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This work describes the use of template synthesis to fabricate
multifunctional composite silica nano test tubes for targeted
drug delivery. The tubular nanostructures were formed
within nanoporous anodized alumina templates and their
inner voids were filled with a drug-bearing gel matrix while
the test tubes were embedded within the template. Upon
template removal, the composite nanocarriers were
biofunctionalized with a targeting moiety towards breast
cancer cells. The results show that targeting is critical in
inducing cell death and the targeted nanocarriers are
extensively more cytotoxic towards cancer cells compared
with healthy controls.

Introduction

Employing nanoparticles for drug delivery becomes increasingly
important as they display improved biological properties involving
increased efficacy and reduced systemic toxicity."* Directing these
nanocarriers through biofunctionalization of the particle surface
allows efficient delivery and accumulation of therapeutic agents to
target sites in the body.:"4 Conventionally, particles with spherical
shapes are used as the delivery vehicles, however, recent results
about the improved biological properties of non-spherical particles
are beginning to question this tendency. For example, increased
tumor accumulation® and blood circulation® were reported for 1-
Dimensional (1D) nanoparticles compared with spherical
counterparts. Succesfull drug delivery studies with carbon, polymer
and silica-based nanotubes™® also contributed to the increased
attention for the utilization of non-spherical nanocarriers.
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Silica nanotubes and nano test tubes (SNTs)*! are novel 1D
inorganic structures with several desired characteristic for
biomedical applications involving ease of synthesis and
modification, large controllable inner voids for drug loading, low
toxicity, extensive dispersion etc.'® They are typically prepared by
template synthesis'® which is a powerful method to create nanorods
and nanotubes of different materials within the pores of a template
membrane. Nanoporus anodized aluminum oxide (AAO) is generally
used as the template material for SNT production.

Multifunctional SNTs can be fabricated by template synthesis
through differential modification strategy that encompasses the
independent functionalization of the inner vs. the outer surfaces of
the nanotubes.'™'® Various applications of SNTs involving
biosensors,!!  biomolecule separation,12 cell labeling,13 cell
recognition'® and drug/gene delivery'*'> have been succesfully
demonstrated. Very recently, Sang Bok Lee and coworkers have
reported a stimuli-responsive SNT formulation'” for the treatment of
drug resistant cancer cells. Despite these advances, the use of SNTs
for targeted drug delivery has not been demonstrated. Moreover, the
drug loading strategy of the related reports has been limited to ionic
interactions.

Here we report, for the first time, targeted drug delivery with
multifunctional composite SNTs. A unique template-based approach
that employs the whole interior volume of SNTs for drug-bearing gel
loading has been utilized. Upon targeting with folate groups,
multifunctional agents were created which showed extensive
cytotoxicity towards cancers cells compared with healthy ones. A
prominent feature of SNTs is the greater extent of cell death with
lesser effective drug concentrations. The details of SNT fabrication,
modification and characterization as well as the viability studies with
cancer and normal cells are described.

Experimental

Materials

Aluminum foil (99.998%), N-Hydroxysuccinimide (NHS) and 2,2-
diethoxyacetophenone  were obtained from Alfa  Aesar.
Hydroxyethylmethacrylate ~ (HEMA), poly(ethylene  glycol)
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ethylether methacrylate (PEG-EEM), 2-aminoethylmethacrylate
hydrochloride (AEM), trimethyloylpropane ethoxylate triacrylate,
fluorescein-o-acrylate, doxorubicin (DOX) hydrochloride, 3-
Aminopropyltriethoxy silane (APTES), 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) and n-hexane were used
as received from Sigma-Aldrich, as were Oxalic acid from Acros
Organics, H;PO,4 from BDH Prolabo, CrO; and H,SO, from Fluka.
SiCly, folic acid (FA), ethanol (EtOH) and 2-propanol (IPA) were
obtained from Merck. A Sartorius water purification system was
used to obtain purified water. The consumables related with the cell
studies were obtained from invitrogen.

Preparation of AAO Membrane, SNTs and Composite SNT's

A two-step anodization method'® was followed to prepare AAO
templates with ordered nanopores in oxalic acid electrolyte. The
cyclindrical nanopores of the AAO membrane were then used as
templates to fabricate SNTs via surface sol-gel method" which
entails layer-by-layer deposition of silica onto a substrate material.
The details of the two-step anodization and surface sol-gel methods
were described in the Supplementary Information section. In order to
obtain free SNTs, the top surface silica layer which normally
connects the tubular structures had to be removed.”® This was
conducted by a brief Ar" plasma treatment (1 min) using a SAMCO
RIE-1C reactive ion etcher system. When necessary, naked SNTs
were obtained after this stage by removing the template in 0.1 M
NaOH.

Composite SNTs were prepared by placing the silica deposited
AAO template in a prepolymer solution containing HEMA, PEG-
EEM, AEM, trimethyloylpropane ethoxylate triacrylate, doxorubicin
(DOX) hydrochloride, 2,2-diethoxyacetophenone, IPA and water
(see Table S1 in the Supplementary information for relative ratios).
It should be noted that, as a co-monomer, fluorescein-o-acrylate was
also used in some cases for characterization purposes. The template
was kept in this solution for 3 h and sonicated occasionally to
prevent bubble formation within the nanopores. After the incubation
period, the template was exposed to UV-radiation for 10 min (UVP
Brand, 365 nm, 12 mW/cmz). This caused gel formation within the
nanopores of silica deposited template as well as its top surface. The
surface gel was removed by a doctor blade and the template was
immersed in 20 % H3;PO, solution in order to dissolve AAO and
liberate free composite SNTs.

Modification and Characterization of SNTs and Composite
SNTs

SNTs and composite SNTs without any outer surface modification
were characterized by TEM. After the template removal, the tubular
nanostructures were collected by a filtration membrane, rinsed
extensively with purified water and EtOH, and then dispersed in
EtOH. TEM images were obtained from a FEI Tecnai G* Spirit TEM
microscope after a tiny volume (100 ul) of this dispersion was
dropped on a copper grid. Fluorescence microscopy was also utilized
for the characterization of composite SNTs. For fluorescence
images, longer composite SNTs were prepared from ~ 4 um-deep
AAO templates. Here, the gel matrix involved an additional
fluorescein-o-acrylate component (0.075 % wt/vol) instead of DOX
for improved image quality. The resultant composite SNTs were
filtered and placed on a glass slide and then imaged by using an
Olympus Fluorescence Microscope with an excitation wavelength
between 480-500 nm. The same composite SNT sample was also
characterized by TEM in order to confirm uniform gel filling along
the tube length.
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The FA modification and characterization studies were
conducted by using naked SNTs for simplicity reasons. In order to
obtain FA coupling, an amine modification®' was first conducted on
the outer surfaces of SNTs and these amine groups were then reacted
with EDC activated FA solution. The FA modification of SNTs were
characterized by zeta potential, FTIR and XPS studies. See
Supplementary Information for experimental conditions regarding
FA coupling as well as preparation of samples for characterization. .

Cells and Culture

SK-BR3 breast cancer cells (ATCC) and MCF-12A normal human
mammary gland epithelial cells (ATCC) were used in the cell studies
and the cell viabilities were examined via WST-1 Cell Proliferation
Kit Assay (See Supplementary Information for the experimental
details of cell culture and viability studies). The SNT concentrations
in the cell viability studies were reported by using a predetermined
AAO template area and a calculated pore density of ~ 7.10°
pores/cm®. Here, Image J software was used on SEM images of
AAO membranes to obtain the pore density value.

Results and Discussion

The scheme for the fabrication of composite SNTs is illustrated in
Fig. 1. An AAO membrane with ordered nanopores was produced by
two-step anodization protocol'® and used as a template to prepare the
nanostructures. This template was first deposited with a nanoscale
silica coating via surface sol-gel method'® and the top surface silica
coating that normally connects individual particles was removed by
Ar" plasma treatment.'® The silica-coated template was then
immersed in a prepolymer solution that contains DOX in addition to
a group of different monomers (Table S1). After 10 min UV-based
crosslinking period, the top gel layer formed on the AAO template
surface was removed by a doctor blade and the gel-filled composite
SNTs were liberated by template dissolution in H;PO, solution.

UL

Depositsilica via
surface sol-gel,
_—
and remove
surface silica

by Artplasma

Fill the SNTs with a
prepolymer solution

that contains the drug (e}
crosslink, and peel

the top gel layer
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Fig. 1. The schematic for the preparation of biofunctionalized composite
SNTs.

Fig. 2A shows surface SEM image of the AAO template
prepared via two-step anodization method. The template was
deposited with silica to obtain SNTs that can be liberated by
dissolving the amphoteric template. (Fig. 2B). The dimensions of the
SNTs can be tuned by controlling the template depth and pore
diameter. In this study SNTs with 123+14 nm diameter and 820+99
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Fig. 2. (A) SEM of AAO membrane. (B) TEM of naked SNTs. (C) TEM of composite SNTs. (D) Fluorescence micrograph longer composite SNTs. Here,
for improved image quality and visualization, ~ 4 pm long composite SNTs filled with fluorescein-o-acrylate-containing gel (instead of DOX) were imaged.
(E) TEM of the ~ 4 um long composite fluorescent SNTs indicates complete gel filling along the tube walls. The inset shows protrusion of a small gel

region at the open ends of test tubes (scale bar = 100 nm).

nm length were used. In order to utilize the interior of SNTs for
drug loading, SNTs were immersed in a prepolymer solution while
they were still embedded within the AAO template. The constituents
of this prepolymer solution were carefully selected to create a pH
responsive gel which contained a photoiniatior, a crosslinker,
HEMA, AEM , PEG-EEM and DOX (See Supplementary Info. for
pH responsive drug release from this gel formulation). After UV
exposure, gel-filled composite SNTs were obtained, liberated by
template dissolution and further characterized by TEM (Fig. 2C)
which confirms the complete gel filling along the tube walls.

Filled composite SNTs were further characterized by
fluorescence microscopy where the gel matrix involved an
fluorescein-o-acrylate component instead of DOX for improved
image quality (Fig. 2D). Here, for the ease of visualization, deeper
AAO templates were used to obtain ~ 4 um-long composite SNTs
(d=93+4 nm, 1=3964+144 nm). These SNTs displayed smooth
fluorescence over the 4 pm particle length. The TEM images (Fig.
2E) of these long tubes also showed that, except a small region at
their open ends , the structures are filled. The inset indicates minor
gel protrusions originating from the open ends of the tubular
nanoparticles.

The outer surfaces of these nanocarriers were modified with
folate moities for effective targeting against folate-receptor-
overexpressing SK-BR3 breast cancer cells.?? This conjugation was
confirmed by zeta potential, FTIR (Fig. 3), as well as XPS analysis
(Fig. S1) where naked SNTs were used due to their ease of
preparation. Folate conjugation was achieved by an initial
aminosilane coating®?' on the SNT surface which was followed by
amide bond formation between the amine groups and EDC/NHS-
activated FA.”>?* Fig. 3A shows the zeta potential variation between
naked, amine-modified (NH,-SNTs), and FA-modified SNTs (FA-
NH,-SNTs). The negative zeta potential of the naked SNTs results
from the deprotonation of the silanol groups on the surface at neutral
pH. When coupled with the amine functional groups, the surface
charge increases to positive values as expected, due to the large pKa
of the primary amine groups.” After the folate conjugation, the
surface charge returns back to the native negative charge as the

This journal is © The Royal Society of Chemistry 2012
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Fig. 3. The zeta potential (A) and FTIR measurements (B) for naked
(A), amine (o) and FA modified (m) SNTs.
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surface amine groups forms amide bonds and possible shielding of
the surface by folate groups.® Fig. 3B presents the FT-IR spectra of
SNTs, NH,-SNTs, and FA-NH,-SNTs. The band at 1083 cm™ in all
the spectra was assigned to characteristic absorption band of Si- O.
The appearance of the 1562 cm™ band results from the bending
mode of NH- vibration for the NH,-SNTs.%® Finally, the FA-coupled
tubes display the bands at 1514 and 1406 cm™', which were assigned
to the absorption of the phenyl and pterin ring.*’

Fig. 4 depicts the cell viability data for SK-BR3 breast cancer
cells and MCF-12A normal breast epithelial cells against SNTs with
different compositions and concentrations. Here, SNTs 3,4 and 5
were composite structures with gel load but only the latter two
contain the drug (Table 1). In all cases, average cell viabilities
decreased with increasing particle concentration, and for both cell
types significant cell death was observed only when the SNTs
contain DOX (SNT4 and SNTS5). The most notable result of Fig. 4 is
the importance of targeting on inducing cell death as SNT5 is more
cytotoxic than SNT4 for both cancer and normal cells. The two drug
carriers differ only by the surface folate groups, and the influence of
this group presents much more dramatic results for the cancer cells.
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Fig. 4. Cell viability experiments of 48 h treated A) SK-BR3 and B)
MCF-12A by using WST-1 Kit Assay (*P<0.05).
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The rationale behind this observation can be explained as
follows: Although to a small extent, normal breast cells have folate
receptors on their surface.”® The presence of the folate targeting
groups on drug-loaded SNTs causes increased particle cell
interaction, nanocarrier internalization and hence cytotoxicity values
for MCF-12A cells. The effect is more pronounced for cancer cells
since the receptor is overexpressed on their membrane surface.”
Moreover, the nanocarrier is filled with a pH-responsive matrix that
causes enhanced swelling and drug release within the acidic tumor
millie which further contributes to the cytotoxicity difference
between normal and cancer cells.

Table 1. The composition of different SNT forms used in cell
viability experiments.

Sample Code SNT Content
SNT1 FA() Gel()) DOX()
SNT2 FA(+) Gel(-}) DOX(-)
SNT3 FA(+) Gel{+) DOX(-)
SNT4 FA(-) Gel(+) DOX(+)
SNT5 FA (+) Gel(+} DOX(+)

In order to compare their effectiveness, cell viability results of
SNTs were compared with those of free DOX. Knowing the
individual nanotube interior volume and used drug concentration for
the gel, it can be deduced that ~ 50 ng/ml drug ( or ~4500 DOX
molecules / tube, see Supplementary Information for details) was
used for SNT5 at 0.5 x 10'° particle concentration. This formulation
induced 51.7 £ 2.7 % cell death, larger than the cytotoxicity value
(46.0 £ 2.1 %) of the most concentrated free drug formulation in our
studies (200 ng/ml, Figure S3). Hence, lower cell viabilities were
obtained with much lower drug contents when SNTs were used as
nanocarriers. Similar results were also reported by other effective
nanocarrier systems'’?? and such nanostructures emerge as
candidates for the treatment of drug-resistant cells or to reduce
systemic toxicity problems

Conclusions

In conclusion, a novel route to prepare 1D silica-based
multifunctional nanocomposites  was introduced. Tubular
structures were fabricated by using nanoporous AAO templates,
and as demonsrated by the characterization studies, filled with a
gel matrix to create composite nanostructures. The cell viability
data revealed that, within the relatively high concentration
regime employed, drug-lacking SNTs were effectively non-
cytotoxic. More importantly, targeted SNTs with a drug
payload can be successful candidates for cancer therapy as they
showed increased cell killing for cancer cells when compared to
control healthy cells and they induced larger cytotoxicity
compared to free drug. This study is an initial effort which
paves the way for targeted cancer therapy with such
nanocomposites and we are currently investigating the cell
internalization behaviour and in vivo cancer targeting
opportunities of these deliberately engineered structures.
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