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GRAPHICAL ABSTRACT

e A type of plasmonic Ag@Si chips
composing of Si supported Ag film
was fabricated.

e The chips show viable integration
into fluorescent immunoassays for
enhancement.

e The chips show up to 57 times
enhancement at 800 nm in fluores-
cence protein assay.

o The chips show up to 4.1 times fluo-
rescence enhancement for cell and
tissue imaging.
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Metal-enhanced fluorescence shows great potential for improving the sensitivity of fluoroscopy, which
has been widely used in protein and nucleic acid detection for biosensor and bioassay applications. In
comparison with the traditional glass-supported metal nanoparticles (MNPs), the introduction of a sil-
icon substrate has been shown to provide an increased surface-enhanced Raman scattering (SERS) effect
due to the coupling between the MNPs and the semiconducting silicon substrate. In this work, we further
study the fluorescence-enhanced effect of the silicon-supported silver-island (Ag@Si) plasmonic chips. In
particular, we investigate their practical application of improving the traditional immunoassay such as
the biotin-streptavidin-based protein assay and the protein-/nucleic acid-labeled cell and tissue samples.
The protein assay shows a wavelength-dependent enhancement effect of the Ag@Si chip, with an
enhancement factor ranging from 1.2 (at 532 nm) to 57.3 (at 800 nm). Moreover, for the protein- and
nucleic acid-labeled cell and tissue samples, the Ag@Si chip provides a fluorescence enhancement factor
of 3.0—4.1 (at 800 nm) and a significant improvement in the signal/background ratio for the microscopy
images. Such a ready accommodation of the fluorescence-enhanced effect for the immunoassay samples
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with simple manipulations indicates broad potential for applications of the Ag@Si chip not only in
biological studies but also in the clinical field.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The fluorescence immunoassay is one of the most widely-used
methods in protein and nucleic acid detection due to advantages
such as high sensitivity, data quantification and rapid analysis, as
well as causing minimal damage to samples [1,2]. However, the
majority of current fluorescent dyes, especially those that emit
wavelengths within the near-infrared range, suffer from low
emission intensity which ultimately limits the use of the fluores-
cence method [3]. To improve the detection sensitivity of the
fluorescence assay for practical applications such as early disease
detection, the fluorescence signals can be enhanced by metallic
nanostructures through surface plasmons of metal, known as
“metal-enhanced fluorescence” (MEF) [4—7].

Two approaches have been widely studied for the plasmonic
enhancement effect of fluorescence for biosensor and bioassay
applications. One approach is based on the particle dispersions of
nanoparticles (NPs) such as gold or silver NPs as well as some core-
shell nanostructures or nanocomposites [8—10]. Such NPs can work
not only as substrates to enhance fluorescence detection, but also,
after aptamer functionalization, they are suitable to be directly used
as detection probes. The other approach involves using a homo-
geneous substrate for enhancement [11—14]. Frequently-used ex-
amples include a gold- or silver-island film consisting of gold or
silver particles deposited on a glass slide substrate [14,15].
Compared with the nanoparticle suspension system, the latter
approach shows better reproducibility by overcoming disadvan-
tages such as uncontrollable movement and aggregation of free NPs
in the aqueous solution. However, it might also lead to an equal
enhancement not only in the signal intensity but also in the back-
ground noise during detection and imaging.

The metal-based fluorescence enhancement results from the
coupling between metal and fluorophores [ 16]. Recent studies have
shown that compared with the traditional glass-supported metal
film, the incorporation of a silicon-based substrate to fabricate a
metallic nanohybrid structure shows even higher plasmonic
enhancement [17—21]. Very recently, He et al. investigated how
silicon substrates facilitate surface-enhanced Raman scattering
(SERS) enhancement on a single NP level; this is ascribed to the
plasmonic coupling between the adjacent metal NPs as well as
between the metal NPs and the semiconducting silicon substrate
[22]. However, due to their different physical processes, a plas-
monic architecture with high SERS improvement does not neces-
sarily mean a high MEF [4,13]. It has been shown, in both theoretical
and experimental studies, that a balance exists between the exci-
tation enhancement and the quenching of fluorescence. It is
dependent mainly on the coupling effect, which is determined by
the space or distance between the fluorophores and the metal
[23—25]. That is, a too-strong coupling (with a distance of less than
~1 nm; this value varies depending on the plasmonic structure)
would lead to the quenching of the fluorescence while a too-weak
coupling (with a distance larger than a few tens of nanometers)
would reduce its enhancement effect; this phenomenon is known
as a distance-dependent distribution of the fluorescence
enhancement factors [26—29].

Here we further describe the development of the silicon-based
plasmonic silver (Ag@Si) chip for fluorescence—enhanced

detection. Specifically, we discuss its practical use for improving the
signal intensity and signal/background ratio of the traditional
protein and DNA assays such as the fluorescence Immunological
Histological Chemistry (IHC) and Fluorescence in situ Hybridization
(FISH) (Fig. 1). The fluorophores, Dylight 555, CF 647, IR 680 and IR
800, are used in this preliminary study of the plasmonic enhance-
ment effect. The results show that the fluorescence enhancement
occurs within the visible to near-infrared wavelength range, in a
distance-influenced manner (as demonstrated in Fig. 1). The simple
and convenient manipulation, their reliable functionality in
conjunction with the traditional and widely-used fluorescence
bioassay, and obvious improvement in the signal intensity and the
signal/background ratio (especially in the biological window range
with a near-infrared wavelength) promise the possibility of using
plasmonic Ag@Si chips for practical applications such as medical
diagnosis and other biological studies.

2. Experimental section
2.1. Materials

2.1.1. For protein assay

Biotin-labeled N-hydroxysuccinimide (NHS), Troponin and DAPI
were purchased from Sigma. Here, Troponin was pre-conjugated
with biotin and used as a protein anchor for biotin immobiliza-
tion on both types of chips. The conjugation of Biotin-Troponin was
realized by mixing gently and incubating in a dark room for 2 h at
room temperature, followed by purification with columns (illustra
NAP-5 Columns; GE Healthcare). Dye-labeled streptavidin was
purchased from LI-COR Biosciences. Four types of dyes, including
Dylight 555, CF 647, IR 680 and IR 800 (listed in Table 1), were used.

2.1.2. For IHC labeling

Mouse anti-EGFR primary antibody was purchased from Santa
Cruz. Dye-conjugated goat-anti-mouse secondary antibody was
purchased from Life Technologies. IR 680 and IR 800 dyes were
used.

2.1.3. For FISH labeling

NIR-797-isothiocyanate (manufactured by Chemodex, also lis-
ted in Table 1) was purchased from AdipoGen Life Sciences. Amino-
modified miRNA probes, targeting miRNA29a (positive for human
glioma (U87), with the probe sequence as ZTAACCGATTTCA-
GATGGTGCTAAAAAAAAAAAX) and miRNA155 (negative for U87,
ZACCCCTATCACGATTAGCATTAAAAAAAAAAAAX) segments, were
ordered from the Protein and Nucleic Acid Biotechnology Facility at
Stanford University. The conjugation of miRNA probes with NIR-
797-isothiocyanate dye was carried out by mixing (gently shaking)
and incubating overnight in the dark at room temperature, fol-
lowed by purification with column and dialysis (Slide-A-Lyzer MINI
Dialysis Units, 3500 MWCO; Thermo Scientific). Proteinase Kk,
Denhardt's, salmon sperm DNA and yeast tRNA were purchased
from Thermo Fisher Scientific. Paraformaldehyde (PFA), sodium
dodecyl sulfonate (SDS), dextran sulfate, PBS and SSC buffer were
purchased from Sigma-Aldrich.

Breast cancer MDA-MB-468 cells and the tissues of squamous
cell carcinoma (SCC) and human glioma (U87), frozen in the
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Fig. 1. Schematics showing the Ag@Si enhancement in the protein assay (a, b) and EGFR-labeled cells (c, d). In the comparison between a and b (c and d), a larger star size refers to

an enhanced fluorescence intensity.

Table 1
Summary of dyes.

Dye Abs (max)/nm Em (max)/nm Ext. Coeff. (in 1X PBS)/M~! cm™! Manufacturer
NIR 797 795 817 48,500 Chemodex

IR 800 774 789 240,000 LI-COR

IR 680 676 693 250,000 LI-COR

CF 647 650 665 240,000 Sigma
Dylight 555 555 565 150,000 OriGene

optimal cutting temperature compound (OCT), were received as
gifts from Prof. Zhen Chen at the School of Medicine, Stanford
University. The cells were cultivated in Leibovit's Medium (Gibco).
The tissue was cut into sections with a thickness of 8 pm, trans-
ferred onto the amino-modified surface of a cover glass, and
temporarily stored in the —80 °C refrigerator for use.

2.1.4. For Ag@Si chip preparation

Hydrofluoric acid (HF, >40%), acetone, hydrogenperoxide (H,0,
>30%), and sulfuric acid (HSO4, 98%) were purchased from Sino-
pharm Chemical Reagent Co., Ltd. (Shanghai, China). Silver nitrate
(AgNOs3, >99.8%) was purchased from Nanjing Chemical Reagent
Co., Ltd. (China). Silicon (100) wafers (phosphate-doped, p-type,
0.01-0.02 Q sensitivity) were bought from Hefei Kejing Materials
Technology Co., Ltd. (Hefei, China). All chemicals were used without
additional purification. All solutions were prepared in Milli-Q water
(Millipore, 18.2 MQ cm™!) at room temperature.

2.2. Preparation of the plasmonic Ag@Si chip

A silicon wafer was cleaned with acetone by ultrasonic treat-
ment for 10 min and washed with Milli-Q water three times. Af-
terward, the silicon wafer was immersed in an oxidant solution
containing HSO4 (98%) and H,0- (30%) with a volume ratio of 3:1
for 20 min, and rinsed with Milli-Q water three times to remove
organic contaminants. The cleaned silicon wafer was then
immersed in a hydrogen fluoride (HF, 5%) aqueous solution for
30 min to achieve a fresh H-terminated silicon wafer covered by
Si—H bonds. The H-terminated silicon wafer was then immediately
placed into a freshly-prepared reduction solution containing
AgNO3 (0.5 mmol L™1) and HF (10%) and was slowly stirred for
60 min at room temperature. AgNPs were readily grown on the
surface of the silicon wafer via a reduction reaction, producing an
AgNPs-decorated silicon wafer (plasmonic Ag@Si chip). The
resulting plasmonic Ag@Si chip was dried with a gentle flow of

nitrogen gas and used as plasmon-enhanced fluorescence substrate
for the following experiment. Scanning electron microscopy (SEM,
Raith Pioneer) and atomic force microscopy (AFM, Asylum Research
MFP-3D-SA) characterizations were carried out.

2.3. Microarray printing and assay procedure on Ag@Si and bare Si
surface

2 uM biotin-conjugated Troponin in PBS was printed onto the
Ag@Si- and bare Si-slide surface using a microarray printing robot
(Bio-Rad VersArray Chipwriter) at room temperature [14]. The
slides were blocked with 5% FBS (diluted in phosphate buffered
saline-Tween 20 (PBST)) before being incubated with 2 nM dye-
labeled streptavidin for 1 h in the dark at room temperature. Af-
ter that, the chips were washed thoroughly with PBST, PBS and
finally DI water, dried under air flow, and measured immediately
with a scanner. Here, four different types of dyes were used: Dylight
555, CF 647, IR 680 and IR 800.

2.4. Fabrication of the fluorescence IHC- and FISH-labeled samples
of cells and tissue sections

The MDA-MB-468 cells were first seeded on the Ag@Si- and bare
Si-slide surfaces at a number density of ~80 cells per mm? and
incubated overnight at 37 °C. After washing with PBS, the cells were
EGFR-labeled according to the standard fluorescence IHC protocols.
Briefly, the cells were fixed with freshly-made 4% PFA for 10 min,
permeated with iced methanol for 10 min, and blocked with
50 mg mL~! BSA for 1 h. The mouse anti-EGFR primary antibody
(diluted at 1:1000 in 50 mg mL~! BSA) was added to the cells and
incubated for 2 h at room temperature. After removing the extra
solution and washing completely with PBS three times, the IR 800
dye-labeled goat-anti-mouse secondary antibody (diluted at
1:1000 in 50 mg mL~! BSA) was added, incubated for another 2 h at
room temperature, and washed again. The cells were further
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nucleus-stained with 10 pg mL~! DAPI for 10 min, washed with PBS
and DI water, dried under air flow and observed immediately with
fluorescence scanner and microscope. The fluorescence IHC cell
samples shown in this report were prepared following this pro-
cedure, unless otherwise mentioned.

The cells were also stained in solution before seeding on the
substrate for reference. Briefly, the cells were trypsinized, washed
in the centrifuge (1000 rpm, 2 min) and re-dispersed in PBS. Cell
fixing, permeation and blocking were carried out directly in the
solution, followed by staining with primary antibody and dye-
conjugated secondary antibody. The cells were washed thor-
oughly before being seeded on the Ag@Si and bare Si surface while
incubating at 37 °C overnight. Finally, the cells were stained with
DAPI, washed with PBS and DI water and dried for observation.

For the IHC fluorescence labeling of tissue sections, similar steps
were followed. Before treatment, the frozen sections of SCC (posi-
tive for anti-EGFR protein) and HepG2 (negative for anti-EGFR
protein) tissues were removed from the —80 °C refrigerator and
incubated for 1 h at 37 °C. Then, the tissue was fixed with iced
methanol for 10 min and blocked with 20% FBS (diluted in PBST) for
30 min. The mouse anti-EGFR primary antibody (diluted at 1:1000
in 20% FBS) was added to the cells, incubated overnight at 4 °C, and
washed thoroughly. Then, the IR 800 or IR 680 dye-labeled goat
anti-mouse secondary antibody (diluted at 1:1000) was added,
incubated for another 2 h at room temperature, and washed again.
After DAPI staining and washing, the tissues were infiltrated with
20% glycerol, half-covered with Ag@Si plasmonic chips, and
observed immediately under the fluorescence scanner and micro-
scope. Observation was performed directly on the cover glass side.

For the DNA labeling of U87 tissue, the standard FISH protocol
was employed. Before treatment, the frozen sections of U87 tissue
were incubated at 37 °C for 1 h. The operations after that are
detailed as follows. (1) For each section, it was first immersed in
200 pL of freshly prepared 4% PFA for 10 min, washed with 1 x PBS
three times, then treated with Proteinase k solution (at 5 pg mL ™' in
1 x PBS) for 20 min, followed by 3 rounds of PBS washing. All op-
erations were carried out at room temperature. (2) 30 uL of pre-
hybridization mixture (30% formamide, 2 x SSC, 1 x Denhardt's,
0.02% SDS, 0.5 mg mL~! salmon sperm DNA, 0.5 mg mL™! yeast
tRNA) was added to each section and incubated at 37 °C for 2 h.
After removing the excess solution, 30 pL of hybridization mixture
(25 nM NIR-797-miRNA Probe, 30% formamide, 2 x SSC, 10%
dextran sulfate, 1 x Denhardt's, 0.5 mg mL~! salmon sperm DNA,
0.5 mg mL™! yeast tRNA) was added to each slide and incubated at
37 °C overnight. The sections were covered with parafilms and kept
in a humidified chamber to prevent solvent evaporation. (3) After
incubation, each section was washed with 2 x SSC at 40.5 °C for
10 min. The washing step was repeated three times for the com-
plete removal of non-specifically adsorbed dye-conjugated probes.
The washing was finalized with 2 x SSC for 5 min at room tem-
perature. The samples were also incubated with 5 ug mL~! DAPI for
10 min at room temperature for nucleus staining, followed by PBS
washing. Finally, they were infiltrated with 20% glycerol, half-
covered with Ag@Si plasmonic chips and then immediately
observed.

2.5. Fluorescence characterization with scanner and microscope

A GenePix 4000B microarray scanner and a Li-COR Odyssey
infrared imaging system were used to scan the visible- and near-
infrared dye-labeled samples, respectively, on different substrates
(as detailed in Table S1 in the supporting information). The fluo-
rescence intensities of dyes Dylight 555 and CF 647 were obtained
with GenePix through the 532 nm and 635 nm channels, respec-
tively, while the fluorescence intensities from dyes IR 680 and IR

800 were obtained through the 700 nm and 800 nm channels with
Li-COR. The fluorescence micrographs were obtained with an EVOS
(Life Technologies) cell imaging system, through the IR800, IR680
and DAPI channels respectively (detailed in Table S1). All charac-
terizations were carried out within 2 h of the sample preparation.

2.6. Data analysis

Quantitative analysis of the fluorescence intensity for the
microarray fluorescence images was performed with GenePix 6.1.
An average value of the fluorescence intensities for each plot was
first calculated and then an average of the nine plots and triplicated
samples was calculated, representing the signal intensity of the
dye. An average value of the background intensities was obtained as
well. The enhancement factor for Ag@Si chip over bare Si was
defined as the ratio between the fluorescence intensity on Ag@Si
(dye intensity minus background intensity) and that on bare Si. The
enhancement factor for the IHC-labeled cell samples was calculated
in a similar manner, whereby the signal intensity was averaged
from at least 70 cells from triply-repeated experiments.

The fluorescence intensity of the IHC- or FISH-labeled tissue
samples under specific conditions was averaged from a homoge-
neous area of at least 2 x 2 mm? within the region of the sample. All
experiments were repeated at least three times to ensure
reproducibility.

3. Results and discussion
3.1. Characterization of the plasmonic Ag@Si chip

The morphology of the Ag@Si chip was investigated using SEM
and AFM as shown in Fig. 2. Throughout the whole Ag@Si chip
(with dimensions of ~3 cm by 8 cm), the silicon substrate was
homogeneously covered by a layer of silver islands with a thickness
of approximately 200 nm. In one of our previous papers, we
showed that uniform SERS spectra with similar intensity values can
be obtained across the area of the sample [13,19].

3.2. Ag@Si enhancement effect on microarray of protein assay

The biotin-streptavidin interaction was employed for the pro-
tein assay on both Ag@Si- and bare Si-slide surfaces to demonstrate
the fluorescence enhancement effect of the plasmonic Ag@Si chip
in comparison with bare Si: different wavelength ranges were used
(Fig. 1a and b). Biotin-conjugated Troponin was pre-printed on the
two types of slide surface, with nine parallel spots for each sample,
and then detected with the dye-conjugated streptavidin. The
abundance of the captured protein was reflected by the intensity of
the dye's fluorescence. Fig. 3a shows the comparison between
Ag@Si- and bare Si-supported fluorescence arrays labeled with four
different dyes, including IR 800, IR 680, CF 647 and Dylight 555:
their fluorescence intensities were captured through the 800, 700,
635 and 532 nm channels of the scanner, respectively (Table S1 in
Supporting Information). It is shown that for the IR 800, IR 680 and
CF 647 dyes, the fluorescence on the Ag@Si surface can be clearly
observed, while it is hardly distinguishable on the bare Si surface
(this is shown with magnified brightness in the inset for reference).
However, for the Dylight 555 dye, the fluorescence intensity on
bare Si seems comparable to that on a Ag@Si surface. Quantitative
analysis of the fluorescence intensity for each sample is shown in
Fig. 3b. The calculated average enhanced ratio in fluorescence in-
tensity of the Ag@Si chip over the reference on bare-Si surface was
approximately 57.3, 26.9, 5.8 and 1.2-fold, for the IR 800, IR 680, CF
647 and Dylight 555 dyes respectively. These results show that the
fluorescence enhancement effect of Ag@Si plasmonic chips is
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Fig. 2. SEM (a) and AFM (b) graphs of the plasmonic Ag@Si chip. Inset in (a) presents a cross-sectional image showing the thickness of the Ag film (marked by black arrows)

deposited on the silicon surface.
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Fig. 3. Microarray of biotin-streptavidin interaction on plasmonic Ag@Si vs. bare Si. Biotin-conjugated Troponin protein was pre-printed and dried on Ag@Si- and bare Si-slides.
Streptavidin, conjugated with different types of commercial dyes including IR 800, IR 680, CF 647 and Dylight 555, was immobilized through biotin-streptavidin interactions on
the biotin-coated surface. The nine spots for each sample refer to the same meanings. (a) Fluorescence scanner images of microarrays in different channels on Ag@Si vs. Si. Insets
show the image with a magnified brightness for clarity. (b) Fluorescence intensity distribution obtained by averaging the integrated fluorescence intensity over the 9 duplicate
microarray spots within each channel (while the background intensity was obtained by averaging the space region). Error bars represent the standard deviation (SD) of the mean
over the 9 duplicate assay features and triplicated samples. The histogram was regionally magnified (as shown in the dotted rectangle at the bottom). The color-coded fluorescence
intensity scale bar is displayed on the right for each channel. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

pronouncedly observed for a protein assay, although such an
enhancement is dependent on wavelength.

3.3. Ag@Si enhancement effect on IHC-labeled cell and tissue
samples

In order to promote this method to a more practical field such as
clinical use, fluorescence based IHC-labeled samples of cells (Fig. 1¢c
and d) and tissue sections were fabricated. Fig. 4 shows the

comparison of fluorophore-labeled MDA-MB-468 cells seeded on
bare Si and Ag@Si chip surfaces, observed under scanner (Fig. 4a)
and microscope (Fig. 4c). In addition, bare glass was also used as a
substrate for comparison as it is generally used in imaging (Fig. S1
in Supporting Information). The cells were EGFR-targeted with IR
800 dye. Here, only the IR 800 dye was chosen because it is
preferred by researchers due to the low indigenous tissue auto-
fluorescence in the near-infrared region for biological imaging in
comparison with that in the visible range. In fact, scanning analysis
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reveals that the fluorescence intensity of the IHC-labeled cells on a
Ag@Si chip looks much brighter than it does on a bare Si wafer.
Quantitative fluorescence intensity analysis showed an enhance-
ment ratio of 4.1, which was calculated as the ratio between the
signal intensities of the fluorescence-labeled cells on the Ag@Si and
bare Si surfaces.

Micrographs of the fluorescence-labeled cells were also shown
in IR 800 (for the IR800-labeled EGFR), DAPI (for cell nucleus) and
the merged channels (Fig. 4c). For the samples on the Ag@Si and
bare Si surfaces, the images for each channel were acquired and
shown with identical parameters. It was found that in the IR 800
channel, the fluorescence of the IHC-labeled cells on the Ag@Si chip
surface looks much brighter than it does on a bare Si surface.
However, for the DAPI channel, little difference can be observed.
This indicates that the Ag@Si plasmonic substrate can significantly
enhance the fluorescence signal of the IHC-labeled cells at the IR
800 wavelength, but is less effective at the DAPI range. Quantitative

7.5mm

analysis can be obtained in the form of a signal/background (S/B)
ratio for each image; these were calculated to be 1.3 and 2.2 for the
bare Si and Ag@Si chips, respectively (in the IR 800 channel).
Moreover, to further confirm that such an improvement effect
cannot be achieved through solely prolonging the exposure time
under microscope, the sample on bare Si was also captured with a
longer time from 1 s to 1.5 and 2.5 s. In these cases, the S/B ratio was
only increased to ~1.5 due to the simultaneously increased back-
ground noise.

The Ag@Si enhancement measurement was also performed on
the fluorescence IHC-labeled tissue sections. Fig. 5 shows the
schematic of the sandwiched structure, as well as optical
morphology and fluorescence images, under scanner and micro-
scope, of IHC-labeled SCC tissue sections with and without Ag@Si
chip covering. Scanner-obtained images of representative samples
are shown in Fig. 5d, and quantitative analysis of the average
fluorescence intensity for each type of sample region is presented

mm Background; == Dye
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Fig. 4. Fluorescence IHC-labeled breast cancer MDA-MB-468 cells on bare Si wafer vs. Ag@Si chip surface. The cells were modified with mouse anti-EGFR primary antibody followed
by IR 800 dye-labeled goat anti-mouse secondary antibody, and finally stained with DAPL (a) Scanner images in 800 nm channel for the cells on bare Si or Ag@Si surface. The cells
were confined in a 7.5 x 7.5 mm? well while seeding on the slide surface followed by fixing and staining in situ. (b) Fluorescence intensity distribution of the cells and background
obtained from (a). Error bars represent the SD of the mean over at least 70 points in the image. The histogram was regionally magnified (as shown in the dotted rectangle at the
bottom) to shown the intensity of the background on each substrate. (c) Corresponding microscopy images of the cells in both IR 800 and DAPI channels, and the merged image. (c)-
bottom, cells on Si imaged with a prolonged exposure time of 1.5 or 2.5 s in IR 800 channel. The color-coded fluorescence intensity scale bar is displayed on the right for the IR 800
channel. (d) Signal/background (S/B) ratio distribution in IR800 channel obtained from (c). The intensity of signal and background in each condition was averaged from at least
30 cells/points in the image. Aggregate sizes were measured over a 2.0 mm? area for each line array. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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in Fig. 5e. It can be observed that the fluorescence intensity of the
regions under a Ag@Si chip is much higher than that without Ag@Si
coverage. An enhancement factor of 3.0 was obtained; this repre-
sents the ratio between the fluorescence intensities of the regions
with and without Ag@Si coverage. A fluorescence enhancement
effect was also observed by the micrographs under microscope
(Fig. 5f). In the IR 800 channel, the image appears to be much
brighter under the Ag@Si chip compared to that without Ag@Si
coverage, although they were observed under identical conditions.
In comparison, in the DAPI channel, the contrast in fluorescence
intensity for samples with and without Ag@Si coverage is some-
what less obvious. The samples labeled with IR 680 dye show
similar results and an enhancement ratio of ~3.3 was obtained
(Fig. S2, Supporting Information).

In one of the control experiments, we pre-seeded the cells on a
cover glass, IHC-labeled them with dyes and partly covered with
Ag@Si chips. A similar enhancement factor was obtained at the
same wavelength in comparison with those pre-seeded on a chip
surface. Moreover, we also IHC-labeled the suspended cells in so-
lution, and then seeded them on the Ag@Si chip and bare-Si sur-
face. Again, a similar enhancement factor was obtained. This result

a Ag@SiChip b

p
y

/ _ ~ »"‘ﬁssue

Cover Glass

confirms the reproducibility of the enhancement effect of the
Ag@Si chips.

3.4. Ag@Si enhancement effect on FISH tissue samples

FISH has been widely used for the detection of specific DNA
sequences in both intact cells and isolated chromosomes [30,31]. By
labeling and visualizing specific DNA sequences with fluoro-
chromes or even discriminating different targets with multiple
fluorophores simultaneously, FISH is now being applied in an
increasing number of molecular diagnostic areas, including kar-
yotype analysis, gene mapping, disease diagnosis, and therapeutic
targeting. Therefore, improving the fluorescence intensity, espe-
cially the S/B ratio of a FISH test, plays a key role in practical ap-
plications. In our study, we designed a model experiment to label
the miRNA-29a sequence in U87 tissue, and investigated the
enhancement effect of the Ag@Si plasmonic chips on the dye-
labeled tissue. Meanwhile, a negative (to the anti-EGFR protein)
probe was taken for reference, to confirm the targeted labeling of
the specific miRNA sequence in U87 cells.

Fig. 6 shows the FISH-labeled U87 tissues with and without

Cc

-« Cpver Gla

issue

9@Si

d 800 nm channel (IR 800)

-

With Ag@Si
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€ 10k
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Fig. 5. Fluorescence-based IHC-labeled SCC tissues with vs. without plasmonic Ag@Si enhancement. The tissues were modified with mouse anti-EGFR primary antibody followed by
IR 800 dye-labeled goat anti-mouse secondary antibody, then with DAPI, and finally half-covered with Ag@Si chips. (a) Schematic view of the fluorescent assay for tissue with/
without Ag@Si coverage. (b) Schematic rendition and (c) bright field images of the sample from a top view. (d) Scanner images of the tissues obtained in 800 nm channel. (e)
Fluorescence intensity distribution, which was acquired by averaging the fluorescence intensities of the corresponding areas in (d). Error bars were based on the SD of three parallel
samples. (f) Counterpart microscopy images of the SCC tissue with vs. without Ag@Si coverage in different channels. The color-coded fluorescence intensity scale bars are displayed
on the right for each channel. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Ag@Si enhancement under scanner and microscope observations.
In Fig. 6a, the miRNA-29a-labeled tissue exhibits an obvious fluo-
rescence signal when analyzed with the NIR-797 probe, while un-
der the same conditions, fluorescence of the negative control
sample was hardly distinguishable, unless a magnified brightness
was applied (Fig. 6a-right). The ratio of fluorescence intensity be-
tween these two samples was 5.7 (without Ag@Si coverage) or 9.4
(with Ag@Si coverage). Considering that the fluorescence signal
from the negative control sample is due to the non-specific
adsorption of fluorescent probes in the tissue, such a high ratio
indicates the targeted labeling of the specific miRNA sequence
within the positive sample.

Moreover, for the FISH-labeled tissue, evident contrast in

a miR29a (+)

miR155 (-)

fluorescence intensity occurs between the regions with and
without Ag@Si coverage, and an enhancement ratio of 3.2 was
obtained. Fig. 6¢c shows the comparison of fluorescence micro-
graphs between representative regions with and without Ag@Si
coverage, which confirms the enhancement effect of the plasmonic
chip especially in the IR800 channel. The S/B ratio of the image was
improved from 1.1 to 1.8, which cannot be acquired through solely
prolonging the exposure time (Fig. 6d).

4. Discussion

From the protein, cell and tissue experiments, it was shown that
the Ag@Si plasmonic chip produces a significant enhancement
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Fig. 6. FISH-labeled U87 tissues, supported on cover glasses and half-covered with Ag@Si chips. The tissue was hybridized with NIR-797-conjugated miRNA29a (positive for U87)
and miRNA155 (negative for U87) probes, followed by DAPI staining. (a) Scanner images for both miR29a (+) and miR155 (—) labeled tissues, with and without Ag@Si coverage,
acquired in 800 nm channel. The negative control sample was shown with an increased brightness (right) for clarity. (b) Fluorescence intensity distribution of the different regions
obtained from (a). (c) Corresponding microscope images for the miR29a labeled tissue with/without Ag@Si coverage, obtained from the IR800 and DAPI channels. Inset shows the
image with a magnified brightness for reference. (c)-bottom, the sample without Ag@Si coverage exposed in IR800 channel with a prolonged time of 1.5 or 2.5 s. (d) Distribution of
the signal/background ratio in IR800 channel for the images in (c). Error bars in (b) and (d) were based on the SD of three parallel samples.
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effect in fluorescence intensity and ultimately an improvement in
S/B ratio for microscopy imaging. Moreover, such an enhancement
shows a better effect in the near-infrared wavelength range than it
does in the visible range, and is therefore more suitable for bio-
logical imaging due to lower tissue noise in this range.

It has been clarified that the fluorescence enhancement effect is
greatly determined by the distance between the plasmonic surface
and the fluorophores [26,27,29]. A greater distance leads to the
reduction of the coupling interaction between the chip surface and
the fluorophores and ultimately a much lower plasmonic
enhancement. Therefore, in practical applications, the distance
between the cell/tissue samples and the plasmonic chips is crucial
for a better and more reproducible enhancement effect. During our
experiments, the cell samples are preferred to be seeded on the
Ag@Si chip surface for signal enhancement. On the other hand, for
the samples which have traditionally been supported on a glass
surface in clinical use, the covered Ag@Si chip needs to be pressed
slightly until the excess glycerol is extruded from between the chip-
and-tissue surface.

One of the major purposes of this work is to extend the appli-
cation of Ag@Si chips for fluorescence enhancement from the lab-
oratory to the clinic. In addition to the enhancement in the
microarrays of protein assay (Fig. 1a and b), the Ag@Si chips also
show notable improvement for the fluorescence-labeled cell and
tissue samples by simply covering the samples with the chips. Our
results demonstrated that although only the fluorophores (targeted
on the membrane of cells/tissues) adjacent to the chip surface can
be enhanced via the plasmonic coupling effect (as shown in Fig. 1c),
the whole cell/tissue samples show an obvious enhancement (with
an enhancement factor of 3.0 and 4.1 at wavelengths of 700 and
800 nm, respectively) and a significant improvement in S/B ratio.

In the control experiments, we found that a higher dye con-
centration during IHC-/FISH-labeling of the samples, i.e. a higher
fluorescence intensity, further promoted the enhancement factor of
the Ag@Si chip. Based on this, it is assumed that the fluorescence-
enhanced effect of the plasmonic chip on dyes is higher than that
on the background of a sample. This might be the reason why an
improvement in S/B ratio can be acquired by Ag@Si chip
enhancement, in contrast to the influence from solely prolonging
the exposure time during observation, whereby the S/B ratio re-
mains unchanged (Figs. 4d and 6d).

5. Conclusions

In this work, a type of Ag@Si chips, which was fabricated via
depositing silver film on the silicon wafer surface, was used as a
plasmonic substrate for the determination of pharmaceutical sub-
stances and cell/tissue applications, based on the fluorescence
enhancement and S/B ratio improvement effects of them.

Our results demonstrate the viable integration of the Ag@Si
plasmonic chip into traditional fluorescence-based bioassays. It can
also be used simultaneously with other signal-magnification
methods, such as the typically-used Tyramide Signal Amplifica-
tion (TSA) technology, for further enhancement. Therefore, it
promises a broad range of applications in biological studies, med-
ical diagnostics, and many other fields. Furthermore, it has been
shown that the MEF effect is influenced and can be controlled by
regulating many parameters of the NPs such as the size, anisotro-
pism and angle, etc. Finally, the plasmon resonance wavelength of
the particle structures can be tuned to match the spectral absorp-
tion of certain fluorophores, which promises the possibility of
further improving the enhancement efficiency of Ag@Si chips for
specialized enhancement purposes [4].
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