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Abstract A novel gap-plasmon-tunable Ag bilayer nano-
particle film for immunoassays is demonstrated. Different
from a traditional Ag monolayer nanoparticle film, a desired
number of polyelectrolyte (PEL) layers are deposited on the
nanoparticles before the self-assembly of a second Ag nano-
particle layer. Interestingly, by controlling the number of the
PEL interlayers, the gap plasmon between the two Ag nano-
particle layers can be tuned across the visible spectral range.
The ability of the presented Ag bilayer nanoparticle films in
fluorescence enhancement has been examined experimen-
tally. A maximal enhancement of around 15.4 fold was
achieved when 7 layers of polyelectrolyte were used. When
this optimal Ag bilayer nanoparticle film was applied to
fluorescence immunoassay, a performance with approxi-
mately 3.3-fold enhancement was obtained compared with
that performed on a traditional glass substrate. The experi-
mental results suggest that the presented gap-plasmon tun-
able Ag bilayer nanoparticle films have great potential in
fluorescence-based immunoassays. The method of the
bilayer-film construction presented here also provides new
insights into the rational design of the plasmonic substrates.
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Introduction

Fluorescence is one of the most powerful tools in medical and
clinical diagnostics. Using fluorescence for detecting

biomolecules, e.g., fluorescence immunoassay, has shown
great potential [1]. However, there are some inherent limita-
tions such as the low quantum yields and the poor photo-
stabilities of the fluorophores. Surface enhanced fluorescence
(SEF), to some degree, offers a solution to these issues [2–4].

When fluorophores are in close proximity to metallic
nanostructures, generally within 5 to 20 nm [5–8], a number
of appreciable effects take place, including an enhanced
fluorescence, a decreased lifetime as well as an improved
photostability [9]. The mechanism of SEF has been studied
since the 1980s [10–12], and it is generally believed to be a
combination of two processes: the enhancement of the ex-
citation [13–15], and the enhancement of the emission,
about the latter of which a model known as the radiating
plasmon model (RPM) has been raised by Lakowicz [16],
contributing a lot to the understanding of the SEF effect.

In the past decade, a number of reports that incorporated
SEF into immunoassays can be found in the literature.
Different silver nanostructures, either chemically grown
[17], vapor deposited [18], or electrochemically prepared
[19], were used as the substrate. One substrate with silver
nanoparticles on an underlying metal film was found to be
extremely effective for SEF and used in immunoassays with
great signal enhancement [20]. Recently, a homogeneous
silver nanoparticle substrate was developed, and significant
improvements in sensitivity and limit of detection were
obtained in the SEF-based immunoassay [21]. All those
reports mainly focused on the design of the SEF substrate,
which plays a key role in enhancing the excitation rate and/
or emission rate of the fluorophores.

A substrate with both good homogeneity and appreciable
SEF activity is favored in practical use. Generally, silver
fractal-like substrates exhibit a significant enhancement but
the homogeneity is less satisfactory [19]. Self-assembled me-
tallic nanoparticles can be advantageous in homogeneity over
traditional silver island films (SIFs) but are difficult to achieve
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a high surface density of nanoparticles, which strongly affects
the enhancement [4]. Another issue involved in exploiting the
SEF activity is the optimization of the SPR extinction spec-
trum of the substrate [22], which is of great importance for the
supported plasmonic effects. Benefiting from the ever-
improving synthetic chemistries, metallic nanoparticles with
well-defined geometries and sizes have been successfully
prepared, which can provide different plasmon modes to be
used in SEF [22–24]. The gap plasmon mode, originating
from the close proximity of two or more metallic nanopar-
ticles, has also been incorporated in SEF [25]. However, its
regulation based on the traditional self-assembly technique
has rarely been reported [26], since it calls for the fine tuning
of the aggregation of the nanoparticles, which is practically
challenging.

Here, a gap-plasmon tunable Ag bilayer nanoparticle film
is demonstrated, where a variable number of polyelectrolyte
(PEL) layers are sandwiched between two self-assembled
silver nanoparticle layers. Compared to traditional monolay-
er metallic nanostructures, the presented Ag bilayer nano-
particle film exhibits some advantages. First, based on the
self-assembly technique, the presented substrate is relatively
homogeneous. Secondly, the surface density of the Ag nano-
particles is higher by using a second deposition, to meet the
need of an effective SEF effect. Thirdly, the gap plasmon of
the Ag nanoparticles from two different layers can be tuned
across the visible spectral range by controlling the number
of PEL interlayers, leading to the rational design of the
substrate for SEF. Compared with a recent report on the
similarly prepared gold bilayer nanoparticle film [27], the
use of Ag herein enables a much larger tunable range. Using
the experimentally observed optimal number of PEL inter-
layers, the presented substrate is subsequently applied to the
fluorescence immunoassay. Compared to the control immu-
noassay where a glass substrate is used, an enhancement of
approximately 3.3 fold in the signal intensity is obtained,
indicating its potential application in immunoassays as well
as other fluorescence-based assays.

Experimental Section

Materials

Poly (diallyldimethylammonium chloride) (PDDA), MW
100000-200000, Poly (sodium styrenesulfonate) (PSS),
MW 70000, and poly (allylamide hydrochloride) (PAH)
MW 15000 were obtained from Sigma-Aldrich. Silver ni-
trate was obtained from Shanghai Shenbo Chemical Co.,
Ltd. Trisodium citrate dihydrate was purchased from
Jiangsu Qiangsheng Chemical Co., Ltd. Sodium tetraborate
(Na2B4O7) was purchased from Nanjing Chemical Co., Ltd.
Poly-L-Lysine (PLL) was purchased from Beyotime

Institute of Biotechnology. PLL-coated glass slides and
Bovine serum albumin (BSA) were obtained from Nanjing
KeyGEN Biotech. Co., Ltd. Human and mouse immunoglo-
bulins (IgGs), and FITC labeled goat anti-human IgG
(FITC-GAH IgG) were obtained from Beijing Bioss Biotech
Co., Ltd. Polyoxyethylene (20) sorbitan monolaurate
(Tween-20) and Tris (hydroxymethyl) aminomethane
(TRIS) were obtained from Sinopharm Chemical Reagent
Co., Ltd. TBS solution was prepared by dissolving NaCl
(8.76 g) and TRIS (1.21 g) in water (500 mL). TBST
solution was prepared by mixing Tween-20 (0.25 g) with
TBS (500 mL). BBS solution was prepared by dissolving
Sodium tetraborate in water to a concentration of 2 mM,
reaching a pH of 9.0. The water used in the experiments was
ultrapure deionized water.

Synthesis of Ag Nanoparticles

Ag nanoparticles were synthesized according to Lee’s meth-
od [28]. Briefly, an aqueous solution of AgNO3 (0.0849 g,
1 mM) was brought to boiling under stirring. After triso-
dium citrate solution (10 mL, 1 % w/w) was added, the
mixture was boiled for 1 h under vigorous stirring and then
allowed to cool slowly to room temperature. The as-
prepared Ag nanoparticles were greenish yellow in color
and characterized by an extinction peak at 406 nm.

Preparation of the Self-Assembled Ag Nanoparticle
Monolayer Film

The glass slides were first treated with a 4:1 (v/v) mixture of
H2SO4 (98 %) and H2O2 (30 %) at 60 °C for 6 h to remove
the impurities and to activate the surface. After thoroughly
rinsed with water, the glass slides were immersed in PDDA
solution (1 %) for 20 min and then washed with water again.
The PDDA-covered glass slides were then covered with
black tapes containing punched holes (9 mm in diameter)
to form wells on the surface of the slides. After that the
slides were immersed in Ag solution for 8 h to form an Ag
nanoparticle layer. The slides were rinsed thoroughly, dried
under argon and stored under 4 °C until use.

Preparation of the Gap-Plasmon Tunable Ag Bilayer
Nanoparticle Film

On the as-prepared Ag monolayer film, a layer-by-layer
(LbL) process was conducted by the deposition of alternat-
ing layers of PAH and PSS, both of which were prepared at
2 mg mL−1 in 0.5 M NaCl solution and dissolved by
sonication for 15 min. For the deposition of each layer,
PEL solutions were pipetted into the wells on the slides at
100 μL/well and incubated for 15 min before being rinsed
thoroughly with water. First, positively charged PAH was
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deposited on the slides to be adsorbed on silver nanopar-
ticles electrostatically. Then negatively charged PSS was
deposited on the positively charged slide surface allowing
for further PAH deposition. The top layer was always PAH
in order for the assembly of a second Ag nanoparticle layer.
After the deposition of a desired number of PEL layers, the
slides were immersed in Ag solution again for 8 h before
being rinsed thoroughly. For antigen immobilization in the
immunoassays, an additional layer of PLL was deposited by
pipetting the PLL solution (1 mg/mL) into the wells at 100
μL/well for an incubation time of 1 h. After being rinsed
carefully, the slides were stored under 4 °C until use. A
scheme of the presented Ag bilayer nanoparticle film is
shown in Scheme 1.

SEF Activity Performance

FITC-GAH IgG (100 μg/mL in BBS) was added to the
wells on Ag bilayer films, Ag monolayer films, and PLL-
coated glass substrates, and then incubated overnight under
4 °C in a humid chamber. (The PLL-coated glass substrates
were also covered with black tapes with holes as the Ag
substrates for a quantitative comparison) After being rinsed
with TBST, TBS and water for three times, the slides were
dried under argon and stored under 4 °C until being
measured.

Immunoassay Procedures

Immunoassays were performed on both Ag bilayer films
and PLL-coated glass substrates. The IgG solutions were
diluted with BBS. An aliquot of human IgG (100 μL) was
added to each well. The slides were incubated overnight
under 4 °C in a humid chamber, and then rinsed with TBST,
TBS, and water for three times. Blocking was then per-
formed by adding BSA solution (5 % in TBS, 100 μL) to
each well and incubating in a humid chamber for 3 h under
37 °C. After the slides were rinsed with TBST and water,
FITC-GAH IgG (100 μg/mL, 100 μL) was added to each

well and then incubated for 1 h under 37 °C. Then the slides
were thoroughly rinsed with TBST, TBS and water in se-
quence, dried under argon and stored under 4 °C until use.

Characterization

UV/Vis spectra were measured with a Shimadzu UV-3600
PC spectrophotometer. Aqueous samples were measured in
quartz cuvettes of 1 cm path length, using pure water as a
control. For samples on glass slides, the slides were placed
in a direction such that the incident light beams were per-
pendicular to the slide surface. Fluorescence spectra were
measured using an Edinburgh FLS 920 combined fluores-
cence lifetime and steady-state spectrometer. An excitation
of 488 nm from the xenon lamp was used for measurements
in front-face geometry, and fluorescence was detected on the
same side of the slide. The power of the excitation at the
sample surface and the illuminated sample area were mea-
sured to be around 0.17 mW and 7 mm2, respectively. The
integration time was set to 0.5 s. For measuring the dye-
labelled IgG immobilized silver or glass slides, another slide
similarly prepared but without dye-labelled IgG was used as
a background control to eliminate the interference of the
background noise.

SEM images characterizing the surface morphology of
the Ag monolayer and bilayer films were taken with a
scanning electron microscope (S-3000N).

Results and discussion

Characterization of the Novel Gap-Plasmon Tunable Ag
Bilayer Nanoparticle Films

The surface morphology of the Ag monolayer nanoparticle
film is shown in Fig. 1a, where a two-dimensional distribu-
tion of Ag nanoparticles is clearly exhibited. The as-
prepared Ag nanoparticles are mostly spherical with an
average diameter of around 50 nm. Although some samller
particles and some rods also exist, the film is relatively
homogeneous. Fig. 1b shows the case where a second Ag
nanoparticle layer was deposited with 5 PEL layers in be-
tween. Some Ag nanoparticles can be observed to be located
on top of the other particles, thus forming a nominal bilayer
structure. The average distance between the two Ag layers
was controlled by the number of the PEL interlayers, result-
ing in varied extinction spectra of the substrate, as shown in
Fig. 2.

From Fig. 2, one can identify the extinction spectrum of
the Ag monolayer substrate and the evolution of the extinc-
tion spectra of the Ag bilayer films with increasing PEL
interlayers. The narrow SPR peak of Ag monolayer film at
around 380 nm represents the dipolar mode, while the weak

Scheme 1 The structure of the gap-plasmon tunable Ag bilayer nano-
particle film
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broad band in the longer wavelength region suggests the
appearance of the Ag nanoparticle aggregates formed during
synthesis and deposition. For the Ag bilayer films, the
extinction spectra are dominated by two peaks resulted from
the split of the former dipolar mode sustained by isolated Ag
nanoparticles, although the band due to intralayer aggrega-
tion still exits. While the shorter-wavelength band peaks at
the similar spectral region with the Ag dipolar mode, the
longer-wavelength band, which is referred to as the gap
plasmon mode between the Ag nanoparticles from two
different layers, is easily tunable with varying PEL interlay-
er numbers. When only one PAH interlayer was used, the
peak of the gap plasmon mode appears at around 700 nm.
As the PEL interlayer number increases, it blue shifts across
almost the whole visible spectral range from about 700 nm
to about 430 nm.

The shift of gap plasmon peak due to the distance change
has been extensively studied, and can be well illustrated by
the plasmon hybridization model [27, 29]. The control of the
peak position, however, has rarely been performed due to
the difficulties in controlling the aggregation of the nano-
particles in the traditional two dimensional manner. The
method employed here, which regulates the gap plasmon

of nanoparticles from two different layers by controlling the
PEL interlayer number, is expected to provide new insights
into the design of the substrate.

Determination of the Optimum Gap-Plasmon Tunable Ag
Bilayer Nanoparticle Film for SEF

To examine and compare the SEF activities of the presented
substrates, they were tested using FITC as the fluorophore.
FITC labelled antibody were deposited on a PLL-coated
glass substrate, a Ag monolayer film and the Ag bilayer
films with different numbers of PEL interlayers, respective-
ly, using the above described methods. The protein was used
both as a fluorophore carrier and as a spacer to avoid the
fluorescence quenching. [7] The results are shown in Fig. 3.

According to Fig. 3, fluorescence enhancements were
obtained on all the substrates deposited with silver nanopar-
ticles. The Ag monolayer film exhibits an enhancement of
around 6.5 fold over the PLL-coated glass substrate. For the
bilayer films, there is a clear trend of fluorescence enhance-
ment variation that first increases and then decreases with a
maximal enhancement of around 15.4 fold achieved with 7
PEL interlayers. The significant fluorescence variation

Fig. 1 SEM images of an Ag
monolayer substrate (a) and an
Ag bilayer substrate with 5 PEL
interlayers (b)

Fig. 2 Extinction spectra of the Ag monolayer film (black) and Ag
bilayer films with 1 (violet), 3 (red), 5 (green), 7 (blue) and 9 (cyan)
PEL interlayers

Fig. 3 Fluorescence spectra of FITC-GAH IgG immobilized on the
Ag monolayer substrate (black), Ag bilayer substrates with 1 (red), 3
(green), 5 (blue), 7 (cyan) and 9 (violet) PEL interlayers, as well as on
the PLL-coated glass substrate (yellow)
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observed can not be accounted for by the changes of the
surface density of Ag nanoparticles alone, because it changes
little with the increasing PEL interlayers (data not shown).
Moreover, as the number of the PEL interlayers increased, the
interaction between the two Ag nanoparticle layers decreased,
leading to a weaker electromagnetic field between the Ag
nanoparticles, which could not explain the observed fluores-
cence enhancement. Consequently, other mechanisms are
considered to be involved besides the geometrical ones.

Although the exact mechanism is still under debate, SEF
is considered to be strongly dependent on the SPR proper-
ties of the substrates [22]. Either the enhanced excitation
field or the enhanced emission, or both of the above two
may contribute to the total enhancement, depending on the
SPR peak position relative to the absorption and emission
spectra of the fluorophore as well as the excitation wave-
length [30–32]. In the present experiment, as the wavelength
difference between the excitation and the emission is

relatively small, it is most probable that the observed fluo-
rescence enhancement comes from both the excitation and
the emission processes, whose contributions, however, may
change with the different SPR peak position of the substrate,
making the total enhancement varied. SPR peak position
changes are consequently considered to be responsible for
the changes of the enhancement, demonstrating the potential
of our gap-plasmon tunable Ag bilayer nanoparticle films in
regulating the SEF effect.

Enhanced Fluorescence Immunoassays

The fluorescence spectra obtained from the immunoassays
performed on our Ag bilayer nanoparticle film with 7 PEL
interlayers and a PLL-coated glass substrate are shown in
Fig. 4. An enhancement of approximately 3.3 fold was ob-
served without obvious change in the profile compared to the
non-enhanced sample, which is consistent with previous
reports [33]. The enhancement factor obtained here is signifi-
cantly smaller than that obtained previously in Section 3.2. The
reasons are analyzed as follows. Compared to the SEF activity
test using FITC-GAH IgG immobilized on the bare Ag bilayer
nanoparticle films, an additional layer of PLL was deposited
on the substrates before the immunoassay in order to improve
the specificity. Moreover, instead of direct immobilization,
FITC-GAH IgG was attached to the surface-bound human
IgG after BSA blocking in the immunoassay. Consequently,
the average distance between the fluorophores and the metallic
nanoparticle surfaces becomes larger. In a rough estimation of
the geometrical dimensions, the thickness of PLL is around
1.5 nm, the size of a BSA molecule is 5–11 nm [24], and the
IgGs used here are 10–20 nm in size [34–36]. Assuming a
random distribution of the FITC molecules on the antibodies,
the average distance between the fluorophores and the metallic
nanoparticle surfaces is within 11.5–31.5 nm in the immuno-
assay, compared to an average distance of 5–10 nm in the case

Fig. 4 Comparison of the immunoassay fluorescence emission mea-
sured on an optimized gap-plasmon tunable Ag bilayer nanoparticle
film (black) and a PLL-coated glass slide (red)

Fig. 5 a Immunoassay fluorescence emission measured on the optimal
gap-plasmon tunable Ag bilayer nanoparticle films using human IgG
with different concentrations. b Calibration curve of the fluorescence

signal vs. the concentration of human IgG (solid), corresponding to (a).
The dashed line represents the level of nonspecific binding
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of direct immobilization. According to the strongly distance-
dependent nature of SEF as well as previous reports on the
optimal distance [5–8], the decreased enhancement factor is
considered to be logical. However, by modifying some key
factors that affect SEF, e.g., the nanoparticle size [21], the
enhancement factor can be further optimized.

In addition to the fluorescence enhancement, the ability of
our Ag bilayer nanoparticle film in the analytical performance
of immunoassays was demonstrated using human IgG. A
direct assay format was used in which human antigen with
different concentrations was directly immobilized on the sub-
strates followed by the immune reaction with the labelled
antibody. The corresponding fluorescence spectra are shown
in Fig. 5a. When a concentration of 100 μg/mL was used for
the human antigen, a fluorescence spectrum with the peak
intensity of around 50000 counts was obtained. As the con-
centration of the human antigen decreased, the fluorescence
intensity also decreased, to approximately 1200 counts for a
concentration of 1 ng/mL. Unfortunately the further decrease
of the resolvable concentration was hindered by the weak
background of the nonspecific binding. The calibration curve
for the enhanced immunoassays was also depicted according-
ly, as shown in Fig. 5b. The data were fitted well using an
exponential logistic plot and the background signal level is
also depicted by a dashed line. It is thus concluded that using
the presented gap plasmon-tunable Ag bilayer nanoparticle
film, the fluorescence immunoassay can be performed with
enhanced fluorescence signals. The limit of detection (LOD)
is as low as 1 ng/mL.

Conclusions

A novel gap-plasmon tunable Ag bilayer nanoparticle film,
consisting of two layers of self-assembled Ag nanoparticles
and a variable number of PEL layers in between, is devel-
oped. By controlling the number of the PEL interlayers, the
gap plasmon mode of the Ag nanoparticles from two differ-
ent layers can be tuned across the visible spectral range
conveniently. The ability of the substrate in fluorescence
enhancement was examined experimentally, where the en-
hancement factor was found to first increase and then de-
crease with the increasing PEL interlayer numbers. A
maximum enhancement was achieved with 7 PEL inter-
layers. Subsequently, this experimentally determined opti-
mal substrate was employed in fluorescence immunoassays.
An enhancement of approximately 3.3 fold in fluorescence
intensity was obtained, compared to that obtained on a
traditional glass substrate. The experimental results pre-
sented herein suggest that the developed gap-plasmon tun-
able Ag bilayer nanoparticle film is potentially useful in
SEF-based immunoassays, which provides new insights into
the rational design of the SEF substrates.
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