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ABSTRACT: Porous alumina photoluminescence-inherent
particles are produced and proposed for the development of
biomarkers detectors and localized treatment of HepG2 cells.
Nanoporous alumina particles (NPAPs) are amorphous, consist
of hexagonally ordered nanometric pores in an alumina matrix,
have high chemical stability in physiological pH, and exhibit
a high inherent photoluminescence in the visible spectrum
independently of their size, selectable from nanometers to tens
of micrometers. The surface of NPAPs is chemically modified
using two different functionalization methods, a multistep
method with (3-aminopropyl)triethoxysilane (APTES) and
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glutaraldehyde (GLTA) and a novel simplified-step method with silane-PEG-NHS. Fourier Transform infrared spectroscopy
analysis confirmed the proper surface modification of the particles for both functionalization methods. HepG2 cells were cultured
during different times with growing concentrations of particles. The analysis of cytotoxicity and cell viability of HepG2 cells
confirmed the good biocompatibility of NPAPs in all culture conditions. The results prove the suitability of NPAPs for developing
new label-free biomarker detectors and advantageous carriers for localized drug delivery.
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1. INTRODUCTION

Cancer is a leading cause of death worldwide, accounting for
8.2 million deaths in 2012." There are two big problems to
address this important pathology; the first one is the early
detection of cancer and the second one is the targeted treatment.
The early detection of cancer is, in many cases, the key to
reducing the mortality.”

Conventional cancer treatments such as cisplatin, S-FU,
paclitaxel, vinblastine, and doxorubicin are useful in some types
of cancer treatment but they have hiogh side effects and limited
accessibility to the tumor tissue.’”'" Moreover, these current
drugs have an unspecific action in healthy cells. For these reasons,
there are huge efforts in the development of novel, S})eciﬁc, and
targeted therapies for avoiding these adverse effects.” '~

Nanoparticles have received considerable interest in recent
years, especially with respect to their potential utilization in the
field of cancer diagnosis and therapy. The functionalization
of the nanoparticles allows their use as agents for theranostics,
the perfect combination of therapy and diagnosis.'* The use of
particles for biological applications has been an important
breakthrough in recent years.'”~"” Several materials have been
used for the formation of particles for biological applications:
gold,20 copper,21 silver,” polymers,23 silica,”* titanium oxide,*
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graphite oxide,”® and porous silicon.”” The shape of particles
made of these materials is diverse, e.g, nanorods, colloids, or
irregular structures. However, many of these materials have
significant drawbacks for being used in biological applications:
they require expensive and complex installations for manufactur-
ing, they are not fully biocompatible or their morphology is
altered in physiological pH, they have no intrinsic fluorescence
(need to be dyed for their use as biomarker detector), or they
are not porous. Porosity gives added value to particles since the
larger effective surface area of porous particles endows high
capacity for drug storage and drug release at different rates.”®
Here we propose porous alumina for the production of
particles for biological applications. Porous alumina is a material
commonly used in nanotechnology for developing optical and
electrical devices.”” ™' Due to its chemical, physical, and optical
properties, porous alumina can be an excellent material for the
fabrication of porous particles for biological applications. Some
of these interesting properties are its highly stable morphology
at physiological pH, tunable porous structure, cost-effective
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fabrication, and nontoxicity.”>~*® Especially remarkable is its

high effective surface area, chemically modifiable with organic
compounds,’” that makes of porous alumina an advantageous
carrier for localized drug delivery.”® Furthermore, another
singular characteristic distinguishes porous alumina from most
materials: its inherent photoluminescence in the visible spectrum
range. This makes of porous alumina an exceptional material for
developing new label-free biomarker detectors.*”

Porous alumina consists of nanometric pores hexagonally
arranged in an alumina matrix. Its geometric characteristics, such
as pore size, interpore distance, porosity, and thickness, can
be controlled by the anodization conditions (voltage and time of
anodization, temperature, and acid used as electrolyte, and
so on).”” We precisely control porous alumina manufacturing
methods.*' ™ Thereby we obtain porous structures with the
appropriate morphology to meet any application needs.

The work that we present here is part of our long-term
research goal: the technological development of nanoporous
alumina particles (NPAPs) as selective label-free biomarker
detector and drug carriers for the detection and treatment of
cancer cells. In order to successfully achieve this final objective,
several circumstances and steps must be overcome: NPAPs must
be biocompatible, their intrinsic photoluminescence must be
easily observed by commonly used microscopic equipment, and
NPAPs must be successfully functionalized for increasing their
selectivity to biomarkers and localized drug delivery.

In this work, we show the successfully completed phases of
fabrication, characterization, and functionalization of NPAPs.
Two different methods of functionalization are presented
and verified by spectroscopic methods. We also evaluate the
simplified process for linking a protein/antibody to NPAPs by
electrostatic attraction. Finally, we demonstrate the biocompat-
ibility of NPAPs by incubating HepG?2 cells with several particle
concentrations and analyzing cell viability and cytotoxicity.

2. EXPERIMENTAL SECTION

Materials. High-purity aluminum foils (99,999%) were purchased
from Goodfellow Cambridge Ltd. (UK). Glutaraldehyde (anhydrous
10% in EtOH) was purchased from Electron Microscopy Science (U.S.).
Silane-PEG-NHS was obtained from Nanocs (U.S.). Oxalic acid,
perchloric acid, chromic acid, hydroxyperoxide, 3-aminopropylotrime-
thoxysilane, bovine serum albumin (BSA), phosphate buffer saline
(PBS), toluene, dimethyl sulfoxide, and ethanol were purchased from
Sigma-Aldrich. Milli-Q water with resistivity higher than 18 MQ-cm
was used for rinsing and preparation of solutions. HepG2 cells were
purchased from ATCC (LGC Standards S.L.U., Spain) and were growth
in MEM plus 10% fetal media from Biowest (LabClinics, Spain).
The CellTiter-Glo Luminescent Cell Viability Assay was obtained
from Promega and Cytotoxicity Detection Kit (LDH) from Roche
Diagnostics.

Fabrication of NPAPs. Highly ordered and large-area nanoporous
anodic alumina membranes were prepared by electrochemical anodiza-
tion of aluminum substrates (99.999% purity) in a two-step anodization
process.”>*™* Briefly, the aluminum sheets were first electropolished
in a mixture of ethanol (EtOH) and perchloric acid (HCIO,; 4:1 (v:v))
at 20 V for 4 min. Then the first anodization step was performed in
an aqueous solution of oxalic acid (H,C,0,) 0.3 M at 40 V and 6 °C for
15 h. The obtained porous alumina layer with disordered pores was
dissolved by wet chemical etching in a mixture of 0.4 M phosphoric acid
(H,P0,) and 0.2 M chromic acid (H,CrO,) at 70 °C for 3 h.** The
second anodization step was performed under the same anodization
conditions as those of the first step until a thick porous alumina layer
was obtained. It was detached from the aluminum substrate following
the procedure reported elsewhere.*® The highly ordered porous alumina
membrane was ground with a mortar and pestle and ultrasonically
treated for obtaining nanometric and micrometric particles. Finally, the

size of the particles is selected using standard filtration methods.*®*”**

The X-ray diffraction of the obtained porous alumina particles shows an
amorphous structure (Supporting Information Figure S1).

Functionalization with APTES and GLTA. First, NPAPs were
boiled in hydroxyperoxide (H,0,) to obtain hydroxyl (-OH) groups on
the surface. After 1 h, NPAPs were washed. The washing process of
NPAPs at any functionalization step involves the dispersion of the
particles in a cleaning agent (water, ethanol, or toluene, etc.), stirring,
and shaking to prevent aggregation and the separation from the cleaning
agent by centrifugation at 6000 rpm for 15—20 min. After the
hydroxylation step, NPAPs were washed twice with Milli-Q water and
ethanol and dried in the oven at 100 °C for 2 h to ensure complete
drying. The surface of NPAPs must be completely dry as any trace of
water may result in silane aggregation, avoiding its attachment to the
surface.

NPAPs were then dispersed in a solution with 50 yL of APTES in
S mL of toluene (1% (v:v) of silane). The solution was vigorously stirred
to eliminate aggregates for 1 h followed by 1 h of sonication to remove
any polymerized APTES. After this process, the particles were washed
with toluene, ethanol (twice) , and Milli-Q water, then dried with
nitrogen, and incubated overnight in the oven at 110 °C to cross-link
the silane.

APTES-modified NPAPs were then suspended in 10% (v:v) GLTA
for 1 h at room temperature, washed with ethanol and Milli-Q water, and
dried. At this point, NPAPs have an aldehyde ending (-CHO) surface
that can be covalently attached to biomolecules.

Functionalization with Silane-PEG-NHS. NPAPs were boiled in
hydroxyperoxide (H,0,) to obtain hydroxyl (-OH) groups on the
surface in the same conditions as for the APTES-GLTA functionaliza-
tion. Then the particles were washed with Milli-Q water and ethanol and
were dried in the oven at 100 °C for 2 h to ensure their complete drying.
After hydroxylation, NPAPs were suspended in freshly prepared
1% (v:v) of silane-PEG-NHS in dimethyl sulfoxide (DMSO) solution.
Silane-PEG-NHS left for a long time polymerizes and loses activity.
NPAPs were stirred in this solution for 1 h at room temperature, washed
with DMSO and Milli-Q water, and dried with nitrogen.

Cell Culture. HepG2 cells were obtained from ATCC. After thawing,
the cells were seeded into 75 cm? flasks and cultured according to the
supplier’s recommendations in MEM medium with 1 mM L-glutamine,
1 mM penecillin-streptomicin, and 1 mM NEAA and supplemented
with fetal bovine serum (10% (v:v) final concentration). The cells were
placed in a humidified incubator at 37 °C and 5% CO, until enough cells
were available for the experiments.

Viability Analysis. The day before the experiment, HepG2
cells were seeded at 7500 cells/cm? in p96 plates. The CellTiter-Glo
Luminescent Cell Viability Assay was performed according the
manufacturer’s protocol. To determine the number of viable cells in
culture, the quantitation of the ATP present was detected (Promega).

Cytotoxicity Analysis. The day before the experiment, HepG2 cells
were seeded at 10.000 cells/cm? in p12 plates. The cytotoxicity assay
was performed by analyzing LDH release into the medium using the
Cytotoxicity Detection Kit (Roche Diagnostics, Basel, Switzerland).

Environmental Scanning Electron Microscopy. The size, shape,
and surface morphology of NPAPs were observed with an environmental
scanning electron microscopy (ESEM) FEI Quanta 600 (Hillsboro, OR,
USA) under high vacuum with a filament current of 20 eV. Before
observation, NPAPs were sputter coated with a 30 nm layer of gold to
increase the image quality.

Optical Microscope Images. Cell incubation with NPAPs was
observed with an optical inverted microscope Olympus IX71. Phase
contrast images were obtained with a halogen lamp whereas for DAP],
fluorescence filters were used. The images were processed with CellF
program.

X-ray Diffraction (XRD). XRD measurements were made using a
Bruker-AXS D8-Discover diffractometer with parallel incident beam
(Gébel mirror) and vertical #—6 goniometer, XYZ motorized stage
mounted on an Eulerian cradle, diffracted-beam Soller slits, a 0.2°
receiving slit, and a scintillation counter as a detector. The angular 26
diffraction range was between 5 and 70°. The data were collected with an
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angular step of 0.05° at 3 s/step. Cu K radiation was obtained from a
copper X-ray tube operated at 40 kV and 40 mA.

Photoluminescence Spectrum. Photoluminescence spectra were
performed using a fluorescence spectrophotometer from Photon
Technology International Inc. (Birmingham, NJ, USA) with a Xe lamp
used as the excitation light source.

Fourier Transform Infrared Spectrometry. Covalent bounds of
functionalized NPAPs were investigated using a Fourier-transform
infrared (FTIR) spectrometer Bruker Vertex 70 (Bruker Optics). The
transmission spectrum of NPAPs after each functionalization step was
measured over the range of 400—4000 cm ™" with a resolution of 4 cm™.
Each spectrum is the average of 256 scans. A quartz glass kept dry in
a desiccant box was the holder for NPAPs. The transmission spectrum of
the glass was measured to obtain the reference spectrum. Then a highly
concentrated drop of NPAPs was placed on the glass, and its trans-
mission spectrum was measured when the sample was completely dry.

3. RESULTS AND DISCUSION

Characterization of NPAPs. The surface morphology and
shape of NPAPs are presented in Figure 1. Porous alumina

Figure 1. (a) SEM image of NPAPs. Scale bar: 100 um. (b)
Magnification of NPAPs surface. Scale bar: 300 nm.

consists of an alumina matrix with a hexagonally ordered
distribution of pores with a very high degree of ordering. The
diameter of the pores is approximately 20 nm, and the interpore
distance is 100 nm. The shape of NPAPs is irregular, and their
size ranges from the nanometric scale (a few nanometers) up
to approximately 25 pm. This wide range of sizes allows the
easy selection (by filtering) of a reduced size range to meet any
application requirements.

NPAPs present an inherent photoluminescence independ-
ently of their size that can be easily observed with conventional
optical equipment such as an optical microscope equipped with
fluorescence filters in the DAPI range (Figure 2a). The photo-
luminescence spectrum of NPAPs is observed in Figure 2b for
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Figure 2. (a) Bright-field and blue fluorescence field image (DAPI
filters) of a representative sample of NPAPs. Scale bar: 3 ym. (b)
Photoluminescence spectrum of NPAPs for different excitation
wavelengths between 300 and 380 nm. Inset: maximum emission
wavelength (A.,,) of NPAPs for the different excitation wavelengths
()
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different excitation wavelengths. When NPAPs are excited in the
UVA range, a broad photoluminescence peak is observed in the
visible range. This inherent photoluminescence of the material
is very stable and is not significantly affected by the subsequent
functionalization steps (Supporting Information Figure $3).*
The wavelength at which photoluminescence emission is
maximum slightly shifts to the red with the excitation wavelength
although it remains within the blue range. The maximum photo-
luminescence emission of NPAPs is obtained at 4 = 448 nm
for the excitation wavelength 360 nm. This inherent photo-
luminescence in the visible range makes of NPAPs very
appropriate candidates for developing label-free biomarker
detectors.

Functionalization of NPAPs. Functionalization increases
the affinity of a surface to specific proteins.””*" Common func-
tionalization procedures use silane compounds with terminal
functional groups that interact electrostatically or covalently with
protein surface groups, increasing protein binding. Functionali-
zation of the NPAPs will increase their selectively and linking to
specific biological agents.

The NPAPs surface was modified using two different func-
tionalization processes, illustrated in Scheme 1. One process is
based on (3-aminopropyl)triethoxysilane (APTES) and gluta-
raldehyde (GLTA), involving several functionalization steps.
In order to simplify the functionalization process of NPAPs,
another process that uses silane-PEG-NHS as linker is also
presented. FTIR spectroscopy was used to efficiently verify
the modification of the NPAPs surface after the different
functionalization processes.

a. Functionalization with APTES + GLTA. The surface of
NPAPs was modified with the two-step method consisting of
APTES and GLTA.**~* The silane end of the APTES molecule
binds covalently to hydroxyl groups generated on the NPAPs

DOI: 10.1021/acsami.5b05016
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Scheme 1. Chemical Structures at the Different Steps of the Functionalization Processes: APTES + GLTA and silane-PEG-NHS
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Figure 3. FTIR transmission spectrum of as-produced NPAPs and NPAPs functionalized with APTES (a) and GLTA (b). Transmission spectra of pure

APTES and pure GLTA are also presented for comparison.

surface with the hydroxylation step, and the amino end of the
molecule increases protein adsorption to the surface through
electrostatic interactions. The linear GLTA molecule is
terminated at both ends by aldehyde groups and thus may be
used to transform surface amino groups to surface aldehyde

18603

groups. These aldehyde groups covalently bind proteins through
the Schiff base reaction.”

First of all, the FTIR transmittance spectrum of NPAPs
with no treatment or modification (as-produced) was measured
for reference (Figure 3a). Three peaks are identified at this

DOI: 10.1021/acsami.5b05016
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Figure 4. (a) FTIR transmission spectrum of as-produced NPAPs and NPAPs functionalized with silane-PEG-NHS. (b) FTIR transmission spectrum of
as-produced NPAPs, NPAPs with BSA immobilized on their surface by adsorption (protein), and NPAPs with BSA covalently attached due to the
previous functionalization of the surface (func + protein). The spectra are shifted on the y-axis for clarity.

transmittance spectrum (1082, 1400, and 1641 cm™"), which are
assigned to the alumina longitudinal phonon adsorption band.*®
The broad bands that appear in the range from 800 to 1000 cm™*
are characteristic of aluminum oxide.”>>”

The surface modification of NPAPs with APTES is confirmed
with the analysis of the FTIR transmission spectrum in Figure 3a.
The spectrum of pure APTES is also shown for comparison.
According to literature,*® vibrational peaks belonging to
particular molecular groups can be identified. A characteristic
band of amine—NH, terminal groups occurring at 1578 cm™" in
APTES is present in the functionalized NPAPs spectrum at the
same wavenumber, assigned to (-N—H) bending vibration.*’
The bending vibration of -C—Si- is observable at 1440 cm™".
Analyzing the spectra for higher wavenumber values, two
methylene vibrational peaks are observed at 2928 and 2860 cm™
in the functionalized NPAPs spectrum. They are ascribable to
asymmetric and symmetric CH, stretching, respectively.”®

The next functionalization step with GLTA was also analyzed
with FTIR spectroscopy (Figure 3b). The most important
structural information in terms of the APTES + GLTA adsorp-

tion is observed mainly in the range from 1100 to 1600 cm™".

The bending vibrations from -C—N are identified at 1155 cm™".
The transmittance minimum at 1350 cm™ corresponds to the
alkane bond C—H, and the other two minimums at 1422 and
1459 cm™! represent Si—C bonds.”” The presence of the amide
bond (N—H) is confirmed at 1570 cm™". For higher wave-
numbers, we can observe the presence of stretching vibrations
from (=C—H-) at 2805 cm™" and from (-C—H-) at 2940 cm™".

b. Functionalization with Silane-PEG-NHS. Silane-PEG-
NHS has been reported recently as a successful linker for porous
alumina surface functionalization® and simplifies the process by
reducing the number of functionalization steps. The function-
alization with silane-PEG-NHS has the ability to attach only one
molecule of protein forming a thin single-molecule layer on the
NPAPs surface. This is important in single-molecule studies as
well as for obtaining homogeneous layers of proteins.

The functionalization of the NPAPs surface with silane-PEG-
NHS is confirmed with the analysis of the FTIR transmission
spectrum (Figure 4a). This figure also shows the transmission
spectrum of as-produced NPAPs for comparison. At 1013 cm ™/,
it is possible to notice bending vibrations from -Si—O-. A wide

peak with minimum at 1153 cm™" corresponding to bending
vibrations from -C—N- is also observed. Peaks for the -C—H-
group at 1286—1355 cm™" are visible as well as bending vibra-
tions of -Si—C- can be identified at 1407—1440 cm™". Additional
vibrations from -N—H- amide are observed at 1574 cm™". Finally,
the presence of the aldehyde group (-CHO) is confirmed at
1722-1799 ecm™*

Immobilization of BSA on the Surface of As-Produced
and Functionalized NPAPs. The immobilization of proteins
or antibodies on the NPAPs surface is important for their
application in biological processes. In previous sections, two
different functionalization processes for covalently linking
NPAPs and protein have been presented and confirmed with
spectroscopic methods. However, the functionalization process
requires several steps for being completed, three in the case of
APTES and GLTA or two for the case of silane-PEG-NHS.

Strong NPAPs—protein bonding can also be obtained by
adsorption. Adsorption of the protein/antibody to the surface of
NPAPs is especially stable due to the attracting electrostatic
interaction between NPAPs and protein. For studying the direct
NPAPs—protein linking, bovine serum albumin (BSA) protein
was linked to NPAPs by adsorption. The transmission spectrum
of these NPAPs is compared to that of NPAPs covalently linked
to BSA using the APTES and GLTA functionalization process
(Figure 4b). At first glance we can observe that the transmission
spectrum of the tandem BSA-NPAPs obtained both by adsorp-
tion and by functionalization presents the same shape. This
means that the vibrational peaks belonging to particular
molecular groups are closely similar for both linking processes.
Besides, the bonding of the protein to the NPAPs is also
demonstrated by the identification of the amide I and II bands
of the protein at the transmission spectrum of NPAPs. The
minimum of transmission at 1652 cm™" is assigned to the amide I
band.°"** Amide I absorption originates from the C=O
stretching vibration of the amide group (coupled to in-phase
bending of the N—H bond and stretching of the C—N bond).
Around 1540 cm™! we identify the amide II band.*>®* Amide II
comes from the N—H bending and C—N stretching vibrations.

The strong adsorbance of the protein to the NPAPs surface
is explained as a consequence of several processes, prevailing
the electrostatic attraction between protein and particle.
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The isoelectric point (IEP) of BSA is 4.7,°° and its ¢ potential
at physiological pH is highly negative.”” On the contrary,
the measured { potential of NPAPs at the same pH is highly
positive (Supporting Information Figure S2), promoting its
strong electrostatic attraction to the protein. The { potential
magnitude of NPAPs also indicates that they are electrically
stable and resist aggregation. Besides, the van der Waals
interaction between protein and particle together with hydrogen
bond effects participate for the strong adsorption of the protein
to NPAPs.

Cytotoxicity and Cell Viability of HepG2 Cells. An ideal
particle for cancer detection and treatment should have good
biocompatibility or low cytotoxicity. In order to check the
biocompatibility of NPAPs, cell viability and cytotoxicity assays
have been performed.

To determine the number of viable cells in culture, ATP
quantification assay in HepG2 cell was made. The levels of ATP

signal the presence of metabolically active cells. Moreover, to
analyze cytotoxicity, LDH release was quantified.

HepG2 cells were incubated with 100 and 12.5 pg/mL of
NPAPs, and the cell viability and cytotoxicity at 24, 48, and 72 h
were analyzed.

Figure 5 shows the fluorescence images of the HepG2 cells
cultured with NPAPs for 48 and 72 h. The NPAPs can be clearly
identified due to its photoluminescence. Their presence in the
culture medium does not affect the HepG2 normal growth.

As-produced NPAPs were incubated with HepG2 cells, and
cell viability and cytotoxicity were analyzed. Vehicle was used as a
control (Figure 6). We did not observe any significant difference
between our as-produced NPAPs compared to functionalized
NPAPs in the cytotoxicity assays or control. Furthermore, we did
not find differences between all incubation times.

In the viability assay of HepG2 cells, we did not show any
significant difference between as-produced NPAPs, functionalized

DOI: 10.1021/acsami.5b05016
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viability analyses for cells incubated with no NPAPs (PBS) are also presented for comparison.

NPAPs, or control conditions. Once again, we did not observed
distinctiveness between all incubation times.

The analysis of the cell viability indicates that our as-produced
NPAPs do not negatively affect the HepG2 cells. In the same
direction, the cytotoxicity assay does not show any change
between all growing conditions (Figure 6).

The influence of the NPAPs size on the biocompatibility of
HepG2 cells has also been analyzed. By filtration three different
size ranges have been selected for the analysis: <3, 3—20, and
>20 pm. HepG2 cell were cultured with all NPAPs sizes at
100 pug/mL, and the cytotoxicity and cell viability were analyzed
at different times (Figure 7).

In cytotoxicity experiments, we could observe significant
differences in NPAPs of <3 ym at 48 h of treatment and 3—20 ym
at 72 h versus control conditions.

By the other hand, analyzing the cell viability we could find
a significant difference in the NPAPs of >20 ym at 24 h versus
control conditions. In the other growing conditions we could not
observe any change.

The results demonstrate that the cytotoxicity and viability
presented by the cells are very similar to the results obtained in
control conditions regardless of the size of NPAPs.

4. CONCLUSIONS

The application of NPAPs for the identification and treatment
of HepG2 cells has been assessed. The surface of NPAPs was
successfully modified with a commonly used functionalization
method consisting of APTES and GLTA. Besides this method, a
very recently used functionalization consisting of silane-PEG-
NHS was successfully carried out. The surface modification with
silane-PEG-NHS simplifies the process and reduces the number
of functionalization steps. Besides, the immobilization of BSA
on NPAPs by adsorption was assessed. The strong electrostatic
attraction between BSA-NPAPs was successfully exploited, and
a strong link between them was obtained.
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HepG2 cells were cultured with different NPAPs concen-
trations for 24, 48, and 72 h. The viability and cytotoxicity
analysis carried out for all of these culture conditions
demonstrates the biocompatibility of NPAPs and their suitability
for biological applications.
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