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ABSTRACT: Design of drug delivery nanocarrier having
targeted recognition followed by bioresponsive controlled
release, especially via glucose-responsive release, is a
challenging issue. Here, we report magnetic mesoporous silica
(MMS)-based drug delivery nanocarrier that can target specific
cell and release drug via glucose-responsive gate. The design
involves synthesis of MMS functionalized with phenylboronic
acid and folate. After drug loading inside the pores of MMS,
outside of the pores are closed by dextran via binding with
phenylboronic acid. Dextran-gated pores are opened for drug
release in the presence of glucose that competes binding with
phenylboronic acid. We found that tolbutamide and
camptothecin loaded MMS can target beta cells and cancer
cells, respectively, release drugs depending on bulk glucose
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concentration and offers glucose concentration dependent cytotoxicity. Developed functional MMS can be used for advanced
drug delivery applications for diabetes and cancers with more efficient therapy.
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Nanometer size mesoporous silica particles have been
extensively used as potential drug delivery carrier."”
They can be synthesized with controlled pores size,
incorporated with other nanoparticles, pores and surfaces can
be functionalized with desired molecules, and the overall size
can be controlled from nanometer to micrometer.' >
Compared with traditionally used nanogels and polymer-
based drug delivery systems these mesoporous silica are
mechanically hard, biocompatible, small in size with option of
colloidal form and with high drug loading capacity.® Variety of
drugs, genes, and proteins are delivered in vitro and in vivo
using these mesoporous silica nanocarriers.' > In addition,
mesoporous particles have been transformed into advanced
drug delivery carrier suitable for controlled and responsive
delivery, targeted and controlled delivery, delivery of multiple
drugs, and simultaneous delivery and imaging.'

Common approach for porous material-based controlled
drug delivery is to design a gate that can be opened under
certain physical/chemical/biological conditions.” Mesoporous
silica has been synthesized with the pore surface capped by
nanoparticle,’ macrocyclic compound,” dendrimer,® polymer,
and biomacromolecule,'® and the surface of the pores can be
opened for drug release in response to different external or
internal stimulus. The external stimuli can be temperature,’
light,6 magnetic field,"! or molecules'? and internal stimuli can
be pH,13 enzyme,14 reducing agent,15 or competitive mole-
cule.’® In addition to that, mesoporous silica has been surface
functionalized with folic acid,'"” RGD peptide,"> antibody,'®
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carbohydrate," epidermal growth factor,”® and aptamer'® for
cell specific targeting/delivery. Nanoparticle incorporated
mesoporous silica has been used for simultaneous monitoring
and responsive release of drugs.>® Despite the significant
progress of the field, successful translation of these drug
delivery systems from bench to bedside is limited by complex
synthetic design and practical utility of reported stimuli
responsive systems.”!

One important issue is to design carrier material that can
target organ/cell and then deliver drug depending on biological
requirement.21 This type of targeted delivery, associated with
bioresponsive release, can greatly improve the efficacy of drug
performance as it can completely suppress the side effect of
drugs. However, design and synthesis of bioresponsive
nanocarrier is more challenging as local bioenvironment varies
depending on cell/organ. Limited examples of bioresponsive
mesoporous silica-based drug delivery carrier include metal-
oenzyme responsive gate opening and drug delivery to cancer
cell,”” oligonucleotide responsive gate openin% and drug
delivery,'® glucose responsive drug delivery,''®**72¢ and
other enzyme responsive drug delivery.'* In particular, glucose
responsive drug delivery has great potential in diabetes®” and
cancer treatment.”® This is because diabetes is associated with
high blood sugar along with inefficient insulin production by
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pancreas and rec;uires the glucose dependent drug targeting to
respective cells.”” Similarly, carbohydrate-based transporters are
overexpressed in certain types of cancer cells, and thus, glucose-
responsive targeting/delivery may have better therapeutic
performance.”® Thus, attempts have been made to prepare
glucose responsive gate in mesoporous silica platform,'>'®*!~2¢
For example, glucose oxidase-based gate has been used for
glucose responsive release of dye,** gluconic acid-modified
insulin-based gate has been used for glucose responsive release
of insulin,'® and glycoprotein-based 5gate has been used for
glucose responsive release of dye’> All these approaches
employ protein, enzyme, or functional insulin and thus have
very limited practical applications.

Herein, we report mesoporous silica-based multifunctional
nanocarrier, which can target and release drug via glucose-
responsive gate opening. In addition, a magnetic nanoparticle
inside a mesopore can be used for magnetic manipulation and
imaging-based tracking of nanocarrier. Compared to earlier
approaches where glucose-responsive gates are prepared by
protein or enzyme, here a gate is prepared by low cost and
stable dextran molecule. Dextran-based gating has two
additional advantages. It provides polyethylene glycol like
functionalization on particle surface that minimizes nonspecific
binding interaction with bioenvironment and specifically target
cells having glucose transporter. This nanocarrier target
pancreatic beta cells and offers bulk glucose concentration
dependent cellular delivery of diabetes type II drug. Folate
functionalization of this nanocarrier targets cancer cells having
folate receptors and offers glucose-responsive cellular delivery
of cancer drug.

B EXPERIMENTAL SECTION

Materials and Reagents. [3-(2-Aminoethylamino)propyl] trime-
thoxysilane (AEAPS), tetraethoxysilane (TEOS), tetramethylamonium
hydroxide (25 wt % in methanol, TMAH), folic acid, camptothecin,
tolbutamide, and dextran (M, 6000 and 100000) were all purchased
from Sigma—Aldrich and used as received. 3-Carboxyphenylboronic
acid and 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide hydro-
chloride (EDC) were purchased from TCI Chemicals and used as
received. Cetyltrimethylammonium bromide (CTAB) was purchased
from Alfa Aesar. N-hydroxysuccinimide (NHS) was purchased from
Fluka. Ammonia (25 wt %) and succinic anhydride were purchased
from Merck.

Preparation of Silica Coated Hydrophilic y-Fe,O; Nano-
particle. Hydrophobic y-Fe,O; has been synthesized by reported high
temperature thermal degradation method.”® Next, 1 mL of as
synthesized y-Fe,O; was purified by conventional precipitation-
redispersion method and finally dissolved in 10 mL toluene. Next, 5
mL 0.01 M AEAPS and S mL 0.01 M TMAH were added to this
solution under stirring condition and heated to 70 °C. Heating was
continued for 45—60 min, and precipitated particles were successively
washed with toluene and ethanol. Finally, solid particles were dissolved
in 2 mL water followed by addition of few drops of 0.01 M acetic acid.

Synthesis of Primary Amine Terminated Magnetic Meso-
porous Silica Particle (MMS). Primary amine terminated MMS has
been synthesized using previously reported method.***> In brief, 2
mL solution of silica coated y-Fe,O; was mixed with 45 mL distilled
water and S mL CTAB (0.015 M) solution under the stirring
condition. After 15 min, 1.5 mL NH; solution (25%) was added. Next,
0.5 mL ethanolic solution of TEOS (300 uL TEOS dissolved in 2.5
mL ethanol), 2 mL ethanolic solution of AEAPS (50 ulL AEAPS
dissolved in 10 mL ethanol), and 2 mL dimethylformamide were
added in a stepwise manner with S min intervals, and the whole
solution was kept under magnetic stirring condition. After 3 h of
reaction, excess ethanol was added to the reaction mixture for particle
precipitation. Precipitate was separated from the reaction mixture by

centrifugation and washed three times with ethanol and three times
with water. Next, particles were dispersed to ethanolic solution of
NH,NO; (250 mg NH,NO; dissolved in 25 mL ethanol) by
sonication and whole solution was heated to 80 °C for 2 h under
stirring condition and the process was repeated twice. This process
extracted CTAB present inside the MMS pores. Finally, the particles
were dispersed in water and used as stock solution for further use.

Synthesis of Phenylboronic Acid Functionalized MMS
(MMS-PBA). MMS-PBA was synthesized from above amine function-
alized MMS by EDC-NHS coupling reaction. At first 40 mg of 3-
carboxyphenylboronic acid (~0.25 mmol) was dissolved in MES (2-
(N-morpholino)ethanesulfonic acid) buffer of pH 7.0. Next, SO mg
EDC (~0.25 mmol) and 50 mg NHS (N-hydroxysuccinimide) were
added to this solution under stirring condition. After 30 min, this
solution was mixed with 10 mL of MMS solution and the whole
solution was stirred for another 24 h. Next, particles were separated
from solution by centrifugation and washed with water and DMF for
4—6 times. Next, particles were dispersed in dry 4 mL DMF, and then,
20 mg succinic anhydride was added and stirring was continued for
overnight. Next, particles were separated from solution by high speed
centrifugation and washed with DMF for three times for the removal
of unreacted reagent. Finally, MMS-PBA particles were dispersed in 10
mL water.

Synthesis of Folic Acid Functionalized MMS-PBA (FA-MMS-
PBA). Folate-NHS has been synthesized using our reported method.*®
Next, 2—4 mg of folate-NHS was dissolved in 0.2 mL dimethylfoma-
mide. In a separate vial 10 mL of aqueous solution of phenylboronic
acid functionalized MMS was mixed with 1 mL sodium bicarbonate
buffer of pH 10. Next, all the folate-NHS solution was added to this
solution and whole solution was stirred for another 4—6 h. Finally,
particles were collected from solution by centrifugation, washed 5—6
times with bicarbonate buffer solution and dissolved in 5§ mL water.
This FA-MMS-PBA solution was stored at 4—8 °C for further use.

Preparation of Camptothecin Loaded FA-MMS-PBA and
MMS-PBA. About 200 mg of solid FA-MMS-PBA or MMS-PBA
particles was suspended in 4 mL DMSO. In a separate vial 10 mg
camptothecin was dissolved in 1 mL DMSO and added to particle
solution. Stirring was continued for 24 h under dark conditions, and
then, particles were separated followed by extensive washing with PBS
buffer solution of pH 7.4 to remove any adsorbed camptothecin.
Finally, the particles were dispersed in water.

Preparation of Tolbutamide Loaded MMS-PBA. About 200
mg solid MMS-PBA particles were suspended in 4 mL DMSO. In a
separate vial 200 mg tolbutamide was dissolved in 2 mL DMSO and
mixed with this solution. The stirring was continued for 24 h under
dark followed by extensive washing with PBS buffer of pH 7.4 to
remove the physisorbed tolbutamide. Finally, the particles were
dispersed in 5 mL water.

Preparation of Dextran Functionalized MMS-PBA (MMS-
dextran) and FA-MMS-PBA (FA-MMS-dextran). Drug loaded
MMS-PBA/FA-MMS-PBA particles were dispersed in PBS buffer of
pH 7.4, mixed with 4 mL aqueous solution of dextran (25 mg/mL)
and kept under stirring condition for 3 h. Next, particles were
separated, washed with PBS buffer of pH 7.4 for the removal of
unbound dextrans. Resultant drug loaded MMS-dexran/FA-MMS-
dextran was redispersed in aqueous solution for further application.

Measurement of Drug Loading Efficiency. Typically, S mg of
camptothecin/tolbutamide loaded particles were dispersed in con-
centrated HCI and then neutralized by NaOH and final volume was
maintained to 2 mL. Next, UV—visible spectrum of this solution was
measured, and from the calibration curve of camptothecin, we get the
concentration of camptothecin. Similarly, we measured the tolbuta-
mide concentration. Typical loading value of camptothecin and
tolbutamide was 2—5 ug per mg of material.

Drug Release Study. Drug loaded particles were dispersed in 24
mL PBS buffer solution of pH 7.4 and divided into four parts, each
having 8 mL dispersion. Next, 2 mL water or glucose solution was
mixed to each vial under the stirring condition such that the final
concentration of glucose was 0, 4, 10, and 50 mg/mL. Next, 0.5—1.0
mL of aliquot was collected at different time interval and centrifuged
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Scheme 1. Synthesis Strategy for Dextran-Gated Multifunctional Mesoporous Silica Nanocarrier and the Mechanism of

Glucose-Responsive Drug Release
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Figure 1. Transmission electron microscopic image of magnetic mesoporous silica nanoparticle (MMS) at high and low magnification.

to separate the particles. The amount of released camptothecin/
tolbutamide was monitored by measuring their fluorescence/
absorbance in supernatant solution. Camptothecin fluorescence at
450 nm (under 370 nm excitation) and tolbutamide absorbance at 237
nm were used for measurements.

Drug Delivery and Imaging Study. Drug delivery study was
performed using HeLa, RIN-SF, and CHO cell lines. Cells were
cultured in a tissue culture flask and then subculture in 24 well plates
with RPMI culture medium. Next, attached cells along with 0.5 mL
RPMI culture medium was mixed with 0.05—0.1 mL drug loaded
solution of functional MMS particles (S mg/mL) and placed in a CO,
incubator at 37 °C for 1—3 h. Next, cells were washed with PBS buffer
of pH 74 to remove the unbound particles and mixed with fresh

culture medium. Finally, cells were imaged under fluorescence
microscope using UV excitation to observe the drug uptake.

Prussian Blue Staining. Functional MMS labeled cells were
washed with PBS buffer of pH 7.4 to remove the unbound particles
and mixed with 4% paraformaldehyde for 30 min for fixing. After two
additional washing with PBS 7.4 buffer, cells were incubated for 1 h
with 4% potassium ferrocyanide and 4% HCI solution. Finally, cells
were washed with PBS buffer of pH 7.4 and imaged under microscope.
Blue color coming from the cells indicates the intracellular delivery of
functional MMS.

MTT Assay. Cells were cultured in 24 well plate along with RPMI
or glucose free RPMI media and attached cells were incubated with
drug loaded functional MMS for 24 h. Next, S0 uL of freshly prepared
MTT solution (5 mg/mL) was added to the each well plate and
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Figure 2. (a) Appearance of red emission after adding alizarin red S to MMS-PBA (blue spectrum). Red and black spectra indicate emission from
pure alizarin red S and MMS-PBA, respectively. (b) UV—visible absorption spectra of dispersion of MMS-PBA before and after folate
functionalization. Appearance of 370 nm band indicates folate functionalization. (c) UV—visible absorption spectra of MMS-PBA before and after
functionalization with FITC-dextran. Characteristic absorption band for FITC at 492 nm suggest the functionalization with dextran. (d) Surface
charge of various functional MMS at PBS buffer solution of pH 7.4, as observed via zeta potential measurement.

incubated for another 3 h. Next, supernatant was removed carefully
and the violet formazan was dispersed in DMF—water mixture and the
absorbance was measure at 570 nm using microplate reader. Cell
viability was obtained considering 100% cell viability for the control
sample without any materials.

B RESULTS AND DISCUSSION

Synthesis and Characterization of Dextran-Gated
Magnetic Mesoporous Nanoparticle. Scheme 1 shows
the steps involve in synthesis of nanocarrier and the mechanism
of glucose-responsive drugs release. Monodisperse iron oxide
nanoparticles are synthesized by high temperature thermal
degradation methods and transformed into silica coated water-
soluble nanoparticle.29 Next, primary amine terminated
magnetic mesoporous silica nanoparticle (MMS) is synthesized
in the presence of silica coated iron oxide nanoparticle, using
CTAB-based template.®® Resultant MMS is isolated by
centrifugation followed by removal of CTAB. MMS is then
functionalized with carboxyphenylboronic acid via EDC
coupling and in some cases also functionalized with folate
using NHS-folate.®> Rest of the primary amines are then
reacted with succinic anhydride to provide carboxylate
functional groups. The functional MMS is then loaded with
drug followed by incubation with dextran of molecular weight
100 000. At this stage, polymeric dextran binds with phenyl-
boronate via multiple 1,2-diol groups,**** closes the surface of
all pores and thus blocks the drug release. The pores are then
opened for drug release via replacement of dextran by glucose
having single 1,2-diol group that compete binding with
phenylboronic acid.

Structure of typical MMS is shown in Figure 1. As
synthesized y-Fe,0; nanoparticles are of 5—6 nm in size and
MMS are of 60—80 nm size (Figure 1 and Supporting
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Information, Figure S1). The porous structure of MMS and
incorporation of y-Fe,O; nanoparticles inside silica matrix is
clearly observed from TEM image. The XRD, surface area
measurement, and magnetic measurement study show that as
synthesized y-Fe,O; nanoparticles retain their structure after
incorporation into silica matrix>° (Supporting Information,
Figure S2—S5). Nitrogen adsorption/desorption isotherm and
corresponding pore size distribution of the MMS show the
characteristic type-IV isotherm commonly observed for
mesoporous materials with the pore size of 2.1 nm, pore
volume of 0.15 cc/g, and surface area in the range from 150 to
300 m*/g**~** (Supporting Information, Figure S3). The
surface area and pore volume of drug loaded MMS-dextran
becomes 95 m?/g and 0.05 cc/g, respectively (Supporting
Information, Figure S4). Blocking of pores by drug loading and
capping of pores by dextran are responsible for such a decrease
of surface area and pore volume.

Functionalization of MMS has been characterized at each
step via spectroscopic and thermogravimetric analysis. (Figure
2 and Supporting Information, Figure S6—S8) Phenylboronic
acid functionalization of MMS (MMS-PBA) has been
characterized by alizarin red S test,*® fluorescence and FTIR
study. Alizarin red S reacts with boronic acid giving
fluorescence at 590 nm, which is otherwise nonfluorescent. In
addition phenylboronic acid itself has fluorescence at 340 nm
and similar fluorescence is observed in MMS-PBA (Supporting
Information, Figure S6). FTIR study also shows respective
vibration signals of phenylboronic acid after functionalization of
MMS. (Supporting Information, Figure S7) Similarly, folic acid
functionalization of MMS-PBA (FA-MMS-PBA) is confirmed
from the appearance of typical absorbance band of folate after
functionalization (Figure 2b). Dextan functionalization of
MMS-PBA (MMS-dextran) or FA-MMS-PBA (FA-MMS-
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Figure 3. (a) UV—visible and fluorescence spectrum of camptothecin loaded FA-MMS-dextran. Inset shows the digital image of drug loaded
colloidal solution under normal and UV light. (b) UV—visible spectrum of tolbutamide loaded MMS-dextran. Inset shows the digital image of drug

loaded colloidal solution under normal light.
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Figure 4. (a) Glucose-responsive release of camptothecin from camptothecin loaded colloidal FA-MMS-dextran at pH 7.4, under different
concentration of glucose. (b) Glucose-responsive release of tolbutamide from tolbutamide loaded MMS-dextran at pH 7.4, under different
concentration of glucose. [I, 0 mg/mL; II, 4 mg/mL; III, 10 mg/mL; IV, SO mg/mL].

dextran) via formation of cyclic ester between 1,2-cis diol of
dextran and boronate group has been confirmed using a control
experiment with FITC-dextran. Incubation of FITC-dextran
with MMS-PBA, followed by extensive washing/separation of
unreacted FITC-dextran, still shows the absorption band of
FITC suggesting that FITC is attached with MMS-PBA. This
result suggests that dextran is covalently attached with MMS-
PBA (Figure 2c). Dynamic light scattering study shows that
average hydrodynamic size of the most of the functional MMS
varies between 100 and 160 nm but increased significantly to
190 nm after dextran functionalization. This size increase is
expected considering the fact that dextran provide extended
layer around particle surface. Zeta potential measurement
shows that MMS changes it surface charge from positive to
negative after converting into MMS-PBA and remain negative
after functionalization with folate, carboxylate, and dextran
(Figure 2d). The amounts of phenylboronic acid and dextran
attached to the MMS have been estimated from thermogravi-
metric analysis (Supporting Information, Figure S8). It shows
that ~2.5 wt % of phenylboronic acid is present in MMS-PBA
and ~7 wt % dextran is present in MMS-dextran. We have also
performed TEM study to observe the dextran coating in MMS-
dextran. We found that dextran layer around MMS is hard to
visualize due to poor contrast and in addition the porous
structure of silica becomes invisible after dextran coating
(Supporting Information, Figure S9). We presume that
presence of dextran makes this effect and may be an indirect
evidence of dextran capping.

Glucose-Responsive Drug Release. Drug loading can be
performed by simple incubation of MMS-PBA/FA-MMS-PBA
with drug solution followed by separation of free drug and
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finally incubation with dextran solution to close the pore
surface. This results formation of dextran coated MMS-PBA
(MMS-dextran) and dextran coated FA-MMS-PBA (FA-MMS-
dextran) with loaded drug. We have selected two drugs namely
camptothecin and tolbutamide as representative of anticancer
and diabetes type II drugs, respectively. Figure 3 shows the
colloidal solution of camptothecin loaded FA-MMS-dextran
and tolbutamide loaded MMS-dextran. Results show that MMS
retains colloidal stability after drug loading and in addition
associated with the optical property of drug. For example,
camptothecin loaded MMS shows typical absorption and blue
emission of camptothecin and tolbutamide loaded MMS shows
the absorption property of tolbutamide.

Glucose-responsive release of drug from drug loaded MMS-
dextran/FA-MMS-dextran is shown in Figure 4. Glucose has
one 1,2 cis diol that competes binding with phenylboronic acid
and thus removes the larger size dextran from the pore surface.
This processes of pore opening leads to the release of drugs
from inside MMS to the bulk solution. Result of release profile
of camptothecin and tolbutamide is shown in Figure 4. It shows
that in absence of glucose camptothecin/tolbutamide release in
6—12 h time is only 10—20%, indicating that dextran has
capped the pores efliciently and has blocked the drug release. In
contrast, when glucose is present in bulk solution, the rate of
drug release is significantly enhanced. In addition the drug
release rate increases with the increasing glucose concentration.
This result indicates that glucose can successfully open the pore
surface by replacing dextran and offers the drug release.

Targeted and Glucose-Responsive Cellular Delivery of
Drug. Targeted cellular delivery of drug has been performed
using drug loaded MMS-dextran and FA-MMS-dextran.
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Figure S. (a) Evidence of targeted cellular delivery of camptothecin using FA-MMS-dextran. HeLa or CHO cells are incubated with camptothecin
loaded FA-MMS-dextran for 1 h, and then, bright field and fluorescence images of cells are collected and merged. Blue fluorescence of camptothecin
inside cells indicates that it has been delivered to HeLa cells but not to CHO cells. (b) Evidence of targeted cellular delivery of camptothecin using
MMS-dextran. RIN-SF or CHO cells are incubated with camptothecin loaded MMS-dextran for 3 h, and then, bright field and fluorescence images of
cells are collected and merged. Blue fluorescence of camptothecin inside cells indicates that it has been delivered to RIN-SF cells but not to CHO
cells.
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Figure 6. Cytotoxicity of camptothecin loaded FA-MMS-dextran (FA-MMS-dextran-cpt) toward HeLa cells after 24 h incubation in the presence of
conventional cell culture media with glucose (a) and in glucose-free cell culture media (b), showing that drug loaded particle offers bulk glucose
concentration dependent cell viability.

Different cell lines have been used for this study that includes overexpress folate receptor (Figure S). Iron oxide present in
HeLa cell with overexpressed folate receptors, RIN-SF cell with MMS can be used to visualize the localization of the MMS via
overexpressed glucose transporter and CHO cell as control cell. Prussian blue test of labeled cells. It is clearly observed that
The fluorescence property of camptothecin has been used to HeLa cells gives positive Prussian blue test as compared to
monitor the cellular delivery of this drug. The cell culture media CHO cells, suggesting that MMS specifically label the HeLa
used in these studies have glucose concentration of 2—4 mg/ cells prior to deliver camptothecin (Supporting Information,
mL and thus, glucose-responsive drug release occurs as shown Figure S10). Similarly, MMS-dextran can selectively deliver
in Figure 4. In some control experiments, glucose-free media camptothecin to RIN-SF cells, as observed from intense blue
has also been used. Results show that FA-MMS-dextran emission of camptothecin from cell (Figure S). However, it
selectively delivers camptothecin to HeLa cells having overex- cannot deliver camptothecin to CHO cells that do not have
pressed folate receptor but not to CHO cell that does not glucose transporter. We have also performed imaging study
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using fluorescein loaded MMS-dextran and observed the green
emission of fluorescein from cell, suggesting delivery of
fluorescein to RIN-SF cells (Supporting Information, Figure
S11). Similar type of delivery study of tolbutamide is performed
with RIN-SF cells but imaging of tolbutamide is not performed
as it does not have visible fluorescence.

Impact of these drug delivery carriers toward cytotoxicity has
been estimated via MTT assay by incubating the drug loaded
MMS with cells for 24 h (Figure 6). The cytotoxicity of
camptothecin loaded FA-MMS-dextran toward HeLa cells has
been tested and compared with MMS-dextran and FA-MMS-
dextran. The results show that cells maintained >75% viability
even at highest tested concentration of 400 yug/mL for different
functional MMS but in case of camptothecin loaded FA-MMS-
dextran the cell viability decreases up to 40%. We have also
performed the similar cytotoxicity study in glucose-free
medium, which shows >70% cell viability. This result clearly
indicates that camptothecin loaded FA-MMS-dextran induces
cytotoxicity in the presence of glucose but does not induce
cytotoxicity in absence of glucose. This result also indicates that
functional MMS has no significant cytotoxic effect on the cell
and can be used as drug delivery vehicle to induce cellular
toxicity. Similarly, RIN-SF cells are incubated with tolbutamide
loaded MMS-dextran and drug-free MMS-dextran for 24 h to
investigate the cytoxicity (Supporting Information, Figure $12).
Result shows that cells maintain >85% viability in both cases.
This result is reasonable considering the fact that tolbutamide is
known to activate pancreatic fS-cells for enhanced insulin
secretion without significant toxicity.>”*® This result indicates
that MMS-dextran with tolbutamide is nontoxic toward the
pancreatic f-cells and can be used as safe drug delivery carrier
for enhanced insulin secretion.””*

Application Potential of Dextran-Gated Drug Delivery
Carrier. We have tested dextran-based capping of pores using
two different dextran of molecular weight of 6000 and 100 000
Da. We found that drug release is relatively rapid for low
molecular weight dextran and less dependent on bulk glucose
concentration. Thus, we have preferred using dextran of
molecular weight of 100 000 Da. The better performance for
high molecular weight dextran is due to its larger hydrodynamic
diameter that acts as good pore blocking agent than lower
molecular weight dextran. Targeted delivery and glucose-
responsive drug release are two important aspects of presented
MMS-based drug delivery. Offered designs have cell targeting
property as MMS-dextran can target cells having glucose
transporters and FA-MMS-dextran can target cells having
overexpressed folate receptors. Glucose-responsive drug release
property of MMS-dextran has been demonstrated from bulk
glucose concentration dependent drug release to respective
cells followed by enhanced cytotoxicity. In addition to that,
magnetic nanoparticle present inside MMS can be used for
magnetic manipulation, magnetic-based hyperthermia applica-
tion and imaging-based monitoring of MMS localization.' ~

Designed materials can be used for advanced drug delivery
applications in diabetic and cancer related application where
targeted and glucose-responsive dru‘g delivery may provide
more powerful therapeutic effect.™** Diabetes is associated
with high blood sugar and inability of pancreas to produce
insulin, and it requires the targeting to respective cells followed
by drug delivery depending on the level of blood glucose.**~**
In addition, carbohydrate-based transporters are overexpressed
in certain types of cancer cells and thus targeting followed by
glucose-responsive delivery may have better therapeutic

performance.**~* Although several glucose-responsive drug
delivery approaches have been developed, they are involved
with unstable enzyme or protein-based gating, which have
limited practical applications. In contrast, our approach used
dextran-based gating that is much more stable, cost-effective,
and simple.

B CONCLUSIONS

In conclusion, we have synthesized dextran-gated mesoporous
silica colloid, which can load drug, target specific cells, and
deliver drug depending on bulk glucose concentration. The
design involves synthesis of mesoporous silica functionalized
with phenylboronic acid so that pore surface can be capped
with dextran via the binding of 1,2-diol groups with
phenylboronic acid. The pore of phenylboronic acid function-
alized particles can be loaded with drugs followed by dextran-
based closing of pore surface, and then, pores can be opened
for drug release by glucose that competes for binding with
phenylboronic acid. Particles can be further functionalized with
other affinity molecules for specific targeting. It is shown that
dextran-gated particles can target pancreatic beta cells and
offers glucose-responsive delivery of diabetic drug tolbutamide.
Similarly, dextran-gated and folate functionalized particles can
target specific cancer cells and offer glucose-responsive drug
delivery and toxicity. Developed strategy can be used for
advanced drug delivery applications for diabetes/cancers with
more efficient therapy.

B ASSOCIATED CONTENT
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Details of characterization of mesoporous materials, character-
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