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Absitraci—Although Immunoflucrescence assays have

been used for decades, they are not traditionally capa-
ble of quantifying blomarkers at ng/ml levels. Plasmonic
enhancement of fluorescence using metallic surface nanos-
tructures has exhibited potential In amplifying the fluores-
cence signal, which could reduce limits of detection and e )/h,_,_
Increase sensitivity. However, current methods for fabricat- it \.
Ing metalllc nanostructures, such as e-beam nanolithogra-
phy, colloldal lithography, and colloidal self-assembly, require T g " wa e o~
complicated processes and have various drawbacks. In this \/ \/ \/
work, we describe a nanostructure fabrication process we
have developed based on the dewetting of thin sliver films
by rapid thermal annealing, which Is sultable for large areas.
The nanostructures were then coated with a thin sllica film to protect them and also to control the distance between
the metallic surface and fluorophores, an Important parameter when tuning metal enhancement of fluorescence.
Antlbody-antigen Immunoassays utilizing Immunoglobulin G were applied to evaluate the fluorescence enhancement
from these nanostructures. A nearly 19-fold Increase In the flucrescence Intensity was achleved with an optimized
structure. Callbration of the resulting plasmonically enhanced Immunofluorescence sensor showed that It Is nearly
13 times more sensitive than the non-enhanced version and was capable of quantification of a bilomarker at ~ 1 ng/ml
levels. A model nanostructure was constructed for which finite difference time domain simulations were in good agreement
with experimental results, allowing for optimization of process conditions for the further generation of nanostructures.

Index Terms— Metal-enhanced flucrescence, Inmunoassays, nanoparticles, rapld thermal annealing, Immunofluores-

cence, nanosiructure.

. INTRODUCTION

LUORESCENCE has been uvsed for sensing technology

in many areas such as protein, DNA and cell detec-
tion [1]. Metallic surfaces can affect fluorescence in various
ways — quenching it or increasing rates of excitation or
quantum yield [2]. Silver and gold nanostructures, generating
surface plasmon resonance in the visible light ranpe, have
been widely used in biosensing [3], surface enhanced Raman
spectroscopy [4], near-field optics [5], etc.
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Nano-scale metallic particles or structures can alter the
fluorophores’ free-space condition and can result in dramatic
spectral changes. Metal surfaces can increase or decrease the
radiative decay rates of fluorophores and can increase the
extent of resonant energy transfer. The effects of metallic
surfaces include three mechanisms: quenching via energy
transfer at short distances (~0-5 nm), concentration of the
incident light field (~0~15 nm), and increasing the intrinsic
radiative decay rate of the fluorophore (~(0-20 nm)[6]. The
use of fluorophore—metal interactions in biotechnology has
primarily been referred to as radiative decay engineering
or metal-enhanced fluorescence (MEF)[7]. The free-space
quantum yields () and the enhanced fluorescence signal’s
quantum yield () of fluorophores in close proximity to
metallic nanostructures could be described by the following
equations[8]:

Qﬂ — r;’r{r+knr} (1}
Om =(I+Tm) /(I +Tm+ knr) (2)

where I' is the unmodified radiative decay rate and k,, is the
non-radiative rate. The presence of a nearby metallic surface
increases the radiative rate by the addition of a new rate I'y.

republicationfredizstribution requires IEEE permission.

See https-fwww.ieee org/publicationsfrightzfindex_himi for more information.

Authorized licensed use imited toc University of South Florida. Downloaded on February 12,2022 at 23:35:34 UTC from IEEE Xplore. Restrictions apply.



15818

IEEE SENSORS JOURNAL, VOL. 21, NO. 14, JULY 15, 2021

Several methods to realize the metal-enhanced fluorescence
effect on substrates have been reported in the literature.
Generally, methods for fabricating nanopatierns on a substrate
are not practical, and are unsuitable for large areas required
in biosensing applications. Electron-beam lithography is a
widely used method to establish nanostructures [9]. It involves
metal lift-off or plasma etching and provides high resolution
and reproducibility with precise pattern control over geometry
down to the nanometer scale. However, in addition to requiring
expensive equipment, it is impractical for the fabrication of
large areas. Another method is photo or laser—interference
lithography [10], [11]. It exposes a photoresist layer to two
or more coherent light beams, providing a nanolithographic
technique for periodically-patterned structures. This method
requires a specially-designed optical system with beam split-
ters and mirrors to generate multiple light beams. The angles
of incidence can be varied by changing the distances between
mirrors or between sample plane and mirror plane. When the
beams reach the sample surface, optical interference results
in various interference patterns. Although providing a rapid
and larger-area nanolithography process, it still requires a
complicated optical system and a precise — and therefore,
expensive — alignment platform [12]. Nanoimprint lithography
is another method of fabricating nanometer-scale patterns on
a large scale [13]. A mold is first fabricated using con-
ventional electron-beam lithography. The mold patterns are
transferred to the photoresist layer on the sample substrate
via the UV and imprint processes. However, this method
typically requires fabrication of a precise nanopattern mold
and release layer in addition to a special imprinting system.
Some self-masked methods such as polystyrene beads [14]
or colloidal lithography [15] have also been reported. These
methods use small particles such as polystyrene beads or metal
particle coatings on the substrate. Coating patterns with the
area covered and uncovered work as masks for lithography
processes such as metal deposition and dry etching. This
method requires no complicated lithographic processes or
lengthy fabrication times. However, the pattern guality and
shape are highly dependent on the assembly area density and
space between each particle. There are also some methods
that eschew lithography such as electrochemical growth [16] or
nanoparticle assembly [7], [17]. Using colloid chemistry, metal
nanoparticles with various structures such as triangular prisms,
cubes, rods, and wires can be synthesized [18]. This allows for
investization of the effects of nanoparticle size, composition,
and self-assembly — however, uniform distribution of these
particles on the surface is a problem, as is ensuring their
stability during sensor usage.

In previous publications [19], [20], we have reported on
the effects of nanoparticle structure and compositions on
MEE In a recent publication [21], we have applied MEF
from colloidally-synthesized silver nanocubes dispersed on
a subsirate to construct a bicsensor for the cancer marker
carcinoembryonic antigen (CEA) to demonsirate quantification
in the low ng/ml levels. The guantum yield enhancement
is dependent on the nanocube dimension, areal density, and
distance between fluorophores and the particle surface. Though
successful at lowering the detection limit and allowing for

detection in a surface acoustic wave sensor platform, the
silver-nanocube-based MEF immunofluorescence assay has
several drawbacks. Notable among them are the unreliable
colloidal synthesis procedure and its scale-up, difficult-to-
achieve uniform distribution of the nanocubes on the surface
at the specified areal density, and difficulty with adhesion of
these cubes to the surface throughout the sensing process. The
colloidal synthesis and assembly of nanoparticles is extremely
sensitive to many factors such as reaction time, temperature
control, and surface modification. The adhesion of particles to
a sensor surface while retaining MEF and without affecting
sensor performance is not easily achieved. Both of these
factors preclude the use of nanoparticles produced by colloidal
synthesis in MEF-based biosensor applications. To overcome
these issues and attain faster and easier nanostructure fabrica-
tion, we have implemented a rapid thermal annealing (RTA)
process to obtain stable nanostructures. Upon optimization,
and after coating with a silica overlayer, we were able to
achieve a stable nanostructure that showed exceptionally high
MEF, allowing for the construction of a robust, sensitive, and
low-limit-of-detection biosensor suitable for cancer biomarker
quantification.

RTA is typically used for improving structures via intrin-
sic stress liberation and controlling surface roughness [22].
Metallic thin films deposited on dielectric substrates are typi-
cally thermodynamically unstable or sub-stable. The spreading
coefficient § determines if the liquid spontaneously spreads
(§ > ) or coagulates (§ < (), with § defined as [23]:

§S= Ysg — Fig — Yis (3)

The interfacial tensions of solid-gas (ysg), liquid-gas (y),
and liquid-solid (y;;) interfaces, represent the surface energy
between each of these interfaces. Spontaneous dewetting of
metallic thin films on a dielectric substrate to form nanoparti-
cles has been studied and can be achieved via thermal anneal-
ing [24], laser treatment [25], [26], ion bombardment [27],
etc.. The complex mechanisms involved in forming the nanos-
tructures have been investigated via molecular dynamics and
continuum approaches, however, the different length and time
scales involved makes it difficult to predict the nonlinear
dewetting dynamics needed to quantitatively assess film-
thickness-dependent nanostructure characteristics [28]. Diffi-
culty in process modeling and control is a key shortcoming in
the production of nanostructures via spontaneous dewetting of
thin films, and failure to control this variable leads to nonuni-
formity in particle size and structure and to defects in general.
Fortunately, MEF is largely tolerant to such imperfections.
In this work, we have utilized RTA to perturb the film into
discontinuous droplets of flat island shapes to reach a new
equilibrium structure that minimizes the interfacial energy.
When the metallic film is very thin, this process can occur at a
temperature much lower than its melting point. Afier the RTA
process, disordered nano-islands are formed, allowing for the
fabrication of larger-area nanostructures on the substrate. The
value of such micron-sized island structures in the plasmonic
enhancement of fluorescence of fluorophore-conjugated anti-
bodies during immunosensing is the subject of this contribu-
tion. Additionally, we find that these RTA-treated nanoislands
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are not strongly attached to the substrate. Hence, we have
coated them with a thin layer of silicon dioxide, to not
only help stabilize the nanostructures, but also to protect the
silver from oxidizing during sensor storage and operation.
The effect of this dielectric film and its properties (such as
thickness) on MEF is described in this work. The RTA process
is optimized to produce a large plasmonic enhancement of
the fluorescent intensity in antibody-antigen immunoassays
using immunoglobulins (IgGs). Optimized devices have shown
significantly larger sensitivities, and limits of detection on
the ng/ml levels were achieved in these assays. Resulis of
this work point to the possibility of achieving point-of-need
quantification of biomarkers via immunofluorescence.

Il. MODELS AND SIMULATIONS

Experiential research exists on the fluorescent enhancement
of metallic nanoparticles and dielectric layers [29], however
the mechanism by which the dimensions of the nanoparticle
and dielectric layer influence the effect has not been fully
ascertained. The finite difference time-domain (FDTD) simula-
tion is widely used in computational electrodynamics. We uti-
lized FD'TD simulations to predict fluorescent enhancement for
a model system suitable for exploring the relationship between
fluorescent enhancement and nanoparticle geometry with the
long-term aim of improving device design. A fluorophore was
localized above the nanoparticle as schematically illustrated in
Figure la, in which the annealed silver particle is idealized
as a circular disk of radius (R), thickness (T), and silica
coating layer height (H), and the fluorophore is considered
to be a dipole located at a distance D from the particle
surface. Figure 1b demonstrates that the enhancement factor
is dependent on the distance between the particle surface
and the fluorophore. The simulation script can be found in
Supplemental Materials.

Calculations were performed for nanoparticles without silica
coatings (H = 0 nm) for particles of thickness T equal to
50 nm, 25 nm, and 15 nm. The particle radius R selected for
each thickness was based on the results of the experimental
size distribution, with average particle radius being 2000 nm,
50 nm, and 20 nm, respectively. Fizure 2 shows that the thick-
est nanoparticle (T = 50 nm) enhances fluorescence the most,
compared to the other two cases, whose enhancement factors
are less than 2. The silica coating layer also has an effect
on the spectrum. Increasing silica thickness (H) red-shifts
the spectrum peak from 464 nm to 503 nm. For the typical
fluorophore such as Alexa 488, the emission peak is at 520 nm,
for which the 15 nm silica layer shows an enhancement
factor to 7.01 compared to 4.42 for silica thickness of 0 nm.
These simulations provide guidance for the optimal selection
of nanoparticle sizes and silica layer thicknesses for a given
fluorescence dye.

. EXPERIMENTAL
A. Reagents and Apparatus
All materials and reagents were of analytical grade and

were used as received. Rabbit IgG, bovine serum albumin
{BSA), and (3-aminopropyl) - triethoxysilane (APTES) were
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Fig. 1. (a) Schematic of the FDTD computational model; (b) computed
fluorescence enhancement factor as a function of distance between the
fluorophore and silver particle surface. In this simulation, T = 50 nm,
R =200 nm, H = 0nm, and D = 10 fo 25 nm.
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Fig. 2. Computed fluorescence enhancement factor for several Si0y

coating thicknesses. In these simulations, (1) solid lines are for: T =

50 nm, R = 200 nm, D = 10 nm, and H = 0 nm to 15 nm; (2} dotted

lines are for: T = 15 nm, R = 20 nm, D = 10 nm, and H = 0 nm; and (3)

dashed lines are for: T =25 nm, R = 50 nm, D = 10 nm, and H = 0 nm.

purchased from Sigma-Aldrich. Mouse anti-rabbit IeG-CFL
488 was purchased from Santa Cruz Biotechnology. Protein A
was purchased from Abcam. Reapent grade deionized water
(DI water) with 18.2 M{).cm resistivity was produced in the
laboratory using a Millipore system.

The instruments utilized in the experiments were a Hitachi
SU-70 Scanning Electron Microscope (SEM), a Nikon
FN1 fluorescence microscope, an MT1 rapid thermal processor,
and a Jasco V-670 spectrophotometer.

B. Chip Fabrication
The chip fabrication process is illustrated in Figure 3.

The glass slides were cleaned using a piranha solution
(concentrated sulfuric acid: 308 hydrogen peroxide solution
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Fig. 3. Schematic illustration of fabrication process for metallic nanos-
tructures with silica coating layer on a 5i0; glass substrate.
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Fig. 4. Schematic diagram of chip modification processes for fluores-
cence IMmMUNoassays.

in ratio of 3:1). After cleaning, a thin metal (gold or silver)
film was deposited on the slides. E-beam evaporation and
sputtering were both used to evaluate the deposition quality.
A deposition rate of 2.5 A/s was found to be the maximum
that could produce a homogeneous film. In one optimized test,
the slides were treated by a RTA process in which they were
rapidly heated up to 500°C at a rate of 25 *C/s and held
there for 60 seconds. Then, the slides were cooled to room
temperature gradually. The entire process was conducted in a
N> gas atmosphere in an MTI rapid thermal processor. The
nanostructured patterns were generated afiter this annealing
treatment. A thin 5i0; layer was sputtered on the annealed
slide surface with a deposition rate of 4 A/min. The fabricated
slides were diced into individual chips for further tests.

C. Chips Modification

The fabricated slides were modified with biomolecules
using the following processes. The slides were first solvent
rinsed and dried with N2 gas. Ten mM APTES in pure ethyl
alcohol solution was used to silanize the slide surface. Afier
1 hour of soaking, the chips were washed with pure ethyl
alcohol and dried with N> gas. The biomolecular surface
assembly strategy is shown schematically in Figure 4. The
silanized surface was incubated with 200 xp/ml Protein A
at in PBS for 2 hours at room temperature. The partly-

(b)

Fig. 5. SEM images of the annealed 125 A film: (a) gold; (b) silver. The
metallic layers were deposited using e-beam evaporation. Scale bar is
1 micron.

functionalized surface was the incubated with Rabbit IeG
for 2 hours followed by 1 mg/ml BSA in PBS for blocking
the unbound sites on the subsirate. Later, 4 ugfml mouse
anti rabbit 1gG-CFL 488 was used as the detection antibody
during fluorescence testing. The IgG conjugate Cruz Fluor™
488 has an excitation peak of 491 nm and an emission peak
of 520 nm. The chips were rinsed with PBS and dried with
N> gas between each step.

IV. RESULTS AND DISCUSSIONS
A. Comparison of Gold and Silver Nanostructures

To understand the RTA process and fluorescence enhance-
ment better, we deposited gold and silver on the glass slides
with the same deposition and thermal annealing processes. The
film thickness was 125 A. Figure 5 shows SEM images of
the gold and silver nanoparticles. No significant differences in
distribution are apparent between the 2 metals.

A Nikon FN1 fluorescence microscope was used to measure
the fluorescent intensity. The microscope light intensity was
set to 100% of the solar light source with an exposure time
of 10 seconds and a gain of 1 X. The solar light was filtered
through a blue light filter as the excitation light. The emission
light was filtered through a green light filter as the detection
signal. The fluorescence images were collected and the green
channel values of the RGB system (255,255,255) were cal-
culated. The fluorescence resulis clearly show that the gold
nanoparticles quench, and silver particles enhance fluorescent
intensity compared to an ordinary glass slide was treated using
the same functionalization process. This quenching from gold
nanoparticles is expected and is a result of the non-radiative
energy transfer from the excited states of the fluorophores
to the gold particles [30], [31]. As shown in Figure 6, the
presence of silver nanoparticles significantly increased the
fluorescent intensity almost up to the limit of detection of 255.

B. Silver Nanoparticles From e-Beam and Sputfer
Deposited Films

The silver thin films were deposited using e-beam evapo-
ration and sputtering for deposition process comparison. The
resulting nanostructures were compared using SEM and fluo-
rescence microscopy. SEM images of the annealed nanopat-
terns from these two methods show no visible difference,
but as shown in Figure 7a, however, soaking and washing
multiple times during the surface modification processes, the
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Fig. 6. Fluorescence intensity enhancement from (a) silver nanoparti-
cles; (b) gold nanoparticles; compared to that from (c) bare glass. The
metallic layers were deposited using e-beam evaporation and lightsource
dose was set to 100%.
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Fig. 7. (a) SEM image of silver nanopatterns via e-beam evaporation
after rising process. (b) Fluorescence image of silver nanopatterns via
e-beam evaporation and (c) sputter deposition.

e-beam samples showed poorer adhesion to the surface. The
area where the nanopatterns are absent exhibits much weaker
fluorescence intensity as shown in Figure 7b. The sputiered
silver sample has better adhesion with the glass surface
(Figure Tc), hence, sputtering was utilized as the deposition
method in the rest of this study.

C. Silver Nanopattern Characteristics

RTA could significantly change the surface characteristics
of the silver film. The images in Figure 8 show the color
change after annealing. The 5 nm, 10 nm, 15 nm, and 25 nm
films were different colors due to differences in light scattering
and absorption [32], [33]. The annealed nanoparticle sizes
are highly correlated to the film thicknesses. Thicker layers
can generate larger particles and have absorption specira with
broader peaks at longer wavelengths [34]. However, if the

(a) (&) (e )

Fig. 8. Photographs of glass slides before (top row) and after (bottom
row) the RTA process for sputter deposited films of thickness: (a) 5 nm;
(k) 10 nm; (c) 15 nm; {d) 25nm.
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Fig. 9. WNwis absorbance spectra of RTA treated silver nanopatterns
of deposition thickness 5 nm, 10nm, and 15 nm.

)

Fig. 10. SEM images of annealed silver films deposited using sputtering:
{a) 5 nm; {b) 10 nm; {c) 15 nm; (d) 25 nm. Scale bar is 1 micron.

silver layer was over-deposited (thicker than 25 nm), the film
lost the ability to transform into nanostructures, which shows
a mirror effect rather than a surface plasmon effect. As seen
from the UV-vis absorbance peaks in Figure 9, the wavelength
of the absorbance peak red shifts from 441 nm to 476 nm and
becomes wider with increase in the deposited film thickness.

As shown in Figure 10a-c, the thin silver film can produce
isolated nanoislands on the glass surface. The 5 nm silver layer
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MNANOPARTICLE CI—HH‘.ACTERIEI'?CESLEGIR DIFFERENT DEPOSITED FILM
THICKNESS
Film thickness {nm) 5 10 15
Cover area percent (%) 298 322 314
Area density (/um®) 580 13 59
Average height (nm) 16.8 310 475

created hemi-spherical nanopatterns, densely spreading across
the entire glass slide. For larger thicknesses, the nanopatterns
changed into ellipsoidal or peanut-shaped structures. When the
thickness reached 15 nm, worm or lace-like patterns appeared.
The pattern lost its isolation when the thickness got up to
25 nm, resulting in a flat film layer without nanostructures
(Figure 10d).

D Silver Nanoparticies Density and Distribution

The particles size, area density and distribution of the
5 nm, 10 nm and 15 nm silver samples were calculated and
are shown in Table 1. Because the thermal annealing cannot
generate regular nanostructures such as spheres and cubes,
we calculated area size to analyze the particle distribution. The
particle density decreases with increasing film thickness. The
annealing treatment created nanopatterns having areas coated
and uncoated by silver. However, the ratio of the covered area
{~30%) does not change significantly. Since the total volume
of the deposited silver is constant, the average height of the
annealed nanopattens can be calculated as:

Film thickness

A height = 4
salesibcs: Covered area fraction “)

The nanoparticle area distributions are shown in Figure 11.
About 39% of the particles from 5 nm annealed film have
areas in the range of range 250 - 450 nm® which is equal
to 18 - 24 nm diameter if considered as spherical in shape.
47% of the particles from 15 nm film have areas in the range
of 0.025 — 0.045 gm?, 100 times larger than those of 5 nm
film. From these histograms, we conclude that the particle size
increases with film thickness. It is obvious that thinner film can
provide better monodispersity with a narrower distribution.

E. Fluorescence Enhancement From Ag Nanosfructures

RTA-annealed silver nanopatterns formed from 5 nm,
10 nm, 15 nm, and 25 nm thick films were tested for
fluorescent immunoassay detection and compared with tests
on nonfunctionalized glass surfaces. The fluorescent inten-
sities of each sample were measured under 4% and 100%
of maximum light source intensity. The results indicate that
the 10 nm and 15 nm silver samples have larpe fluores-
cent enhancements. Results are summarized in Figure 12.
Specifically, the nonfunctionalized samples showed fluorescent
intensities of 5.62 (4% source intensity) and 76.15 (100%
source intensity) of 255 units maximum. Illuminated by a 4%-
intensity light source, the 10 nm and 15 nm nanostructures
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Fig. 11. Area distributions of the RTA treated silver nancstructures for
deposition thicknesses of Snm, 10nm, and 15 nm.
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Fig. 12. Enhancement of fluorescent intensity from silver nanoparticles
at deposition thicknesses of 5 nm, 10 nm, 15 nm, and 25 nm compared
fo that of a nonfunctionalized glass slide.

increased the fluorescent intensity by factors of 1.72 and 2.76,
respectively. Illuminated by a 100%-intensity light source,
these enhancement factors were 1.46 and 2.10, respectively.
The 5 nm silver nanostructures had smaller enhancement
factors of only about 1.29~1.40 fold. This indicates that the
guantum yield enhancement factor is strongly dependent on
the nanoparticle dimensions. The 25 nm film resulted in a
fluorescence decrease, because the thick film cannot generate
the nanostructures, indicating that the flat silver film has no
MEF effect. Thus, the 10 nm and 15 nm film samples were
selected for the next step, in which 5i0; was deposited on
these particles.

F. Silica Coated Nanostruclures

FDTD simulations of the model structures indicate that a sil-
ica layer red shifts the plasmonic absorption peak closer to the
emission wavelength of the fluorophore, and that the enhance-
ment factors are dependent on the fluorophore-nanoparticle
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(a) . (b}

Fig. 13. SEM images of silver nanoparticles after Si0» deposition of
thicknesses of (a) 5 nm and (k) 10 nm. These particles were generated
from the 10 nm silver film. Scale bar iz 1 micron.

distance. While the sputter-deposition-generated structures
adhere to the substrate better than those generated by e-beam
deposition, the silica overlayer stabilizes the nanostructures
throughout the sensing process. For these reasons, we investi-
zated the effect of a silica overlayer on MEF for the structures
generated from the 10 nm and 15 nm films. Deposition
thicknesses of 5 nm and 10 nm were utilized. Figure 13 shows
that the nanopatterns are retained after 5i0; sputtering.

G. MEF From Silica Coated Nanostructures

Four chips with silica-coated nanostructures were utilized in
fluorescence immunoassays: a 10 nm silver RTA-treated chip
with a 5 nm 5i0- layer (10 nm Ag @ 5 nm 5i0;), a 10 nm
silver RTA-treated chip with a 10 nm Si0; layer (10 nm Ag
@ 10 nm 5i0), a 15 nm silver RTA-treated chip with a 5 nm
Si0; layer (15 nm Ag @ 5 nm 5i0:), and a 15 nm silver
RTA-treated chip with a 10 nm S5i0; layer (15 nm Ag @
10 nm 5i0;). We found that the samples were overexposed
under 100% intensity during fluorescence measurement, which
means the Si0: layer increases the fluorescent intensity sig-
nificantly. Thus, the light source intensity was set to 4% for
all reported measurements.

The fluorescence images of the glass surface sample and
these four samples are shown in Figure 14a-e. All four silica-
coated nanostructures show larger fluorescent enhancement
compared to the nonfunctionalized glass slide without any
nanopatierns, and to the Ag structures without the silica
coating. Comparisons of intensities at 4% light source intensity
from Figure 12 and 14f show that the 5i0> coating provides
additional enhancement factors of 2.53 for the 10 nm Ag @
5 nm S5i0s, 421 for the 15 nm Ag @ 5 nm Si0,, 6.19 for
the 10 nm Ag @ 10 nm Si0,, and 6.82 for the 15 nm Ag @
10 nm Si0,.

It would appear that precise control of the distance between
the fluorophore and silver nanoparticles is capable of improv-
ing enhancement factors in addition to the effect of the
dielectric coating on plasmonic phenomena. Each modification
layer on the glass chip is a well-established self-assembly
monolayer. The APTES film would be of about 7 A per
monolayer [35], [36], however, the APTES film is usually mul-
tilayered and is of 2-5 nm thickness in realistic modifications
which depend upon surface modification protocols [37], [38].
Protein A of a 42 kDa molecule weight has a rough diameter of
4-5 nm [39]. IgG has a special Y shape with a height of 8.5 nm
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Fig. 14. Fluorescence images of (a) glass slide; (b) 10 nm Ag @ 5 nm
5i04; (c) 10nm Ag @ 10 nm Si04; (d) 15 nm Ag @ 5 nm 5i0s; (2] 15 nm
Ag @ 10 nm Si02 and () histogrames of flucrescence intensity from these
samples. The light source intensity was set to 4% of maximum.
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Fig. 15. Calibration curves of the nonfunctionalized and 15 nm Ag @
10 nm 5i05 nanostructured sensors.

and cross sectional sizefdiameter of 20-40 nm [40]-{43]. The
average distance from the silver surface to the fluorophore is
therefore about 20 - 30 nm including the ~10 nm from the
added 5i0, layer. In addition, the S5i0; coating introduces a
red shift to the plasmonic peak to near the emission peak of the
fluorophore, thus increasing the enhancement factor. For this
particular immunofluorescence assay, the 15 nm Ag @10 nm
5i0; samples achieved the maximum enhancement factor of
18.81 in comparison to the nonfunctionalized sample. These
results indicate the potential for additional optimization and
improved immunoassays.

Sensor calibration curves for a nonfunctionalized glass slide
and the 15 nm Ag @ 10 nm Si0; sample were constructed and
are shown in Figure 15. Fluorescent intensity is linear with the
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TABLE Il
COMPARISON OF DIFFERENT MEF STRATEGIES

Method Complexity Large=scale  Enhancement
fabrication  factor

This work, Easy Yes 18.81

RTA=Silica

SiCr2-coated silver Complicated Yes 10

colloid[44]

Surface-deposited Medium Yes 1.5-3

silver

nanoparticles[45]

Electron beam Complicated  No 21 36

lithography{46]

logarithm of concentration (ng/ml) over the range of 1—10,000
ng/ml. The sensitivity of the sensor with nanostructures is
calculated to be over 12.3 times greater than without due
to MEF. These results are encouraging and indicate that the
nanostructure MEF device has the potential of achieving sub
ng/ml limits of detection in realistic cancer biomarker assays.

Given the easy, fast, and inexpensive fabrication process,
the MEF-capable metallic nanostructures with a silica coating
layer is a competitive way of improving immuncfluorescence
assays. A comparison of the enhancement provided by alter-
nate MEF stratepies from literature is given in Table II. These
strategies are also classified by the complexity in processing
and scaling. It is apparent that our proposed method is
straightforward, scalable, and capable of achieving one of the
highest enhancement factors upon optimization. Although the
comparison in Table II is useful and brings out certain helpful
features, true comparisons should be made on the basis of
actual biosensors and their performances such as presented
in this work. For example, the electron beam lithographic
technique shows slightly larger enhancement factors than our
technique, however, it applies for ordered gold nanostructures
coupled to CDS/ZNS nanocrystals dispersed as a polymer
blend. Such a system is useful in lighting applications, but
not for biosensing, which necessitates the use of fluorophore-
conjugated antibodies and overlap of the LSPR peak with
the emission frequency. Indeed, we have realized substantial
enhancement factors with polymer-dispersed systems using
Ag/Cu nanoparticles and ALEXA fluorophores in previously
reported studies [19], [20]. It should also be recognized that
MEF must translate to lowered LODs and higher sensitivities
for biosensor applications as demonsirated in this work.

V. CONCLUSION

In this contribution, a fabrication method to achieve large-
area nanostructures using RTA and silica deposition has been
described for use in MEF of immunoassays. This method
overcomes the drawbacks of other nanostructure fabrication
processes such as lithography-based, non-scalable, and other,
more complicated processes. A rational process for optimizing
the MEF is described based on FDTD calculations and phys-
ical reasoning. By optimizing the fluorophore-nanoparticle
structure and the red shift of the plasmonic absorption peak
using a 5i0; overlayer, the fluorescent intensity was enhanced

by a factor of 18.81 in a typical immunoassay using IgGs.
These results provide a great potential for applying MEF in
practical biosensing applications.

ABBREVIATIONS

MEE metal-enhanced fluorescence; RTA, rapid thermal
annealing; SEM, scanning electron microscopy; FDTD, finite
different time-domain; IgG, immunoglobulin G; BSA, bovine
serum albumin; APTES, (3-aminopropyl) — triethoxy-silane.
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