
http://dx.doi.org/10.1021/ja104501a
http://dx.doi.org/10.1016/j.micromeso.2011.06.020
http://dx.doi.org/10.1016/j.micromeso.2011.06.020
http://dx.doi.org/10.1016/j.micromeso.2011.06.020
http://dx.doi.org/10.1016/j.micromeso.2011.06.020
http://dx.doi.org/10.1021/ja9010157
http://dx.doi.org/10.1021/ja9010157
http://dx.doi.org/10.1021/ja9010157
http://dx.doi.org/10.1021/ja907838s
http://dx.doi.org/10.1021/ja907838s
http://dx.doi.org/10.1021/ja907838s
http://dx.doi.org/10.1021/ja907838s
http://dx.doi.org/10.1016/j.biomaterials.2010.11.020
http://dx.doi.org/10.1016/j.biomaterials.2010.11.020
http://dx.doi.org/10.1016/j.biomaterials.2010.11.020
http://dx.doi.org/10.1016/j.biomaterials.2010.11.020
http://dx.doi.org/10.1002/adhm.201200464
http://dx.doi.org/10.1002/adhm.201200464
http://dx.doi.org/10.1002/adhm.201200464
http://dx.doi.org/10.1002/adhm.201200464
http://dx.doi.org/10.1039/C3TB21268H
http://dx.doi.org/10.1039/C3TB21268H
http://dx.doi.org/10.1039/C3TB21268H
http://dx.doi.org/10.1039/C3TB21268H
http://dx.doi.org/10.1002/mabi.201100208
http://dx.doi.org/10.1002/mabi.201100208
http://dx.doi.org/10.1002/mabi.201100208
http://dx.doi.org/10.1002/mabi.201100208
http://www.chemeurj.org

:(\,'* ChemPubSoc

et Europe

[84] a) C.-H. Lee, S.-H. Cheng, I. P. Huang, J. S. Souris, C.-S. Yang, C.-Y. Mou,
L.-W. Lo, Angew. Chem. Int. Ed. 2010, 49, 8214-8219; Angew. Chem.
2010, 722, 8390-8395; b) J.E. Lee, D.J. Lee, N. Lee, B.H. Kim, S. H.
Choi, T. Hyeon, J. Mater. Chem. 2011, 21, 16869 - 16872.

[85] C.-H. Lin, S-H. Cheng, W.-N. Liao, P-R. Wei, P-J. Sung, C.-F. Weng, C.-H.
Lee, Int. J. Pharm. 2012, 429, 138-147.

[86] Y.L. Choi, J.H. Lee, J. Jaworski, J. H. Jung, J. Mater. Chem. 2012, 22,
9455-9457.

[87] L. Chen, J. Di, C. Cao, Y. Zhao, Y. Ma, J. Luo, Y. Wen, W. Song, Y. Song, L.
Jiang, Chem. Commun. 2011, 47, 2850-2852.

[88] D. He, X. He, K. Wang, M. Chen, Y. Zhao, Z. Zou, J. Mater. Chem. B
2013, 1, 1552-1560.

[89] C. Théron, A. Gallud, C. Carcel, M. Gary-Bobo, M. Maynadier, M. Garcia,
J. Lu, F. Tamanoi, J. 1. Zink, M. Wong Chi Man, Chem. Eur. J. 2014, 20,
9372-9380.

[90] C. Théron, A. Gallud, S. Giret, M. Maynadier, D. Grégoire, P. Puche, E.
Jacquet, G. Pop, O. Sgarbura, V. Bellet, U. Hibner, J. I. Zink, M. Garcia,
M. Wong Chi Man, C. Carcel, M. Gary-Bobo, RSC Adv., (In press) 2015,
DOI: 10.1039/c5ra09891b.

[91] F. Muhammad, M. Guo, W. Qi, F. Sun, A. Wang, Y. Guo, G. Zhu, J. Am.
Chem. Soc. 2011, 133, 8778-8781.

[92] C-X. Zhao, L. Yu, A.P.J. Middelberg, J. Mater. Chem. B 2013, 1, 4828
4833.

[93] Q. Zheng, Y. Hao, P. Ye, L. Guo, H. Wu, Q. Guo, J. Jiang, F. Fu, G. Chen,
J. Mater. Chem. B 2013, 1, 1644-1648.

[94] H.P. Rim, K. H. Min, H.J. Lee, S.Y. Jeong, S.C. Lee, Angew. Chem. Int.
Ed. 2011, 50, 8853 -8857; Angew. Chem. 2011, 123, 9015-9019.

[95] R. Cheng, F. Feng, F. Meng, C. Deng, J. Feijen, Z. Zhong, J. Controlled
Release 2011, 152, 2-12.

[96] S. Giri, B. G. Trewyn, M. P. Stellmaker, V.S. Y. Lin, Angew. Chem. Int. Ed.
2005, 44, 5038 -5044; Angew. Chem. 2005, 117, 5166-5172.

[97] F. Torney, B. G. Trewyn, V.S.Y. Lin, K. Wang, Nat. Nano. 2007, 2, 295-
300.

[98] Y. Cui, H. Dong, X. Cai, D. Wang, Y. Li, ACS Appl. Mater. Interfaces 2012,
4,3177-3183.

[99] P. Nadrah, U. Maver, A. Jemec, T. TiSler, M. Bele, G. Drazi¢, M. Bentina,
A. Pintar, O. PlaninSek, M. GaberS¢ek, ACS Appl. Mater. Interfaces 2013,
5,3908-3915.

[100] P. Nadrah, F. Porta, O. Planinsek, A. Kros, M. Gaberscek, Phys. Chem.
Chem. Phys. 2013, 15, 10740-10748.

[101] Z-Y. Li, J.-J. Hu, Q. Xu, S. Chen, H.-Z. Jia, Y.-X. Sun, R-X. Zhuo, X.-Z.
Zhang, J. Mater. Chem. B 2015, 3, 39-44.

[102] R. Guo, L-L. Li, W--H. Zhao, Y.-X. Chen, X.-Z. Wang, C.-J. Fang, W. Feng,
T-L. Zhang, X. Ma, M. Lu, S.-Q. Peng, C.-H. Yan, Nanoscale 2012, 4,
3577-3583.

[103] R. Liu, X. Zhao, T. Wu, P. Feng, J. Am. Chem. Soc. 2008, 130, 14418-
14419.

[104] X. Ma, K. T. Nguyen, P. Borah, C.Y. Ang, Y. Zhao, Adv. Healthc. Mater.
2012, 1, 690-697.

[105] L. Yuan, W. Chen, J. Hu, J. Z. Zhang, D. Yang, Langmuir 2013, 29, 734-
743.

[106] a) J. Méndez, A. Monteagudo, K. Griebenow, Bioconjugate Chem. 2012,
23, 698-704; b) J. Méndez, M. Morales Cruz, Y. Delgado, C. M. Figuer-
0a, E.A. Orellano, M. Morales, A. Monteagudo, K. Griebenow, Mol.
Pharm. 2014, 11, 102-111.

[107] B. Ahn, J. Park, K. Singha, H. Park, W. J. Kim, J. Mater. Chem. B 2013, 1,
2829-2836.

[108] S. Laurent, S. Dutz, U.O. Hafeli, M. Mahmoudi, Adv. Colloid Interface
Sci. 2011, 166, 8-23.

[109] a) Q. Fu, G.V. Rama Rao, T.L. Ward, Y. Lu, G. P. Lopez, Langmuir 2007,
23, 170-174; b) J.-H. Park, Y-H. Lee, S.-G. Oh, Macromol. Chem. Phys.
2007, 208, 2419-2427; c) A. Baeza, E. Guisasola, E. Ruiz-Hernandez, M.
Vallet-Regi, Chem. Mater. 2012, 24, 517 -524.

[110] M. Karesoja, J. McKee, E. Karjalainen, S. Hietala, L. Bergman, M. Linden,
H. Tenhu, J. Polym. Sci. Pol. Chem. 2013, 51, 5012-5020.

[111] Y-Z. You, K. K. Kalebaila, S. L. Brock, D. Oupicky, Chem. Mater. 2008, 20,
3354-3359.

[112] E. Ruiz-Hernandez, A. Baeza, M. Vallet-Regi, ACS Nano 2011, 5, 1259
1266.

Chem. Eur. J. 2015, 21, 13850 - 13865 www.chemeurj.org

[113

[114

[115]

[116

[117]

[118

[119

[120]

[121]

[122]

[123]
[124]

[125]

[126]

[127]

[128]

[129]

[130]
[131]

[132]

[133]

[134]

[135]

[136]

CHEMISTRY

A European Journal

Concept

A. Schlossbauer, S. Warncke, P. M. E. Gramlich, J. Kecht, A. Manetto, T.
Carell, T. Bein, Angew. Chem. Int. Ed. 2010, 49, 4734-4737; Angew.
Chem. 2010, 122, 4842 -4845.

a) X. Wu, Z. Wang, D. Zhu, S. Zong, L. Yang, Y. Zhong, Y. Cui, ACS Appl.
Mater. Interfaces 2013, 5, 10895-10903; b)E. Bringas, O. Koysuren,
D. V. Quach, M. Mahmoudi, E. Aznar, J. D. Roehling, M. D. Marcos, R.
Martinez-Manez, P. Stroeve, Chem. Commun. 2012, 48, 5647 —5649.
C.R. Thomas, D.P. Ferris, J.-H. Lee, E. Choi, M. H. Cho, E.S. Kim, J.F.
Stoddart, J.-S. Shin, J. Cheon, J.I. Zink, J. Am. Chem. Soc. 2010, 132,
10623 -10625.

a) Y. Wang, B. Li, L. Zhang, H. Song, L. Zhang, ACS Appl. Mater. Interfa-
ces 2013, 5, 11-15; b) J. Lu, E. Choi, F. Tamanoi, J. I. Zink, Small 2008,
4, 421-426; )Y. Zhu, M. Fujiwara, Angew. Chem. Int. Ed. 2007, 46,
2241-2244; Angew. Chem. 2007, 119, 2291 -2294.

J. Liu, W. By, L. Pan, J. Shi, Angew. Chem. Int. Ed. 2013, 52, 4375-4379;
Angew. Chem. 2013, 125, 4471 -4475.

J. Croissant, M. Maynadier, A. Gallud, H. Peindy N'Dongo, J. L. Nyalosa-
so, G. Derrien, C. Charnay, J.-O. Durand, L. Raehm, F. Serein-Spirau, N.
Cheminet, T. Jarrosson, O. Mongin, M. Blanchard-Desce, M. Gary-Bobo,
M. Garcia, J. Lu, F. Tamanoi, D. Tarn, T. M. Guardado-Alvarez, J. Il. Zink,
Angew. Chem. Int. Ed. 2013, 52, 13813-13817; Angew. Chem. 2013,
125, 14058 -14062.

a) D. P. Ferris, Y.-L. Zhao, N. M. Khashab, H. A. Khatib, J. F. Stoddart, J. I.
Zink, J. Am. Chem. Soc. 2009, 131, 1686-1688; b)H. Yan, C. Teh, S.
Sreejith, L. Zhu, A. Kwok, W. Fang, X. Ma, K. T. Nguyen, V. Korzh, Y.
Zhao, Angew. Chem. Int. Ed. 2012, 51, 8373-8377; Angew. Chem. 2012,
124, 8498 - 8502.

J. Croissant, A. Chaix, O. Mongin, M. Wang, S. Clément, L. Raehm, J.-O.
Durand, V. Hugues, M. Blanchard-Desce, M. Maynadier, A. Gallud, M.
Gary-Bobo, M. Garcia, J. Lu, F. Tamanoi, D.P. Ferris, D. Tarn, J. l. Zink,
Small 2014, 10, 1752-1755.

X. Mei, S. Yang, D. Chen, N. Li, H. Li, Q. Xu, J. Ge, J. Lu, Chem. Commun.
2012, 48, 10010-10012.

a)D. He, X. He, K. Wang, J. Cao, Y. Zhao, Langmuir 2012, 28, 4003 -
4008; b) N. K. Mal, M. Fujiwara, Y. Tanaka, Nature 2003, 421, 350-353.
N. Z. Knezevic, V. S. Y. Lin, Nanoscale 2013, 5, 1544-1551.

J. L. Vivero-Escoto, I. I. Slowing, C.-W. Wu, V.S. Y. Lin, J. Am. Chem. Soc.
2009, 7131, 3462 -3463.

C. Park, K. Lee, C. Kim, Angew. Chem. Int. Ed. 2009, 48, 1275-1278;
Angew. Chem. 2009, 121, 1301-1304.

A. Agostini, F. Sancendn, R. Martinez-Méfiez, M. D. Marcos, J. Soto, P.
Amordés, Chem. Eur. J. 2012, 18, 12218-12221.

N.Z. Knezevic, B.G. Trewyn, V.S.Y. Lin, Chem. Commun. 2011, 47,
2817-2819.

J. Lai, X. My, Y. Xu, X. Wu, C. Wu, C. Li, J. Chen, Y. Zhao, Chem.
Commun. 2010, 46, 7370-7372.

Q. Lin, Q. Huang, C. Li, C. Bao, Z. Liu, F. Li, L. Zhu, J. Am. Chem. Soc.
2010, 732, 10645 -10647.

J. Croissant, J. . Zink, J. Am. Chem. Soc. 2012, 134, 7628-7631.

X. Yang, X. Liu, Z. Liu, F. Py, J. Ren, X. Qu, Adv. Mater. 2012, 24, 2890 -
2895.

T. Miyata, T. Uragami, K. Nakamae, Adv. Drug Delivery Rev. 2002, 54,
79-98.

a)W. Zhao, H. Zhang, Q. He, Y. Li, J. Gu, L. Li, H. Li, J. Shi, Chem.
Commun. 2011, 47, 9459-9461; b) Y. Zhao, B. G. Trewyn, I. . Slowing,
V.S.Y. Lin, J. Am. Chem. Soc. 2009, 131, 8398 -8400; c) E. Aznar, R. Villa-
longa, C. Gimenez, F. Sancenon, M. D. Marcos, R. Martinez-Manez, P.
Diez, J. M. Pingarron, P. Amoros, Chem. Commun. 2013, 49, 6391-
6393; d)M. Chen, C. Huang, C. He, W. Zhu, Y. Xu, Y. Lu, Chem.
Commun. 2012, 48, 9522-9524.

E. Climent, A. Bernardos, R. Martinez-Manez, A. Maquieira, M.D.
Marcos, N. Pastor-Navarro, R. Puchades, F. Sancendn, J. Soto, P.
Amor6s, J. Am. Chem. Soc. 2009, 131, 14075 - 14080.

a) X. He, Y. Zhao, D. He, K. Wang, F. Xu, J. Tang, Langmuir 2012, 28,
12909-12915; b)L. Chen, Y. Wen, B. Su, J. Di, Y. Song, L. Jiang, J.
Mater. Chem. 2011, 21, 13811-13816.

J. Geng, M. Li, L. Wu, C. Chen, X. Qu, Adv. Healthc. Mater. 2012, 1, 332-
336.

Published online on August 6, 2015

13865

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://dx.doi.org/10.1002/anie.201002639
http://dx.doi.org/10.1002/anie.201002639
http://dx.doi.org/10.1002/anie.201002639
http://dx.doi.org/10.1002/ange.201002639
http://dx.doi.org/10.1002/ange.201002639
http://dx.doi.org/10.1002/ange.201002639
http://dx.doi.org/10.1002/ange.201002639
http://dx.doi.org/10.1039/c1jm11869b
http://dx.doi.org/10.1039/c1jm11869b
http://dx.doi.org/10.1039/c1jm11869b
http://dx.doi.org/10.1016/j.ijpharm.2012.03.026
http://dx.doi.org/10.1016/j.ijpharm.2012.03.026
http://dx.doi.org/10.1016/j.ijpharm.2012.03.026
http://dx.doi.org/10.1039/c2jm30995e
http://dx.doi.org/10.1039/c2jm30995e
http://dx.doi.org/10.1039/c2jm30995e
http://dx.doi.org/10.1039/c2jm30995e
http://dx.doi.org/10.1039/c0cc04765a
http://dx.doi.org/10.1039/c0cc04765a
http://dx.doi.org/10.1039/c0cc04765a
http://dx.doi.org/10.1039/c3tb00473b
http://dx.doi.org/10.1039/c3tb00473b
http://dx.doi.org/10.1039/c3tb00473b
http://dx.doi.org/10.1039/c3tb00473b
http://dx.doi.org/10.1002/chem.201402864
http://dx.doi.org/10.1002/chem.201402864
http://dx.doi.org/10.1002/chem.201402864
http://dx.doi.org/10.1002/chem.201402864
http://dx.doi.org/10.1021/ja200328s
http://dx.doi.org/10.1021/ja200328s
http://dx.doi.org/10.1021/ja200328s
http://dx.doi.org/10.1021/ja200328s
http://dx.doi.org/10.1039/c3tb20641f
http://dx.doi.org/10.1039/c3tb20641f
http://dx.doi.org/10.1039/c3tb20641f
http://dx.doi.org/10.1039/c3tb00518f
http://dx.doi.org/10.1039/c3tb00518f
http://dx.doi.org/10.1039/c3tb00518f
http://dx.doi.org/10.1002/anie.201101536
http://dx.doi.org/10.1002/anie.201101536
http://dx.doi.org/10.1002/anie.201101536
http://dx.doi.org/10.1002/anie.201101536
http://dx.doi.org/10.1002/ange.201101536
http://dx.doi.org/10.1002/ange.201101536
http://dx.doi.org/10.1002/ange.201101536
http://dx.doi.org/10.1016/j.jconrel.2011.01.030
http://dx.doi.org/10.1016/j.jconrel.2011.01.030
http://dx.doi.org/10.1016/j.jconrel.2011.01.030
http://dx.doi.org/10.1016/j.jconrel.2011.01.030
http://dx.doi.org/10.1002/anie.200501819
http://dx.doi.org/10.1002/anie.200501819
http://dx.doi.org/10.1002/anie.200501819
http://dx.doi.org/10.1002/anie.200501819
http://dx.doi.org/10.1002/ange.200501819
http://dx.doi.org/10.1002/ange.200501819
http://dx.doi.org/10.1002/ange.200501819
http://dx.doi.org/10.1038/nnano.2007.108
http://dx.doi.org/10.1038/nnano.2007.108
http://dx.doi.org/10.1038/nnano.2007.108
http://dx.doi.org/10.1021/am3005225
http://dx.doi.org/10.1021/am3005225
http://dx.doi.org/10.1021/am3005225
http://dx.doi.org/10.1021/am3005225
http://dx.doi.org/10.1021/am400604d
http://dx.doi.org/10.1021/am400604d
http://dx.doi.org/10.1021/am400604d
http://dx.doi.org/10.1021/am400604d
http://dx.doi.org/10.1039/c3cp44614j
http://dx.doi.org/10.1039/c3cp44614j
http://dx.doi.org/10.1039/c3cp44614j
http://dx.doi.org/10.1039/c3cp44614j
http://dx.doi.org/10.1039/C4TB01533A
http://dx.doi.org/10.1039/C4TB01533A
http://dx.doi.org/10.1039/C4TB01533A
http://dx.doi.org/10.1039/c2nr30425b
http://dx.doi.org/10.1039/c2nr30425b
http://dx.doi.org/10.1039/c2nr30425b
http://dx.doi.org/10.1039/c2nr30425b
http://dx.doi.org/10.1021/ja8060886
http://dx.doi.org/10.1021/ja8060886
http://dx.doi.org/10.1021/ja8060886
http://dx.doi.org/10.1002/adhm.201200123
http://dx.doi.org/10.1002/adhm.201200123
http://dx.doi.org/10.1002/adhm.201200123
http://dx.doi.org/10.1002/adhm.201200123
http://dx.doi.org/10.1021/la304324r
http://dx.doi.org/10.1021/la304324r
http://dx.doi.org/10.1021/la304324r
http://dx.doi.org/10.1021/bc200301a
http://dx.doi.org/10.1021/bc200301a
http://dx.doi.org/10.1021/bc200301a
http://dx.doi.org/10.1021/bc200301a
http://dx.doi.org/10.1021/mp400400j
http://dx.doi.org/10.1021/mp400400j
http://dx.doi.org/10.1021/mp400400j
http://dx.doi.org/10.1021/mp400400j
http://dx.doi.org/10.1039/c3tb20319k
http://dx.doi.org/10.1039/c3tb20319k
http://dx.doi.org/10.1039/c3tb20319k
http://dx.doi.org/10.1039/c3tb20319k
http://dx.doi.org/10.1021/la062770f
http://dx.doi.org/10.1021/la062770f
http://dx.doi.org/10.1021/la062770f
http://dx.doi.org/10.1021/la062770f
http://dx.doi.org/10.1002/macp.200700247
http://dx.doi.org/10.1002/macp.200700247
http://dx.doi.org/10.1002/macp.200700247
http://dx.doi.org/10.1002/macp.200700247
http://dx.doi.org/10.1021/cm203000u
http://dx.doi.org/10.1021/cm203000u
http://dx.doi.org/10.1021/cm203000u
http://dx.doi.org/10.1002/pola.26928
http://dx.doi.org/10.1002/pola.26928
http://dx.doi.org/10.1002/pola.26928
http://dx.doi.org/10.1021/cm703363w
http://dx.doi.org/10.1021/cm703363w
http://dx.doi.org/10.1021/cm703363w
http://dx.doi.org/10.1021/cm703363w
http://dx.doi.org/10.1002/anie.201000827
http://dx.doi.org/10.1002/anie.201000827
http://dx.doi.org/10.1002/anie.201000827
http://dx.doi.org/10.1002/ange.201000827
http://dx.doi.org/10.1002/ange.201000827
http://dx.doi.org/10.1002/ange.201000827
http://dx.doi.org/10.1002/ange.201000827
http://dx.doi.org/10.1021/am403092m
http://dx.doi.org/10.1021/am403092m
http://dx.doi.org/10.1021/am403092m
http://dx.doi.org/10.1021/am403092m
http://dx.doi.org/10.1039/c2cc31563g
http://dx.doi.org/10.1039/c2cc31563g
http://dx.doi.org/10.1039/c2cc31563g
http://dx.doi.org/10.1021/ja1022267
http://dx.doi.org/10.1021/ja1022267
http://dx.doi.org/10.1021/ja1022267
http://dx.doi.org/10.1021/ja1022267
http://dx.doi.org/10.1021/am302492e
http://dx.doi.org/10.1021/am302492e
http://dx.doi.org/10.1021/am302492e
http://dx.doi.org/10.1021/am302492e
http://dx.doi.org/10.1002/smll.200700903
http://dx.doi.org/10.1002/smll.200700903
http://dx.doi.org/10.1002/smll.200700903
http://dx.doi.org/10.1002/smll.200700903
http://dx.doi.org/10.1002/anie.200604850
http://dx.doi.org/10.1002/anie.200604850
http://dx.doi.org/10.1002/anie.200604850
http://dx.doi.org/10.1002/anie.200604850
http://dx.doi.org/10.1002/ange.200604850
http://dx.doi.org/10.1002/ange.200604850
http://dx.doi.org/10.1002/ange.200604850
http://dx.doi.org/10.1002/anie.201300183
http://dx.doi.org/10.1002/anie.201300183
http://dx.doi.org/10.1002/anie.201300183
http://dx.doi.org/10.1002/ange.201300183
http://dx.doi.org/10.1002/ange.201300183
http://dx.doi.org/10.1002/ange.201300183
http://dx.doi.org/10.1002/anie.201308647
http://dx.doi.org/10.1002/anie.201308647
http://dx.doi.org/10.1002/anie.201308647
http://dx.doi.org/10.1002/ange.201308647
http://dx.doi.org/10.1002/ange.201308647
http://dx.doi.org/10.1002/ange.201308647
http://dx.doi.org/10.1002/ange.201308647
http://dx.doi.org/10.1021/ja807798g
http://dx.doi.org/10.1021/ja807798g
http://dx.doi.org/10.1021/ja807798g
http://dx.doi.org/10.1002/anie.201203993
http://dx.doi.org/10.1002/anie.201203993
http://dx.doi.org/10.1002/anie.201203993
http://dx.doi.org/10.1002/ange.201203993
http://dx.doi.org/10.1002/ange.201203993
http://dx.doi.org/10.1002/ange.201203993
http://dx.doi.org/10.1002/ange.201203993
http://dx.doi.org/10.1002/smll.201400042
http://dx.doi.org/10.1002/smll.201400042
http://dx.doi.org/10.1002/smll.201400042
http://dx.doi.org/10.1039/c2cc33995a
http://dx.doi.org/10.1039/c2cc33995a
http://dx.doi.org/10.1039/c2cc33995a
http://dx.doi.org/10.1039/c2cc33995a
http://dx.doi.org/10.1021/la2047504
http://dx.doi.org/10.1021/la2047504
http://dx.doi.org/10.1021/la2047504
http://dx.doi.org/10.1038/nature01362
http://dx.doi.org/10.1038/nature01362
http://dx.doi.org/10.1038/nature01362
http://dx.doi.org/10.1021/ja900025f
http://dx.doi.org/10.1021/ja900025f
http://dx.doi.org/10.1021/ja900025f
http://dx.doi.org/10.1021/ja900025f
http://dx.doi.org/10.1002/anie.200803880
http://dx.doi.org/10.1002/anie.200803880
http://dx.doi.org/10.1002/anie.200803880
http://dx.doi.org/10.1002/ange.200803880
http://dx.doi.org/10.1002/ange.200803880
http://dx.doi.org/10.1002/ange.200803880
http://dx.doi.org/10.1002/chem.201201127
http://dx.doi.org/10.1002/chem.201201127
http://dx.doi.org/10.1002/chem.201201127
http://dx.doi.org/10.1039/c0cc02914a
http://dx.doi.org/10.1039/c0cc02914a
http://dx.doi.org/10.1039/c0cc02914a
http://dx.doi.org/10.1039/c0cc02914a
http://dx.doi.org/10.1021/ja103415t
http://dx.doi.org/10.1021/ja103415t
http://dx.doi.org/10.1021/ja103415t
http://dx.doi.org/10.1021/ja103415t
http://dx.doi.org/10.1021/ja301880x
http://dx.doi.org/10.1021/ja301880x
http://dx.doi.org/10.1021/ja301880x
http://dx.doi.org/10.1002/adma.201104797
http://dx.doi.org/10.1002/adma.201104797
http://dx.doi.org/10.1002/adma.201104797
http://dx.doi.org/10.1016/S0169-409X(01)00241-1
http://dx.doi.org/10.1016/S0169-409X(01)00241-1
http://dx.doi.org/10.1016/S0169-409X(01)00241-1
http://dx.doi.org/10.1016/S0169-409X(01)00241-1
http://dx.doi.org/10.1039/c1cc12740c
http://dx.doi.org/10.1039/c1cc12740c
http://dx.doi.org/10.1039/c1cc12740c
http://dx.doi.org/10.1039/c1cc12740c
http://dx.doi.org/10.1021/ja901831u
http://dx.doi.org/10.1021/ja901831u
http://dx.doi.org/10.1021/ja901831u
http://dx.doi.org/10.1039/c3cc42210k
http://dx.doi.org/10.1039/c3cc42210k
http://dx.doi.org/10.1039/c3cc42210k
http://dx.doi.org/10.1039/c2cc34290a
http://dx.doi.org/10.1039/c2cc34290a
http://dx.doi.org/10.1039/c2cc34290a
http://dx.doi.org/10.1039/c2cc34290a
http://dx.doi.org/10.1021/ja904456d
http://dx.doi.org/10.1021/ja904456d
http://dx.doi.org/10.1021/ja904456d
http://dx.doi.org/10.1021/la302767b
http://dx.doi.org/10.1021/la302767b
http://dx.doi.org/10.1021/la302767b
http://dx.doi.org/10.1021/la302767b
http://dx.doi.org/10.1039/c1jm12203g
http://dx.doi.org/10.1039/c1jm12203g
http://dx.doi.org/10.1039/c1jm12203g
http://dx.doi.org/10.1039/c1jm12203g
http://dx.doi.org/10.1002/adhm.201200067
http://dx.doi.org/10.1002/adhm.201200067
http://dx.doi.org/10.1002/adhm.201200067
http://www.chemeurj.org

