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Noncovalent Polymer-Gatekeeper in Mesoporous Silica
Nanoparticles as a Targeted Drug Delivery Platform

L. Palanikumar, Eun Seong Choi, Jae Yeong Cheon, Sang Hoon Joo,*

and Ja-Hyoung Ryu*

Selective targeting of tumor cells and release of drug molecules inside the
tumor microenvironment can reduce the adverse side effects of traditional
chemotherapeutics because of the lower dosages required. This can be
achieved by using stimuli-responsive targeted drug delivery systems. In the
present work, a robust and simple one-pot route is developed to synthesize
polymer-gatekeeper mesoporous silica nanoparticles by noncovalent cap-
ping of the pores of drug-loaded nanocontainers with disulfide cross-linkable
polymers. The method offers very high loading efficiency because chemical
modification of the mesoporous nanoparticles is not required; thus, the large
empty pore volume of pristine mesoporous silica nanoparticles is entirely
available to encapsulate drug molecules. Furthermore, the polymer shell can
be easily decorated with a targeting ligand for selective delivery to specific
cancer cells by subsequent addition of the thiol-containing ligand molecule.
The drug molecules loaded in the nanocontainers can be released by the deg-
radation of the polymer shell in the intracellular reducing microenvironment,

which consequentially induces cell death.

1. Introduction

Ideal nanocarriers should maintain highly stable encapsulation
until they reach the target tumor cell during blood circulation,
yet afford efficient release at the target tumor tissue or inside
the tumor cell.ll! Stimulus-responsive release of therapeutic
molecules from delivery vehicles is one of the most promising
strategies in nanomedicine and pharmaceutical sciences.”l To
prevent undesirable off-target release of drug molecules as well
as to ensure release only in the vicinity of the target, the vehicle
should provide triggered, controlled release in response to spe-
cific stimuli.ll Among the variety of stimulus-responsive sys-
tems including polymeric micelles, polymersomes, liposomes,
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dendrimers, metal nanoparticles, and
nanogels, mesoporous silica nanoparti-
cles (MSNs) have attracted considerable
attention for biomedical applications since
MSNs have numerous, well-defined pores
that hold the drug molecule inside, and
can be modified with several stimulus-
responsive gatekeepers to release the drug
only in the presence of specific triggers.!*l

To date, various synthetic strategies to
implement the gatekeeper concept have
been developed by covalent conjuga-
tions with silane chemistry using abun-
dant silanol (Si-OH) groups on the sur-
face.’l Gatekeepers consisting of stimuli-
sensitive functional groups or nanopar-
ticles can block the pore entrance, stably
retaining the drug molecules inside the
pore until the cargo is released by external
stimuli such as pH, temperature, light,
competitive binding, or enzymes.l® How-
ever, the installation of functional groups
onto the surface of MSNs requires complicated synthetic steps.
Surface modification of the MSNs before drug loading limits
loading efficiency due to the reduced pore volume available for
guest encapsulation. Several steps of the post functionalization
of drug-loaded MSNs result in the leakage of the cargo.’} Addi-
tionally, targeting ligand installation onto gatekeeper MSNs
requires further chemical modification, limiting the robustness
and versatility of ligand functionalization.

Here, we report a simple and robust method for one-pot syn-
thesis of ligand-decorated, stimulus-responsive MSNs that can
encapsulate doxorubicin hydrochloride (Dox) or cisplatin with
very high drug loading (44 and 33 wt%, respectively), without
multiple chemical modifications (Figure 1). The pores of MSNs
filled with the drug molecules are noncovalently end-capped
with a Dbiocompatible self-crosslinkable random copolymer
containing pyridine disulfide hydrochloride (PDS) and poly-
ethylene glycol (PEG) as side chains. PEG on the surface of
MSNs provides water solubility and prevents nonspecific inter-
actions with biomacromolecules.®] PDS facilitates wrapping
of the MSNs surface through the weak electrostatic interac-
tion between the MSNs and the polymer, and subsequently,
through crosslinking by disulfide exchange reactions within
the polymer shell of the MSNs.”! In order to target cancer
cells, cyclic (Arg-Gly-Asp-p-Phe-Cys) (cRGDfC), a well-known
ligand for cell-surface integrins on tumor endothelium, can be
simply attached to the surface of the MSNs by disulfide bond
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Figure 1. Schematic representation of one-pot synthetic procedure for polymer-gatekeeper MSNs with stimuli responsive polymer (PEG-PDS) and

decorating the surface with targeting ligand (cRGDfC).

formation.l'% Note that PDS has multiple roles as a sacrificial
functional group. It acts temporarily as a positive charge to
wrap the negatively charged MSNs, as a crosslinker to stabi-
lize the shell of polymer-MSNs, and as a functional group on
the surface to attach the targeting ligand. We demonstrate the
versatility and robustness of these multifunctional MSNs by
showing the following: (1) Hydrophilic drug molecules can be
encapsulated at high doses, since the MSNs are not chemically
modified, thereby providing maximum pore volume. (2) The
polymer-gatekeepers can be easily installed by self-crosslinking
to the polymer shell which coats the MSNs through weak elec-
trostatic interactions. (3) The drug molecules can be released in
response to an intracellular biological stimulus and the release
kinetics can be controlled by the crosslinking density of the
polymer-gatekeeper. (4) The surface of polymer-capped MSNs
can be functionalized with a target ligand that undergoes facili-
tated cell internalization by receptor-mediated uptake. The drug
is released by intracellular reducing agents such as glutathione
(GSH) to effectively kill the cancer cells.['!

2. Results and Discussion

2.1. Preparation of Polymer-Gatekeeper MSNs (PMSNs) with
High Drug Loading

Ordered MCM-41 type MSNs were prepared by the Stéber pro-
cess with cetyltrimethylammonium bromide (CTAB) as a tem-
plate via base-catalyzed co-condensation of silicates.l'?l MSNs
were characterized by X-ray diffraction (XRD), transmission
electron microscopy (TEM), and nitrogen adsorption analysis.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

A well-ordered hexagonal mesostructure was obtained, as
observed from well-defined three diffraction peaks in the XRD
patterns (Figure S1, Supporting Information). Nitrogen adsorp-
tion—desorption isotherm measurements showed that the
MSNs have a large Brunauer-Emmett-Teller (BET) surface area
of 789 m? g7!, with a total pore volume of 0.79 cm?® g!, and a
pore size of 2.4 nm. We hypothesized that unmodified pristine
MSNs would provide a larger volume for drug encapsulation
than chemically modified MSNs for the conventional gate-
keeper strategy that gives less than 10 wt% loading efficiency.'*!
Supramolecular nanovalves and nanogates on the surface of
MSNs are a groundbreaking concept for controlled delivery car-
riers.3] These systems, however, require surface functionaliza-
tion of the MSNs with various chemical modifications, leading
to altered physicochemical parameters. These reactions might
decrease the volume of the pores to limit encapsulation of large
mass molecules.'] Recent reports have demonstrated that con-
servation of high pore volume is needed to achieve high drug
payloads and the degree of the surface modification should be
optimized to preserve the pore volume.l® In our system, we use
pristine MSNs to encapsulate the drug molecules, without mod-
ifying the surface of the MSNs (Figure 1). Therefore, we can
utilize maximum capacity for loading drug molecules inside
the pores. The loading capacity and entrapment efficiency
are determined by varying the ratio of drug to nanoparticles.
We hypothesized that increasing the feeding amount of drug
would increase the loading (Table 1). Indeed, the pristine MSNs
showed a large loading content of 44 wt%, with entrapment effi-
ciency of 73%, as the feeding concentration of Dox drug mole-
cules was increased. This loading efficiency is significantly high
because of the large unmodified pore volume.

Adv. Funct. Mater. 2015, 25, 957-965
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Table 1. Drug loading and entrapment efficiency by varying the mass
ratio of drug to MSNs.

Sample Dox MSN Loading efficiency Entrapment efficiency
[mg] [mg] [%]

MSN-1 0.9 50  10wt% (0.172 pmol mg™) 62

MSN-2 2.1 50 19 wt% (0.328 pmol mg™) 56

MSN-3 2.9 50 24 wt% (0.414 pmol mg™) 54

MSN-4 4.4 50 39 wt% (0.672 pmol mg™) 73

MSN-5 5.4 50 44 wt% (0.759 pmol mg™) 73

To stably hold the drug molecules inside the pores, we
installed the polymer-gatekeeper on the surface of Dox-
containing MSNs by using simple electrostatic interactions
between the negatively charged MSNs and a positively charged
copolymer, followed by crosslinking reaction of the polymer
shell. We used in situ, one-pot functionalization to avoid the
leakage of hydrophilic drug during the preparation process
of the polymer-gatekeeper. The random copolymer was pre-
pared by reversible addition-fragmentation chain transfer
polymerization (Scheme S1 and Figure S2, Supporting Infor-
mation). Polymer-wrapped MSNs were prepared by incuba-
tion of MSNs and PEG-PDS polymer in water. To determine
the optimal amount of polymer required to stably wrap the
MSNs, we measured the remaining amount of polymer in the
supernatant after centrifugation of MSNs that had been incu-
bated with the copolymer. When the polymer concentration
was varied from 2.5 to 10 mg mL™? with 5 mg of MSNs, we
found that the polymer wrapping was stable over certain con-
centrations (Figure 2a and Figure S3, Supporting Information).
We investigated the drug release profile to confirm that the
polymer-capping efficiently blocked the leakage of drug mol-
ecules. As shown in Figure 2b, at low concentrations of the
polymer, 2.5 or 5 mg mL™, burst release of the drug occurred
within 1 h, indicating that these amounts of polymer are insuf-
ficient to prevent the leakage of drug molecules from the pore
of the MSNs. In contrast, at a polymer concentration of 10 mg
mlL, the release of the drug molecules was slow. Crosslinking
of the polymer shell effectively blocked the pore, inhibiting
leakage of drug molecules. Based on these observations, in fur-
ther experiments, we used a 2:1 ratio (w/w) of the polymer to
MSNs in order to provide a sufficient amount of polymer.

Polymer-wrapped MSNs might be useful as a zero-order
drug release system, since the drug molecules are continuously
released in the absence of a stimulus because the electrostatic
interaction between the polymer and MSNs would weaken in
a physiological environment containing many charged compo-
nents such as serum proteins and red blood cells." However,
to avoid the severe side effects that would occur with premature
drug release from the targeted drug delivery system, the drug
molecules should be stably located inside until they reach the
target diseased cell.™® To accomplish this, the resulting polymer
shell on the MSNs surface was crosslinked by disulfide forma-
tion between the polymer chains. Addition of a certain amount
of dithiothreitol (DTT) would cause the cleavage of a well-
defined percentage of PDS groups to the corresponding free
thiol groups. The free thiols could then react with remaining
PDS functional groups to form disulfide bonds (Figure 1). This
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Figure 2. a) UV-vis spectra of the supernatant for PEG-PDS solution
before and after capping the MSNs (10 mg mL™" copolymer solution).
b) Drug release profiles for 2.5, 5.0, and 10.0 mg mL~" copolymer wrapped
MSNs and polymer shell cross-linked PMSNSs.

mild and fast intra/intermolecular disulfide exchange reaction
occurs in the polymer layer, resulting in a crosslinked polymer
shell that very stably holds the drug cargo. Also, the reaction is
simple and does not require the use of metal-containing cat-
alysts or solvents that may cause toxicity.'® We hypothesized
that varying the amount of DTT would determine the degree of
cross-linking. The byproduct of this reaction, pyridothione, was
monitored by UV-vis spectroscopy and the crosslinking density
was calculated (Figure 3a). Since wrapping and crosslinking
occur under very mild conditions, the entrapped drug mol-
ecules are stably retained in the pore during the formation of
the polymer-gatekeeper. The loading efficiency was found to
be around 32-39 wt%, which is very high for a drug delivery
system. On the basis of pyridothione release, we found that the
mol% of PDS consumed ranged between 19 and 83 mol% after
the addition of varying amounts of DTT from 12 to 60 mol%
(Table 2).

The prepared PMSNs were characterized by dynamic light
scattering (DLS), zeta-potential measurements, and TEM. As
shown in Figure 3b, the size of the MSNs was 124 nm and the
PMSNs size increased to 160 nm. The surface charge of the
MSNs was highly negative (-54 mV), but became almost neu-
tral (-1 mV) after the introduction of the PEG-PDS copolymer
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Figure 3. a) UV-vis spectra of byproduct pyridiothione by the addition of partial amount of DTT against mol% of PDS groups in PEG-PDS. b) Size
distribution and c) zeta potential analysis for MSNs and PMSNs. d,e) TEM images of MSNs and PMSNs.

on the surface of the drug-loaded MSNs (Figure 3c). Con-
sidering that the surface charges of the nanoparticles have a
serious impact on cellular internalization,'”) the neutral PEG
outer layers of the resulting PMSNs can be favorable for pro-
tein resistancel’®! and increase the prolong circulation time.
The TEM images of MSNs and PMSNs illustrated the change
in the porous nature after polymer capping on the surface of
the MSNs (Figure 3d,e). While MSNs showed clear porous
nature, no pores were visible on the PMSNs after polymer
wrapping.'”) The PMSNs had shown a good colloidal stability
in aqueous suspension and culture medium ranging around
=190 nm and =200 nm, respectively (Figure S4, Supporting
Information). At pH 7.4 (phosphate buffered saline) and in
serum containing RPMI11640 cell culture medium, it ranged at
~190 nm and =200 nm, respectively. Similarly, it was =180 nm
in pH 5.5 sodium acetate buffer solution. No adverse change

Table 2. Estimated crosslinking density of polymer shell based on mol%
of PDS consumed, drug loading, and entrapment efficiency of Dox
loaded PEG-PDS capped MSNs.

DTT Cross-linking density? Drug loading

[mol% against (mol% of PDS consumed) (entrapment efficiency)
PDS group]

12 19 32 wi%, 0.552 pumol mg™' (53%)
24 36 33 wi%, 0.569 prmol mg™' (56%)
60 83 39 wt%, 0.672 pmol mg™' (73%)

?Based upon mol% of PDS cleaved, crosslinking density was theoretically calculated
by assuming that the formation of a single, cross-linking disulfide bond would require
cleavage of two PDS units and produce two pyridiothione molecules. The known
molar excitation coefficient of pyridiothione was 8.08 x 10* M~ cm™ at 343 nm.
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in size and aggregation has been noted until we analyzed for
72 h, indicative of the long term colloidal stability in biologi-
cally relevant fluids.

2.2. Triggered Drug Release Profile

As described above, PMSNs showed a very stable encapsula-
tion without any leakage of drug molecules over 24 h. Since
the polymer crosslinking is formed by disulfide bonds, the
polymer shell can be degraded by reducing agents and the
drug can be released by opening the gate in response to
the external stimuli. To show the triggered drug release, we
investigated the release profile of Dox from polymer-gate-
keeper nanocarriers in phosphate buffered saline (pH 7.4)
by using a fluorometer to measure the emission increase
when Dox is released from PMSNs. We introduced varying
GSH concentrations (1 x 1073, 5 x 1073, and 10 x 1073 wm) to
the aqueous suspension of Dox loaded nanoparticles after
4 h. As shown in Figure 4a, increasing concentration of the
reducing agent results in an accelerated release of guest
molecules by the reduction of disulfide stalk moieties.!*’]
Cancer cells are rich in GSH, which can obviously cleave the
disulfide linkage and trigger drug release inside the cell.l'”]
In addition, the drug release kinetics could be controlled
depending on the crosslinking density of the polymer shell
on the MSNs. As shown in Figure 4b, 19%-crosslinked MSNs
showed fast release upon addition of 5 x 107 M of GSH at
4 h, 83%-crosslinked MSNs showed sustained release, and
36%-crosslinked sample showed moderate release. This indi-
cates that the release rate can be fine-tuned in a controlled
manner for specific drug delivery systems.

Adv. Funct. Mater. 2015, 25, 957-965
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neutral after coating (-2 mV). Similar to
the case of PMSNs, we optimized the drug
loading efficiency, which reached a maximum
of 28% (Table S2, Supporting Information).
We investigated the drug release profile by
varying the shell crosslinking density (19%,
36%, and 83%) in phosphate-buffered saline
(pH 7.4). While PMSNss stably hold their cargo
even at low crosslinking density (Figure 4b),
PrMSNs require high crosslinking density
to avoid drug leakage, indicating that the
varied porous nature and morphology influ-
ence the release profile (Figure 6a). We
analyzed the triggered release profile by
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adding increasing concentrations of GSH
(1 X 1073, 5% 1073, and 10 x 1073 M) in the
83% shell crosslinked Dox-loaded PrMSNs.
As shown in Figure 6b, the concentration
of the reducing agent influenced the release
profile. This indicates that the polymer-gate-
keeper strategy can be applied to particles
that vary in their porous nature, and that
the shell crosslinking density influences the
release profile of a drug delivery system.

2.4. Ligand Decoration on PMSNs
(RGD-PMSNs) and Targeted Delivery

For targeted delivery systems, the surface
of PMSNs can be decorated with a cysteine-
containing ligand by a disulfide exchange
reaction with the remaining surface PDS

02 46 8101
Time (h)

Figure 4. On-demand/triggered release profile analysis by the addition of a) 1 x 1073, 5 x 1073,
and 10 x 1073 m GSH concentrations at 4 h to PMSNs and b) 5 x 10 M GSH to PMSNss with

different cross-linking densities.

2.3. Pore Morphology Dependency of Drug Release Profile

Considering that the pore can be blocked through the
crosslinked polymer shell, we envision that the polymer-
gatekeeper strategy can be applied to other types of porous
structures. We prepared raspberry-type MSNs (rMSNs) by a
previously reported method?!l and characterized by XRD, TEM,
and nitrogen adsorption analysis (Figure S5, Supporting Infor-
mation). A disordered mesoporous structure was obtained,
compared to MCM-41, as observed from the XRD pattern
and TEM image. We hypothesized that pore morphology can
affect drug encapsulation and drug release profile as part of the
polymer-gatekeeper strategy. To investigate this, we prepared
Dox-rMSNs and installed polymer-gatekeeper (PrMSNs) by
using the same method as used above with PMSNs. The
PrMSNs were characterized by DLS, zeta-potential measure-
ments, and TEM as shown in Figure 5. The surface charges of
the rtMSNs were highly negative (—44 mV), becoming almost

Adv. Funct. Mater. 2015, 25, 957-965
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units. The cysteine-containing peptide ligand
cRGDfC was added to the reaction mixture
after crosslinking to modify the surface of the
nanocarriers. The attachment of the ligand
was evaluated by further observation of pyri-
dothione adsorption at 343 nm (Figure 7a).
About 3.62 x 1078 moles of ligand was deco-
rated on the surface for PMSNs nanocarriers.
We tested the cell viability of KB cells (human nasopharyngeal
carcinoma cell lines) in the presence of MSNs and PMSNs
without the drug to show the biocompatibility of the nano-
carriers. Pristine MSNs or PMSNs were added to the cells at
different concentrations and cell viability was analyzed by the
Alamar Blue assay at varying time points (Figure S6, Sup-
porting Information). We observed that pristine MSNs and
PMSNs did not show toxicity up to a reasonably high concen-
tration of 2 mg mL™!, suggesting that PMSNs are nontoxic and
biocompatible for use as a drug delivery system. Importantly,
0.25-2 pg mL! Dox in cRGDfC ligand-decorated PMSNs
(RGD-PMSNs) showed significantly higher toxicity compared
to nonligand-decorated PMSNs (Figure 7b). This suggests
that RGD-PMSNs could be rapidly internalized by ligand-
mediated endocytosis and release the drug molecule to kill
the cancer cells.??l Internalization of Dox-loaded PMSNs and
RGD-PMSNs was further confirmed by confocal fluorescence
microscopy (Figure 7c and Figure S7, Supporting Information).
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Figure 5. a) Size distribution and b) zeta potential analysis for rMSNs
and PrMSNs. c) A TEM image of PrMSNs.

The red color from Dox was distributed in the cells, which indi-
cated that a large quantity of the ligand-decorated nanoparticle-
loaded drug was internalized into the cells within 30 min. In
contrast, nonligand decorated nanoparticles did not show any
internalization in the same period. This suggests that efficient
uptake occurs by ligand-mediated endocytosis. To quantitatively
measure the uptake of Dox-loaded PMSNs in the presence or
absence of ligand, KB cells were analyzed by flow cytometry. As
shown in Figure 7d, significant differences were noted between
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the cellular uptake of ligand-decorated and nondecorated nano-
carriers. These results confirm that RGD-PMSNs are selec-
tive for cancerous cells that overexpress cell surface integrin.
In addition, nonligand decorated PMSNs did not produce an
obvious inhibitory effect on the cell viability of tumor cells.
These results indicate that the existence of the cRGDfC motif
on the surface enhanced the cellular uptake and that drugs are
released because of the cleavage of polymer capping on the sur-
face, in response to intracellular stimuli.l*!

2.5. Cisplatin-Loaded PMSNs

To test whether this polymer-gatekeeper can be applied as a ver-
satile delivery platform for hydrophilic drugs, we investigated
the polymer-gatekeeper strategy using cisplatin, as another
hydrophilic drug, in the MCM-41 type MSNs. We loaded cis-
platin in the MSNs, wrapped the surface with PEG-PDS, and
varied the shell crosslinking density (19%, 36%, and 83%).
The drug loading efficiency of cisplatin was 33%. To check its
stable encapsulation, we analyzed the cisplatin release profile
in phosphate-buffered saline (pH 7.4) by high-performance

Adv. Funct. Mater. 2015, 25, 957-965
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Figure 7. a) UV-vis spectra for RGD ligand decoration in PMSNs. b) Cell viability analysis for Dox-loaded PMSNs and RGD-PMSNs. ¢) CLSM images
for the cellular uptake of (i) RGD-PMSNs and (ii) PMSNs at 30 min. d) Flow-cytometry analysis for cellular uptake investigation in KB cells at 3 h

(red: PMSNs; blue: RGD-PMSNSs). *

liquid chromatography. Similar to Dox-loaded PMSNs, shell
crosslinking efficiently blocked cisplatin leakage (Figure 8a).
Triggered release kinetics was investigated by the addition of

5 x 102 M GSH to the 19%, 36%, and 83% shell-crosslinked
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P < 0.05; **P < 0.01, and ***P < 0.001 compared to control, analyzed by students t-test.

as shown in Figure 8b. Varying

crosslinking density alters the release profile. These results
indicate that the polymer-gatekeeper concept can work as a ver-
satile hydrophilic drug delivery system with high drug loading.
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Figure 8. Drug release profiles for a) cisplatin-loaded PMSNs depending on the crosslinking density and b) triggered release of cisplatin upon addi-
tion of 5 x 10 M GSH. c) Cytotoxicity analysis for cisplatin-loaded PMSNs at 48 h in KB cells. d) Cytotoxicity analysis for dual drug loaded PMSNs
(cisplatin and Dox) at 48 h in KB cells.
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In vitro cytotoxicity analysis of KB cells with cisplatin-loaded
PMSNs showed a varied cytotoxic response, due to drug release
upon opening the polymer-gatekeepers in response to intracel-
lular GSH (Figure 8c).

In recent years, combination therapy with nanoparticles has
become an important approach to overcome drug resistance
and facilitate controlled dosing.?*?’] We tried dual drug delivery
using the polymer-gatekeeper strategy by varying the time for
loading the hydrophilic drugs, namely, cisplatin and Dox. The
drug loading efficiency was 14% for cisplatin and 25% for Dox
(Table S3, Supporting Information). Cytotoxicity analysis with
KB cells showed that higher toxicity was observed for dual
drug-loaded nanoparticles (Figure 8d) than for treatment with a
single drug. Since Dox induces the cytotoxic response by inter-
calating with DNA, while cisplatin crosslinks with DNA and
induces apoptosis,”?® this simple dual drug delivery strategy
using polymer-gatekeepers can be applied to multidrug resist-
ance systems and combination therapies.

3. Conclusion

In summary, we have designed and fabricated a novel type of
stimulus-responsive polymer-gatekeeper drug delivery system
for tumor targeting. Drug molecules could be effectively
loaded into MSNs at a very high loading efficiency, and stably
located inside the pore by simple, noncovalent blocking of
pores with a stimulus-responsive polymer. Furthermore, an
integrin-targeting ligand could be simply installed on the sur-
face by disulfide chemistry. The addition of varying amounts
of the intracellular small peptide GSH induced the cleavage of
the wrapped polymer in a concentration-dependent manner,
resulting in a controlled and on-demand release profile. More-
over, cell viability, microscopy, and flow-cytometry analyses con-
sistently confirmed that the internalization of these carriers is
target specific in nature. This strategy reduces chemical modi-
fications and allows the particles to be selectively recognized
by diseased cells. We believe that the development of such a
biocompatible system with noncovalent polymer-gatekeepers in
the mesoporous carriers provides a versatile method for hydro-
philic drug delivery and opens wide range of research opportu-
nities for research on biomaterials.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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