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Polyvalent Mesoporous Silica Nanoparticle-Aptamer
Bioconjugates Target Breast Cancer Cells

Le-Le Li, Qian Yin, Jianjun Cheng,* and Yi Lu*

This paper is dedicated to the memory of Prof. Victor S.-Y. Lin.

Spatiotemporal control over the delivery of therapeutic agents is an out-
standing challenge to cancer treatment. By taking advantage of recent
advances in DNA aptamer biology and mesoporous silica nanotechnology,
we report a general approach to design and fabricate controlled release drug
delivery systems that are able to effectively target cancer cells. Specifically,
polyvalent mesoporous silica nanocarriers-aptamer bioconjugates were con-
structed; the high-surface-area nanoporous core allowed high drug loading
and the surface-conjugated aptamer facilitated the nanoparticle targeting

of nucleolin overexpressed MCF-7 cells. The efficient cancer-cell-specific
fluorescent imaging and drug delivery of the bioconjugates outline the great

potential for therapeutic applications.

1. Introduction

Targeted drug delivery mediated by multivalent nanomedicines
is expected to change the landscape of oncology as it allows a
high therapeutic dose to be delivered to the target site and miti-
gate undesired side effects of conventional chemotherapy.!! In
the past few years, mesoporous silica nanoparticle (MSN) has
emerged as a promising nanomedicine platform because of its
excellent biocompatibility, tailorable pore size with a diameter
of 2-50 nm allowing for the storage and controlled release of
sensing, imaging or therapeutic agents, considerable surface
areas and large pore volume for loading of cargos with high
efficiency, and tunable particle size between 50 and 150 nm
for efficient cellular uptake and trafficking.”! There has been
tremendous interest of developing smart MSN nanocarriers
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that are able to respond to either external
(e.g., light and magnetic field) or internal
stimuli (e.g., redox, enzymes and pH).0!
Most  recently, surface-functionalized
MSNs were also used for selectively
targeting of malignant cells using cancer-
specific agents.[! The combination of well-
established knowledge from mesoporous
materials with the current experience in
biotechnology will be an important step
in realizing the full potentials of MSNs as
theranostic nanomedicines.'

Aptamers, single-stranded oligonu-
cleotides that can bind a wide array of
biological targets with high affinity and
specificity comparable to those of anti-
bodies,>% emerged as new targeting moieties for therapeutic
applications. They are obtained through a combinatorial
biology technique called systematic evolution of ligands by
exponential enrichment (SELEX). Being nonimmunogenic,
DNA aptamers offer distinct advantages over antibodies as
convenient and evolvable targeting groups for drug delivery
because of their smaller size, higher ratio of target accumula-
tion, easier production without the use of animal, and higher
in vivo stability.”! However, the polyanionic nature of the
aptamers makes it difficult for penetrating through the cell
membranes. This limitation can be overcome by function-
alizing the aptamers onto nanocarriers. Aptamer has been
actively used to functionalize polymeric nanoparticles with
various compositions, structures, and porosities to realize
targeted drug delivery and diagnostic imaging.'*® Recently,
DNA-functionalized inorganic nanoparticles have also been
used for drug delivery.1% Since such used inorganic nano-
particles are non-porous, drugs have to be attached to the sur-
face and the drug loading capacity was limited.'”) Herein, we
introduce the cancer-specific aptamer into MSN-based nano-
carriers to construct an efficient imaging and targeting drug
delivery platform with several attractive features (Figure 1a):
(1) due to the outstanding characteristics of porosity and bio-
compatibility, MSNs core are able to incorporate various drugs
into the mesopores; (2) their silanol-containing surface can be
easily functionalized to control the drug release; (3) multiple
aptamers on external surface of MSNs resulted in multiva-
lent effect for an enhanced specific binding and cell uptake;
(4) complementary DNA (cDNA) could reversibly regulate cell
targeting of MSN-aptamer bioconjugates.
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Figure 1. (a) Schematic illustration of the structure of the polyvalent
nucleic acid aptamer functionalized mesoporous nanocarriers and the
targeted delivery of doxorubicin to breast cancer cells. (b) Schematic
illustration of the preparation procedure of the targeted delivery system.

2. Results and Discussion

2.1. Design, Synthesis and Characterization of Mesoporous
Silica Nanoparticle-Aptamer Bioconjugates

To obtain aptamer-functionalized MSN nanocarriers for cancer-
specific drug delivery, we designed a synthetic scheme of co-
condensation of phosphonate groups into the internal channels
of MSNs, modification of the surface of resulting MSN-Pho
with a amine group and subsequent post-grafting of a thiolated
DNA aptamer onto the external MSN surface (Figure 1b). The
internal mesopores was modified with phosphonate groups
in order to load positively charged doxorubicin (DOX) drug
molecules through a proton-sensitive electrostatic binding
interaction.'!] The MSNs modified with phosphonate groups
(MSN-Pho) were first synthe-sized by following a base-catalyzed
co-condensation procedure, which allow for a homogeneous
distribution of organic groups on the pore surface.’® The
resulting MSN-Pho that contains MCM-41-type channel-like
mesoporous structure was confirmed by TEM images and X-ray
diffraction (Figure S1 and S2, respectively). The N, adsorption—
desorption isotherms of MSN-Pho further revealed a type IV
curve with a specific surface area of 1040 m?/g and an average
pore diameter of 2 nm (Figure S3).

To provide cancer-targeting capability to MSNs, we chose
a 26-mer DNA aptamer AS1411, the first aptamer to enter
clinical oncology trials with promising antitumor activity and
minimal systemic toxicity.'?l The AS1411 has been shown to
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be highly specific to interact with nucleolin (NCL),['3 a protein
that is overexpressed on the plasma membrane of several types
of cancer cells, including breast cancer cells such as MCF-7
and MDA-MB-231.'"" The sequence of the aptamer used in this
study (5 -GGT GGT GGT GGT TGT GGT GGT GGT GGT TTT
TTT TTT-thiol-3, called the NCL-aptamer) contains ten extra T
bases at the 3 -terminus to ensure that the binding domains
of the aptamer extended away from silica surface to minimize
non-specific interactions with MSN while maximizing specific
targeting of cancer cells. In addition, the NCL-aptamer contains
a thiol group at the 3 -end to allow conjugation to the MSNs.

To functionalize the MSN-Pho with NCL-aptamer, the external
surface of as-synthesized MSN-Pho was first modified with
amine groups through reacting with 3-aminopropyltriethoxysi-
lane (APTES). The grafted APTES on MSNs was estimated to
be 1.1 mmol/g SiO, based on elemental analysis. The resulting
MSN-Pho-NH, was reacted with a bifunctional cross-linker sul-
fosuccinimidyl-4-(N-maleimidomethyl) cyclohexane-1-carboxy-
late (Sulfo-SMCC) which contains an amine-reactive N-hydrox-
ysuccinimide functional group (NHS ester) and a sulfhydryl
(thiol)-reactive maleimide group. The maleimide-terminated
MSNs were subsequently conjugated with the 3 -thiol-modified
DNA aptamer to produce MSN-Pho-Apt, which was confirmed
by the decrease of typical absorbance of DNA at 260 nm in
the supernatant after the conjugation (Figure S4). The control
experiment showed that the cleavage of DNA aptamer by TCEP
to obtain free sulfthydryl groups was the key step for modifica-
tion of maleimide-functionalized MSNs through the sulfhydryl-
maleimide coupling reaction. This experiment further con-
firmed that the aptamer was attached to the MSNs through
covalent bond but not via nonspecific interactions (Figure S4).
The amount of immobilization was determined to be 1.5 mol/g
SiO, based on UV/Vis spectroscopy. The successful conjuga-
tion of the NCL-aptamer onto MSNs was also confirmed by the
appearance of the characteristic asymmetric stretching mode of
the imidyl group (1710 cm !) and the amide vibrations (1550 cm
1) in the FTIR spectroscopy (Figure S5).

The TEM image of the resulting MSN-Pho-Apt shows that
it retained highly ordered mesoporous structure with particle
diameters of about 140 nm (Figure 2a). Zeta potential measure-
ments (Figure 2b) showed that MSN-Pho nanoparticles were
highly negatively charged (—-38.1 mV) and became slightly pos-
itively charged (10.1 mV) after amine modification. The nano-
particles became highly negatively charged again after their sur-
face was conjugated with DNA aptamers (—38.5 mV). To test the
functionality of the DNA aptamer on the MSNs, the MSN-Pho-
Apt were incubated with 5-nm gold nanoparticles (AuNPs) that
were modified with thiolated complementary DNA (cDNA). As
shown inFigure 2c, MSN-Pho-Apt was surrounded by a number
of AuNPs, forming the satellite-like nanostructure. As a com-
parison, the assembly of the nanoparticles was not observed
when AuNPs was functionalized with non-complementary DNA
(Figure 2d). These results indicated that DNA molecules were not
only covalently functionalized to MSN-Pho-Apt in a large number
but also retained their specific hybridization property to targets.
The drug loading was accomplished by soaking MSN-Pho-Apt in
a solution of 3.4 mM DOX to allow the drug molecules to dif-
fuse into the pores. The loading percentage by weight of DOX in
MSN-Pho-Apt was found to be 4.6%. Next, we investigated the
in vitro drug release kinetics of the DOX loaded MSN-Pho-Apt
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Figure 2. (a) TEM micrograph of the nanocarrier MSN-Pho-Apt. (b) Zeta
potential of MSN-Pho, MSN-Pho-NH,, and MSN-Pho-Apt. TEM images
of MSN-Pho-Apt after assembly with 5 nm AuNPs that was functionalized
with (c) cDNA and (d) non-complementary DNA. (e) The time-dependent
release profile of DOX from drug loaded MSN-Pho-Apt in phenol-red-free
DMEM with different pHs.

in cell growth medias at pH 5.0 and 7.4 (Figure 2e). As expected,
the drug release rate was pH-dependent, displaying increased
release kinetics at increased acidities. The phosphonate group on
the surface of mesopores was protonated with decreased pH so
that the electrostatic interaction between the carriers and DOX
was weakened, leading to more DOX released."! Given the
known high acidity in the tumor interstitium and in the cellular
endosomes, such pH-responsive drug release in our system pro-
vides an additional benefit in cancer therapy.

2.2. Targeting Breast Cancer Cells and Anticancer Efficacy

To test the targeting specificity of the nanocarriers, fluorescein
attached mesoporous silica nanoparticle was prepared by similar
co-condensation method. The resulting MSN-FITC was used for

Adv. Healthcare Mater. 2012,
DOI: 10.1002/adhm.201200116

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advhealthmat.de

the DNA functionalization, and then incubated separately with
MCF-7 cells (NCL+) at 37 C for 4h. Subsequent analysis using
confocal microscopy (Figure 3a) revealed that samples exposed
to MSN-FITC bearing NCL-aptamer (MSN-FITC-Apt) showed
excellent binding and internalization of MSN-FITC-Apt into
the MCF-7 cells. The fluorescence was observed predominantly
in the cytoplasm of MCF-7 cells instead of nucleus, which was
consistent with the projected receptor-mediated endocytosis
mechanism. In comparison, the MSN-FITC with no exterior
modification and the MSN-FITC modified with a control DNA
of a randomized sequence (MSN-FITC-Rdm) showed min-
imum uptake of the MCF-7 cells, confirming the role of the
specific aptamer sequence in cell targeting. To validate that the
targeting was indeed mediated by NCL-aptamer, we performed
similar experiments in the LNCaP cells (NCL-). MSN-FITC-Apt
exhibited drastic difference with respect to their capability of
being internalized to LNCaP and MCF-7 cells (Figure S6), indi-
cating that the aptamer-modified nanocarriers have negligible
binding affinity with non-targeted cells.

For effective application of pH-responsive MSN-aptamer bio-
conjugates as targeted imaging and drug delivery system, it is
necessary to verify the intracellular location of the nanoparti-
cles. This objective was accomplished by incubating the MSN-
FITC-Apt with MCF-7 cells, followed by staining the lysosomal
compartments with red fluorescent lysotracker. Imaging of the
cells demonstrated the green fluorescence of MSN-FITC-Apt
was co-localized with lysotracker red fluorescence (Figure 3b),
indicating that the MSN-FITC-Apt resided in the endolyso-
somal compartments.

Since one unique feature of aptamers is that their activity
can be inhibited by their complementary DNAs (cDNAs), we
explored whether we could use the cDNA of the NCL aptamer
to actively regulate cell targeting of MSN-aptamer bioconju-
gates. We conducted experiments in which MSN-FITC-Apt
nanoparticles were incubated with MCF-7 cells in media con-
taining ¢cDNA (0 and 5 equiv relative to the NCL-aptamer).
Subsequent analysis using confocal microscopy revealed that
MSN-FITC-Apt co-incubated with cDNA showed substantially
reduced uptake of the MCF-7 cells (Figure 3c), indicating that
cDNA effectively blocked MSN-FITC-Apt delivery into the cells.
The c¢DNA-induced inhibition of NP uptake is because the
complementary base pairing disrupts G-quadruplex structure of
NCL-aptamer that is critical for the binding to NCL receptors.
Therefore, the cDNA of the targeting aptamer can function as
an antidote to deactivate the NCL-aptamer on MSNs and inhibit
its cellular uptake, which can be extremely useful for reversing
the undesired toxicity in the case of drug overdose.

To verify that MSN-FITC-Apt was indeed internalized and the
fluorescence was not simply due to the surface bound MSN-
FITC, we conducted further analysis using flow cytometry.
MCEF-7 cells were similarly treated with MSN-FITC-Apt except
that, before formaldehyde fixing, 0.25% trypsin, a common
protease, was added to break down any cell surface proteins.
This step ensured that no membrane nucleolins were available
to bind to MSN-FITC-Apt. Therefore, the fluorescence activities
were from the MSN-FITC-Apt nanocarriers which were inter-
nalized into the cells. The nanocarriers treated and untreated
cells were then analyzed in a flow cytometer to measure fluo-
rescence intensity from each individual cell. The histograms
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Figure 3. (a) Confocal Microscopy images of MCF-7 cells treated with
MSN-FITC (upper), MSN-FITC-Rdm (middle) and MSN-FITC-Apt (lower).
(b) Confocal microscopy images showing MSN-FITC-Apt uptake into the
MCF-7 cells that was labeled with lysotracker to mark lysosomes (red).
(c) Confocal microscopy images of MCF-7 cells treated with MSN-FITC-
Apt in media containing cDNA of 0 (upper) and 5 (lower) equiv relative
to the NCL-aptamer. (d) Flow cytometry analysis of untreated MCF-7 cells
(black line); MCF-7 cells treated with MSN-FITC (red line), MSN-FITC-
Rdm (purple line) and MSN-FITC-Apt (blue line). (e) MTT assay of free
DOX, DOX-loaded MSN-Pho (DOX@MSN-Pho), DOX-loaded MSN-Pho-
Rdm (DOX@MSN-Pho-Rdm), and DOX-loaded MSN-Pho-Apt (DOX@
MSN-Pho-Apt) in MCF-7 cells.
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showing numbers of cells exhibiting different fluorescence
intensity (Figure 3d) indicates a clear shift to higher fluores-
cence on the MCF-7 cells treated with MSN-FITC-Apt in com-
parison with the untreated MCF-7 cells, the cells treated with
MSN-FITC and MSN-FITC-Rdm. MSN-FITC-Rdm displayed a
slight increase in fluorescence compared to the untreated ones
and the cells treated with MSN-FITC only, which illustrated the
non-specific interaction of DNA to the cells. This is consistent
with what was reported by Mirkin and coworkers, who recently
demonstrated that the DNA-nanoparticle conjugates exhibit sig-
nificantly high cellular uptake due to the binding between nega-
tively charged DNA with positively charged trafficking proteins
in the cell membrane.”!> These experiments confirmed that
the aptamer-functionalized MSNs can selectively bind to NCL
on the surface of MCF-7 breast cancer cells and are internalized
via receptor-mediated endocytosis.

We used the MTT assay to evaluate the anti-cancer activity of
DOX-loaded MSN-Pho-Apt in MCF-7 cell. The NCL aptamer has
low cytotoxicity towards MCEF-7 cells; MCF-7 cells treated with
MSN-Apt alone without DOX showed negligible cell death even
at the concentration of 1 mg/mL (Figure S8), indicating excellent
biocompatibility of MSN-Apt and that the quantity of aptamers
used here was unable to induce cell toxicity. In contrast, a consid-
erable increase in the antitumor activity was observed in aptamer-
conjugated DOX-loaded MSN-Pho-Apta (ICso = 990 nM,Figure
3e), which is substantially more toxic than the DOX-loaded MSN-
Pho-Rdm (ICs,= 1.5 M) and DOX-loaded MSN-Pho with no exte-
rior modification (ICsy = 2.4 M). These experiments showed that
successful implementation of combing cell-recognizing aptamers
with MSNs to effectively deliver DOX to diseased cells to maxi-
mize its therapeutic efficacy and minimize its side effects.

3. Conclusion

In conclusion, we have integrated cancer-targeting DNA aptamer
with mesoporous silica particles to create a general platform for
the design and fabrication of selective imaging and targeted
drug delivery system. The NCL aptamer was conjugated to the
external MSN surface for targeting breast cancer cells, while the
drug molecules encapsulated inside the nanopores showed pH-
dependent controlled release kinetics. The aptamer-facilitated
reversibly cellular uptake of the resulting nanocarriers into
MCF-7 cells via receptor-mediated endocytosis was demon-
strated, outperforming the non-targeting nanoparticles. Since
aptamers specific for a variety of molecular markers and metab-
olites in the biological systems can be obtained through SELEX,
this novel targeting strategy in conjugation with the MSN drug
delivery system can be potentially applied to many other imaging
and delivery systems capable of specifically binding to various
target cells and delivering high doses of other therapeutics.

4. Experimental Section

Materials: Tetraethylorthosilicate (TEOS), N-cetyltrimethylammonium
bromide (CTAB), 3-aminopropyltriethoxysilane (APTES),
3-Trihydroxysilylpropyl  methylphosphonate  (TSPMP),  fluorescein
isothiocyanate (FITC, 90%), doxorubicin hydrochloride (Dox, 98%) were
purchased from Sigma-Aldrich. Sulfosuccinimidyl 4-[N-maleimidomethyl]
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cyclohexane-1-carboxylate  (Sulfo-SMCC)  and  tris(2-carboxyethyl)
phosphine hydrochloride (TCEP) were from Thermo Scientific. Dulbecco’s
modified eagle’s medium (DMEM) was purchased from Invitrogen
(Carlsbad, CA). MCF-7 (used for MTT assays) and LNCaP cells (used for
cellular internalization studies) were purchased from ATCC (Manassas,
VA, USA) and cultured in DMEM medium and RPMI medium 1640
containing 10% FBS (Fetal Bovine Serum), 1000 units/mL aqueous
Penicillin G and 100 g/mL streptomycin. AuNPs (5 hm diameter) were
purchased from Ted Pella, Inc. (Redding, CA). The thiolated DNA were
synthesized and purified by Integrated DNA Technologies, Inc. (IDT,
Coralville, IA). The sequences are as follows:

NCL-aptamer: 5 -GGT GGT GGT GGT TGT GGT GGT GGT GGT TTT
TTT TTT-thiol-3

Random DNA: 5 -GAG AAC CTG AGT CAG TAT TGC GGA GAT TTT
TTT TTT-thiol-3

cDNA for AuNPs functionalization: 5 -ACA ACC ACC ACC ACC TTT
TTT TTT-thiol-3

Noncomplementary DNA for AuNPs functionalization: 5 -GGT GGT
GGT GGT TGT TTT TTT TTT-thiol-3

cDNA for regulation of cell targeting: 5 -CCA CCA CAA CCA CCA CCA
CC-3

Preparation of MSNs and subsequent post-modification: Briefly, CTAB
(1 g) and NaOH (ag) (3.50 mL, 2.00 M) were added in distilled water
(480 mL), followed by adjusting the solution temperature to 80 C. TEOS
(5.00 mL) and 3-Trihydroxysilylpropyl methylphosphonate (TSPMP,
0.6 mL) were then added slowly to the solution. The mixture was allowed
to stir for 2 h at 80 C to give rise to precipitates. The solid product was
filtered, washed with deionized water and methanol, and dried in vacuum
to yield the as-synthesized MSN-Pho. The surfactant templates (CTAB)
were then removed from the pores by refluxing in acidic methanol. The
attachment of amino group to the particle surface was obtained based
on the reaction of the MSN-Pho with 3-aminopropyl trimethoxysilane
(APTS) in dry toluene. As for fluorescein-labeled mesoporous silica
nanoparticles (MSN-FITC), fluorescein isothiocyanate (FITC, 2 mg) was
first reacted with APTES (44 L) in ethanol (1 mL) for 2h in the dark, and
then it was added with TEOS to the surfactant solution.

DNA aptamer conjugation: A bifunctional cross-linker Sulfo-SMCC
was used to functionalize MSN with DNA aptamer. MSN-Pho-NH,
(10 mg) was well suspended in a mixture solution of PBS buffer
(100 mM PBS, 150 mM NaCl, pH 7.3) and DMF (7:3) containing
excess Sulfo-SMCC (4 mg) for several hours. The resulting particles
were collected by centrifugation, extensively washed with DMF and
PBS buffer and give rise to maleimide-modified MSN-Pho. Further
functionalization of the DNA aptamer was performed by first incubating
20 nmol of DNA with three equivalent of TCEP to obtain free sulfhydryl
groups. Then, the purified DNA was mixed with maleimide-modified
MSN-Pho in conjugation buffer (100 mM PBS, 1 M NaCl, pH 7.3)
and shaken at room temperature for 24 h. The particle was recovered
by centrifugation and washing with the conjugation buffer. All the
supernatant was collected for UV/Vis absorbance measurement. The
immobilization efficiency of 1.5 mol/g SiO, was determined based on
the absorbance difference at 260 nm between the DNA solution before
and after immobilization.

Synthesis of DNA functionalized 5 nm AuNPs and its assembly with
aptamer conjugated MSNs: Thiol-modified DNA were chemically attached to
the AuNPs (5 nm) according to our previously reported method.l'® Thiol-
modified DNA molecules were first activated by 1.5 equiv of TCEP for 1 h
under pH 5.2 at room temperature before use. Glass vials (20-mL volume)
were soaked in 12 M NaOH for 1 h and rinsed with DI water before use.
AuNPs were loaded into the NaOH-treated glass vials, and thiol-modified
DNA was added to a final concentration of 3 M. The vials were capped and
kept at room temperature for about 16 h. Tris acetate buffer (pH 8.2) was
then added to the nanoparticles to a final concentration of 5 mM, and NacCl
was added to a final concentration of 100 mM. The functionalized 5 nm
AuNPs solutions were incubated for another day before usage. To purify the
product, microcon (Ultracel YM-100, MWCO = 100K, Microcon) was used
by following the instructions from the manufacturer. The DNA aptamer
conjugated MSNs were incubated with cDNA or noncomplementary DNA
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functionalized 5 nm AuNPs in Tris-HCl buffer (20 mM, 100 mM Nacl,
2 mM KCl, T mM MgCl,, pH7.4) over night. The nanoparticles were then
centrifuged and washed to remove unassembled AuNPs.

Drug loading and in vitro release experiments: The nanocarriers
(10 mg) were incubated in DOX solution (0.5 mL, 3.4 mM) for 12 h.
The DOX-loaded nanocarriers were then centrifuged and washed with
water. All the washing solutions were collected and the loading of DOX
was calculated from the difference of the DOX concentrations in the
initial and collected solution. To test the pH-dependent drug release
properties, DOX-loaded nanocarriers were dispersed into phenol red-
free DMEM medium (pH 7.4 or acidified to pH 5.0). The supernatants
were taken from the suspension at a give time interval and cleared by
centrifugation for monitoring the release of the drug via the fluorescence
of DOX.

Analysis of cellular uptake by fluorescence microscope and flow
cytometry: MCF-7 and LNCaP cells were grown in chamber slides in
Dulbecco’s modified Eagle’s medium (DMEM) and RPMI medium 1640
(American Type Culture Collection), respectively, supplemented with
aqueous penicillin G (100 units/ml), streptomycin (100 g/mL), and FBS
(10%) at concentrations to allow 70% confluence in 24 h (i.e., 40,000
cells per cm?). On the day of experiments, the medium was removed
and washed with prewarmed PBS (500 L for each chamber), and then
incubated with prewarmed Opti-MEM medium (phenol red reduced)
for 30 min before the addition of the MSN-based nanocarriers. The
cells were co-incubated with MSN-based nanocarriers for 4 h and
then washed with PBS (3 500 L), fixed with 4% formaldehyde, and
subsequently imaged on a Scanning Confocal Microscope. Nucleuses
were stained by DAPI. Control samples without nanoparticle addition
were also imaged. For the analysis with flow cytometry, there were
10 000 cells measured in each sample. Both percentage of fluorescence
positive cells (We assume that 0.5% of untreated cells were positive,
so we can set up a gate for fluorescence positive cells when analyzing
FACS data) and mean fluorescence were quantified. Each sample was
measured in triplicate.

Cytotoxicity of DOX-loaded nanocarriers: MCF-7 cells were placed in a
96-well plate for 24 h (10 000 cells per well). On the experimental day,
cells were washed with 100 L of prewarmed PBS. Freshly prepared DOX-
loaded nanocarriers (prepared in 1 PBS, 100 L) were added to the cell.
The cells were incubated for 6 hours and then washed with PBS (3 100 L).
Free DOX was used as a positive control. Untreated cells were used as a
negative control. The cells were further incubated in pre-warmed growth
medium for 72 h in a 5% CO, incubator at 37 C. The standard MTT
assay protocols were followed thereafter.

Instrumentation: Transmission electron microscopy (TEM) images
were taken on the JEOL 2100 Cryo transmission electron microscope
with an accelerating voltage of 200 kV. X-ray powder diffraction patterns
were recorded using Cu K (= 1.5418) radiation with a Seimens-Bruker
D5000 instrument operating at 40 kV and 30 mA. Fourier-transform
infrared spectra (FTIR) spectra were recorded on a Mattson Infinity
Gold FTIR spectrometer. The nitrogen adsorption and desorption
isotherms were measured at 77 K using a Micromeretics ASAP 2010
instrument. Zeta potential was measured on a Malvern Zetasizer 3000
(Malvern Instruments). UV/Vis spectra were recorded on a Hewlett—
Packard 8453 spectrometer. Fluorescent spectra were recorded on
a FluoroMax-P fluorimeter (HORIBA Jobin Yvon Inc., Edison, NJ).
Absorbance at 590 nm was read by microplate reader (Perkin Elmer,
Victor’yy V) for MTT assay. Confocal microscopy images for cell
internalization studies were taken by Zeiss LSM 700 Laser Scanning
Confocal Microscope using a 63X oil lens and excitation wavelength
set at 488 nm. Flow cytometry analysis was conducted with a BD
FACSCanto 6 color flow cytometry analyzer (BD, 1 Becton Drive,
Franklin Lakes, New Jersey, USA).

Supporting Information

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