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apid, sensitive, and high-throughput

detection of disease biomarkers in

human serum is a critical clinical issue,
because the concentrations of protein bio-
markers are generally associated with cer-
tain disease processes.'” Thus, the early
detection of disease-related proteins using
ultrasensitive methods can save lives and
money. The required sensitivity for typical
cancer biomarkers is 1 ng/mL, whereas the
detection of cytokines such as interleukins
(ILs) and interferon (INF)-y requires a higher
sensitivity (~1 pg/mL) due to lower
thresholds.>~* Although conventional im-
munoassay methods, including enzyme-
linked immunosorbent assays (ELISA) and
fluorescence immunoassays, can measure
the concentrations of disease-related pro-
teins, they have disadvantages, including
time-consuming procedures involving ex-
pensive instrumentation and complicated
separation and labeling steps.

Recent advances in microfabrication and
nanotechnology offer the possibilities of
highly sensitive, cost-effective assay meth-
ods, through the mass production of minia-
turized sensors. Cantilever-based micro-
resonators have attracted much interest
as candidate next-generation biosensor
platforms.>~'? Microcantilever resonators
have advantages for diagnostic applications
because they do not require labeling target
molecules, and the array structures enable
the simultaneous detection of multiple ana-
lytes. Although the mass sensitivities of nano-
cantilevers are incredibly high (better than 1
atto-gram in a vacuum),’® handling nano-
cantilevers during preparation and mea-
surement steps is not easy. Integrated mi-
crocantilever resonators (i.e., piezoelectric
microcantilevers) with very high resonance
frequencies may be a good alternative, but
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We developed a novel gravimetric immunoassay for sensitive detection of multiple protein

biomarkers using silicon microcantilever arrays and multifunctional hybrid nanoparticles.

Magnetic—photocatalytic hybrid nanoparticles with a highly crystalline Ti0, shell were

synthesized using a solvothermal reaction without a

calcination process. After functionalizing

the hybrid nanoparticles and silicon cantilevers with antibodies, the nanoparticles were used

to magnetically separate target biomarkers from human serum. Frequency changes of the

microcantilevers due to the binding of the nanoparticles were measured using a dip-and-dry

method. Frequency changes were further amplified using a photocatalytic silver reduction

reaction. Several biomarkers, including interleukin-6, interferon-y, and alpha-fetoprotein,

were selectively detected using arrays of eight

silicon microcantilevers. The detection

limit of this assay was ~0.1 pg/mL, which is superior to the clinical threshold of the

biomarkers.
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their fabrication is complicated and cost-
ineffective.'

We have developed a new assay system,
consisting of commercially available plain
silicon microcantilevers that are both eco-
nomical and easy to handle. In this system,
resonance frequency changes are amplified
by magnetic preconcentration and photo-
catalytic silver enhancement reactions.
Antibody-conjugated magnetic nanoparti-
cles are used for magnetic preconcentration
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Figure 1. Schematic illustration of a hybrid nanoparticle-based sandwich immunoassay with photocatalytic reduction of silver.

to separate target analytes from a complex medium
under an external magnetic field. Photocatalytic silver
enhancement uses photocatalytic nanoparticles to
reduce silver ions to metallic silver. The deposition of
silver on the nanoparticles increases their mass, result-
ing in greater frequency changes of the microcantile-
ver sensors. Because silver is reduced only around the
nanoparticles under UV irradiation, the reduction reac-
tion is easier to control and more reproducible than
conventional silver reduction reactions based on gold
nanoparticles, which occur not only around the gold
nanoparticles but also in solution.”

To implement the simultaneous magnetic precon-
centration and photocatalytic silver reduction, we
utilize a solvothermal process to synthesize magnetic—
photocatalytic hybrid nanoparticles. The Fe;O, core
enables the preconcentration of target proteins, and
the TiO, shell enables the photocatalytic reduction of
silver. The binding of antibody-conjugated hybrid
nanoparticles to the cantilevers and the subsequent
photocatalytic deposition of silver increase the mass of
the nanoparticles, enhancing the sensitivity of the
microcantilever resonators (Figure 1). To our knowl-
edge, this paper is the first to report the synthesis of
highly crystalline TiO, shells on magnetic cores without
a calcination process and the first application of multi-
functional hybrid nanoparticles to microcantilever sen-
sors to detect very low concentrations (0.1 pg/mL) of
multiple protein biomarkers in human serum.

RESULTS AND DISCUSSION

Magnetic nanoparticles with a narrow size distribu-
tion were synthesized using a one-pot solvothermal
method, as described previously,'®'” and SiO, shells
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were prepared using the Stober method.'® Although
various methods have been used to synthesize
magnetic—photocatalytic nanoparticles,'® > prepara-
tion of highly crystalline TiO, shells without calcination
remains challenging. Because heat treatment for the
crystallization of TiO, can cause the nanoparticles to
aggregate, the TiO; shells are temporarily coated with
SiO, layers and removed after calcination.”® Although
this scheme works in the production of crystalline TiO,
shells, it is not convenient to coat and etch the SiO,
layers. We therefore developed a direct solvothermal
method of producing highly crystalline TiO, shells,
without calcination.

Fe;0,4@Si0; solution in ethanol (2 mL) was diluted
into 50 mL of ethanol and dispersed by sonication. To
this solution were added 300 uL of deionized water
and 150 ug of hydroxypropyl cellulse (surfactant) while
stirring continuously, after which the mixture was
transferred to a Teflon-lined autoclave. Then 200 uL
of tetrabutyl titanate dissolved in excess acetylaceto-
nate was mixed with 5 mL of absolute ethanol, and
the solution was added dropwise to the Fe;0,@SiO,
solution. In the absence of acetylacetonate, titanium
precursors are hydrolyzed very quickly, resulting in
aggregation of the particles to form peapod-like
structures.®® In the presence of acetylacetonate, how-
ever, the hydrolysis reaction rate is reduced due to the
strong ionic interaction between Ti*" and acetylace-
tonate, producing isolated core@shell nanoparticles.

The autoclave was sealed and heated to 180 °C for
10 h with vigorous stirring. After natural cooling to
room temperature, the final products were washed
several times with ethanol and redispersed in ethanol
or distilled water. Note that the crystalline TiO, shells
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Figure 2. Scanning electron microscope (SEM) images of (a) Fe30,, (b) Fe;0,@SiO,, and (c) Fe;0,@Si0,@TiO,. (d) Magnified

image of (c).
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Figure 3. (a) Dark field STEM and (b) TEM images of Fe;0,@Si0,@TiO, nanoparticles. (c) Elemental mappings of
Fe;0,@Si0,@TiO, nanoparticles. (d) Cross-sectional elemental profiles of Fe;0,@Si0,@TiO, nanoparticles. (e) High-resolu-
tion TEM image of TiO; shells in the region marked in (b). (f) X-ray diffraction patterns of as-synthesized Fes0, (red) and
Fe30,@Si0,@TiO, (blue) nanoparticles (A: anatase, M: magnetite).

were obtained by a one-step solvothermal process
without postheat treatment. To our knowledge, this
is the first description of the synthesis of crystalline
TiO, shells without calcinations.

Figure 2a shows an SEM image of Fe;04 nanoparticles
with a mean diameter of 180 nm. These nanoparticles
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are composed of small primary nanocrystals (~15 nm
in diameter), which possess superparamagnetic proper-
ties. The magnetic separation efficiency increases along
with the size of the magnetic nanoparticles, but
Fes0, nanoparticles larger than 30 nm tend to assume
ferromagnetic properties.®® Figure 2b and ¢ show SEM
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Figure 4. Changes in resonance frequency of the cantilever arrays due to the binding of an antigen (red), an MPNP-bound
antigen after magnetic separation (blue), and silver-enhanced MPNP (green). The gray box represents the differences in
frequency from the reference cantilevers. The inset shows a schematic of the IL6-antibody-functionalized microcantilever array.

TABLE 1. Comparison of the Sensitivities of Various Microcantilever Sensors in the Detection of Proteins Using Dip-and-

Dry Assay Techniques

cantilever type resonance frequency analyte

piezoresistive>° 100 kHz alpha-fetoprotein
piezoelectric®’ 1.3 MHz hepatitis B virus
piezoelectric>? 68 kHz hepatitis C virus
piezoelectric>® 90 kHz prostate specific antigen
plain silicon®*3> 4.6 MHz (vacuum) prion proteins

plain silicon (this work) 27 kHz interleukin-6

images of Fe;0,@SiO, and Fe;0,@Si0,@TiO, nanopar-
ticles, respectively. Silica layers were introduced between
Fes0, and TiO, to prevent the photodissolution of Fe;0,
during the photocatalytic reaction.? The smooth surface
of Fe30,@SiO, nanoparticles became rough after coating
with TiO, layers. The high-magnification SEM image in
Figure 2d demonstrates that self-assembled TiO, nano-
crystal clusters formed on the Fe;0,@SiO, nanoparticles
during a solvothermal reaction. The increased surface
area of magnetic—photocatalytic nanoparticles (MPNPs)
due to the TiO, nanocrystals enhanced the subsequent
immunoreaction and photocatalytic activity. The size of
MPNPs was quite uniform, with no aggregation observed
(Figure 2d, inset).

The microstructures of the MPNPs were further
investigated by transmission electron miscroscopy
(TEM). The dark field STEM and TEM images of
MPNPs in Figure 3a and b, respectively, show the
presence of a core@shell@shell structure. The thick-
nesses of the SiO, and TiO, were ~70 and ~30 nm,
respectively. The corresponding elemental mappings
and cross-sectional profiles obtained by electron en-
ergy loss spectroscopy confirmed that the MPNPs
consisted of Fe;0,@SiO,@TiO, (Figure 3c and d).
Figure 3e shows a high-resolution TEM image of the
marked region in Figure 3b, confirming that the TiO,
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mass enhancement limit of detection

2 ng/mL

0.1 ng/mL

0.1 ng/mL
silica nanoparticles 1 pg/mL
magnetic nanoparticles 0.2 ng/mL
magnetic—photocatalytic hybrid nanoparticles 0.1 pg/mL

shell consists of crystalline nanoparticles. The crystal
structure of the MPNPs was further investigated by
X-ray diffraction (XRD), with the diffraction peaks in
Figure 3f indexed to the magnetite phase of Fes0,
(JCPDS 89-0691) and the anatase phase of TiO, (JCPDS
84-1285). Because the SiO, interlayer is amorphous, it
had no characteristic peaks. The Debye—Scherrer
equation indicated that the TiO, nanocrystals aver-
aged ~8.5 nm in size,?’ consistent with the results
obtained from the HR-TEM images.

Figure 4 shows variations in the resonance fre-
quency of the cantilever arrays due to the binding of
IL-6 and subsequent reduction of silver on the canti-
levers. The mass change (Am) due to the binding of IL-
6 and subsequent silver deposition can be calculated
from the frequency change (Af) as

k (1 1

where f, and f; are the initial frequency and the
frequency after mass loading, respectively. Because
mass was loaded only at the free end of the cantilevers,
we neglected the effects of adsorption-induced surface

stress on the spring constant of the cantilevers.%2°
The schematic inset in Figure 4 shows how each
cantilever was functionalized using specific antibodies.
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Figure 5. SEM images of an Fe30,@SiO,@TiO, nanoparticle as a function of photocatalytic silver reduction reaction time:
(a) 0 min, (b) 2 min, (c) 5 min, (d) 10 min, (e) 15 min, and (f) 20 min.

Two cantilevers treated with BSA to suppress the
nonspecific binding of IL-6 were used as reference
cantilevers. The other six cantilevers were func-
tionalized with BSA and antibodies to IL-6 using
microcapillary tubes and used to assess specific
antigen—antibody binding. Twelve cantilever arrays
were prepared, and each array was incubated for 1 h
in human serum spiked with 0.1 pg/mL to 10 ng/mL
IL-6. Changes in resonance frequency increased with
IL-6 concentration, whereas the reference cantilevers
showed a negligible frequency shift. The sensitivity of
the cantilevers before MPNP binding (~1000 pg/mL)
was increased after photocatalytic enhancement to
~0.1 pg/mL, far higher than the clinical threshold
(~6 pg/mL).* Table 1 shows the sensitivities of various
microcantilever sensors in the detection of proteins
using dip-and-dry methods.?®3* Although the reso-
nance frequency of the microcantilever in this study is
lower than those in the references, its limit of detection
is superior to the reported values due to the utilization
of the hybrid nanoparticles for magnetic preconcen-
tration and photocatalytic mass enhancement.

Figure 5 shows a series of SEM images of silver-
deposited MPNPs as a function of photocatalytic silver
reduction time. At the beginning of silver reduction,
small silver nanospheres formed on TiO, surfaces due
to the reduction of silver ions by photogenerated
electrons (Figure 5b). As the silver reduction reaction
continued, the silver nanospheres grew to silver
nanoplates (Figure 5c—f). Photoinduced fragmenta-
tion and ripening processes were reported to be
responsible for the conversion of silver nanospheres
to triangular nanoprisms.3%3” The nonuniform growth
of metallic silver may be due to the trapping of
photogenerated electrons on metallic silver present
on the surface of TiO,, resulting in a more rapid and
favorable reduction of silver ions on silver-deposited
sites.

To apply our assay in the detection of multiple
biomarkers, two microcantilevers each were function-

60 Reference IL-6 Ab IFN-y Ab
1 2 3 4 5 6 7 8
40 _ Microcantilever arrays
T
N
Y
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control "6 IFNVAFP oy are e MY
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Figure 6. Changes in the resonance frequency of each
cantilever after binding of various protein biomarkers
(1 pg/mL in serum) and photocatalytic silver enhancement.
(navy: reference, pink: IL-6, green: IFN-y, orange: AFP) The
inset shows a schematic representation of the multiple
antibody-functionalized microcantilever array.

alized with antibodies to IL-6, IFN-y, and AFP (Figure 6).
The remaining two cantilevers were treated with BSA
and used as references. Each of the eight cantilever
arrays was incubated in a solution containing precon-
centrated single antigen or multiple antigens. The
original concentration of each antigen solution was
1 pg/mL in human serum and preconcentrated using
antibody-functionalized MPNPs. Figure 6 shows
changes in the resonance frequency of the microcan-
tilevers after photocatalytic silver enhancement. The
reference cantilevers showed negligible changes in
frequency (within experimental error), whereas the
six other cantilevers showed large frequency changes
specific to the antigen in each solution. The three
antigens were successfully detected within 1 h, with
the sensitivity of detection being much higher than
that of competing techniques, including conventional
ELISA, fluorescent microarray, and electrochemical
methods.3¥~*2
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CONCLUSION

In summary, we have developed a novel immuno-
assay, using a combination of multifunctional hybrid
nanoparticles and microcantilever arrays. The magnetic—
photocatalytic hybrid nanoparticles, with high magneti-
zation and crystalline structure, were synthesized using a
simple solvothermal process without postcalcination and
used to separate target antigens from human serum.

MATERIALS AND METHODS

Materials. 3-Aminopropyltriethoxysilane (APTES), absolute
ethanol, bovine serum albumin (BSA), FeCls, polyacrylamide,
urea, sodium citrate, silver nitrate, tetraethyl orthosilicate
(TEOS), ammonium hydroxide, hydroxypropyl cellulose (HPC),
acetylacetonate, tetrabutyl titanate (TBOT), dimethyl sulfoxide
(DMSO), glutaraldehyde, and human sera were purchased from
Sigma-Aldrich and used without further purification. Human
IL-6, IFN-y, and alpha-fetoprotein (AFP), and antibodies against
each, were purchased from BD Bioscience (CA, USA). Deionized
water (18.3 MQ cm™') was prepared using a reverse osmosis
water system and was used to prepare phosphate buffer
(10 mM).

Synthesis of Fe;0, Nanoparticles. Magnetic nanoparticles with a
narrow size distribution were synthesized using a one-pot
solvothermal method, as described previously.'®'” Briefly, 4 mmol
of FeCl;, 12 mmol of urea, and 8 mmol of sodium citrate were
dissolved in 80 mL of water, to which was added 0.6 g of
polyacrylamide (7.5 g/L) under continuous stirring. The solution
was transferred to a 100 mL Teflon-lined autoclave, which was
sealed and maintained at 200 °C for 12 h. The solution was
naturally cooled to room temperature, and the precipitate was
collected using a permanent magnet and washed several times
with water and ethanol.

Synthesis of Fe;0,@Si0, Nanoparticles. SiO, shells were prepared
using the Stober method.'® Briefly, 1 mL of Fe;0, aqueous
solution was mixed with 20 mL of ethanol and 1 mL of
ammonium hydroxide and sonicated. To the resulting solution
was added 0.1 mL of TEOS, followed by agitation for 30 min. The
resulting Fe;0,@SiO, nanoparticles were washed three times
with ethanol and redispersed in ethanol.

Characterization of Nanoparticles. The crystalline structure of the
nanoparticles was characterized by X-ray diffraction on a
M18XHF (Mac Science) diffractometer with Cu Ko radiation
(A = 1542 A). The morphology of the nanoparticles was
determined by scanning electron microscopy (SEM) on a JEOL
JSM-7401F field emission SEM (FE-SEM, 15 kV). The structure
and chemical composition of the nanoparticles were investi-
gated using transmission electron microscopy (JEOL JEM-
2200FS) with an accelerating voltage of 200 kV.

Detection of Protein Biomarkers. Synthesized MPNPs (0.3 mg/mL)
were treated with APTES (1% in ethanol) and glutaraldehyde
(5% in distilled water) and washed in buffer solution, and the
monoclonal capture antibodies were immobilized onto the
nanoparticles. Antibody-functionalized MPNPs were incubated in
1 mL of antigen-spiked serum for 30 min, magnetically separated,
and redispersed in 0.1 mL of buffer for preconcentration. Silicon
microcantilever arrays were sequentially treated with APTES (1% in
ethanol), NHS-LC-biotin (100 xg/mL in DMSO), and streptavidin
(0.1 mg/mL).** The biotinylated polyclonal antibodies used for
detection were functionalized at the free end of each microcanti-
lever using microcapillary tubes (Figure 1), followed by washing
with 0.1 mg/mL Tween-20 to overcome the limitation induced by
nonspecific binding.** The functionalized microcantilever array
chips were incubated in preconcentrated solutions for 30 min and
dried under nitrogen flow. The resonance frequency of the
cantilevers was measured before and after incubation.

For photocatalytic silver reduction, the microcantilever
arrays were immersed in a 10 mM AgNOs solution and exposed
to UV light (A = 254 nm, Spectroline, NY, USA) for 20 min. After
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After binding of the MPNPs to the cantilevers, the change
in frequency was amplified by the photocatalytic reduc-
tion of silver. The limit detection of our assay was 0.1 pg/mL,
which is superior to that of conventional ELISA techniques.
In addition, the short assay time (~1 h) and ability to
detect several antigens suggest that this method may
be a promising alternative to conventional techniques
in clinical applications.

rinsing and drying the cantilevers, the resonance frequency was
measured by monitoring the frequency spectrum of acousti-
cally actuated cantilevers. An optical method was used to
determine the frequency spectrum of each microcantilever.?
In brief, a focused laser beam was reflected off the free end of
each microcantilever onto a position-sensitive detector, and the
voltage change due to the vibration of the cantilever was
converted to a resonance peak using a fast Fourier transform
technique. The resonance peaks were fit with Lorentzian
curves, and the corresponding resonance frequencies were
calculated. Figure 1 shows a schematic of a hybrid nanopar-
ticle-based sandwich immunoassay with photocatalytic silver
reduction.
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