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ABSTRACT

Manufacturing of hydrogel-based microchips on metal-coated substrates significantly enhances fluores-
cent signals upon binding of labeled target molecules. This observation holds true for both oligonucleotide
and protein microchips. When Cy5 is used as fluorophore, this enhancement is 8-10-fold in hemispher-
ical gel elements and 4-5-fold in flattened gel pads, as compared with similar microchips manufactured
on uncoated glass slides. The effect also depends on the hydrophobicity of metal-coated substrate and
on the presence of a layer of liquid over the gel pads. The extent of enhancement is insensitive to the
nature of formed complexes and immobilized probes and remains linear within a wide range of fluores-
cence intensities. Manufacturing of gel-based protein microarrays on metal-coated substrates improves
their sensitivity using the same incubation time for immunoassay. Sandwich immunoassay using these
microchips allows shortening the incubation time without loss of sensitivity. Unlike microchips with
probes immobilized directly on a surface, for which the plasmon mechanism is considered responsible
for metal-enhanced fluorescence, the enhancement effect observed using hydrogel-based microchips on

metal-coated substrates might be explained within the framework of geometric optics.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Matrix microchips with M x N arrays of elements containing
immobilized probes (DNA, proteins, oligosaccharides, etc.) specific
to various target molecules in analyte solution provide efficient
tools for high-throughput analysis in different research and practi-
cal fields (Angenendt, 2005; Chechetkin et al., 2006; Chen and Zhu,
2006; Pollack, 2007; Rubina et al., 2008; Stoughton, 2005).

The immobilization of probes in individual elements may be
performed either directly on a flat surface of glass, plastic, or
metal substrate (Angenendt, 2005; Chen and Zhu, 2006; Pollack,
2007; Stoughton, 2005) or within gel pads attached to a substrate
(Rubina et al., 2008). As has been shown earlier, the presence of
nearby metallic surfaces or particles in the proximity of fluorophore
molecules can dramatically affect the fluorescence intensity (for a
recent review and further references see, e.g. Aslan et al., 2005;
Lakowicz, 2005; Sabanayagam and Lakowicz, 2007; Sauer et al.,
2005; Strohsahl et al., 2007). Depending on the distance between
the fluorophore and metallic surface, as well as excitation condi-
tions, the fluorescence intensity may either increase or decrease.
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Previously, such an effect was demonstrated for two-dimensional
(surface) microchips on metal-coated slides and for probes immo-
bilized on nanoparticles. On both platforms, enhanced fluorescence
intensity and improved sensitivity were achieved (Aslan et al.,
2005; Lakowicz, 2005; Sabanayagam and Lakowicz, 2007; Sauer
et al.,, 2005; Strohsahl et al., 2007).

This paper presents the study of fluorescence enhancement
on hydrogel-based oligonucleotide and protein microchips manu-
factured on metal-coated substrates. Using Cy3- and Cy5-labeled
probe and target molecules, we demonstrate that the coating
increases fluorescence intensity 8-10-fold on microchips with
hemispherical gel pads and 4-5-fold on microchips with flat-
tened pads as compared with microchips on glass substrates
without coating. Metal-enhanced fluorescence on hydrogel-based
microchips depends on the shape of gel pads and on the presence
of liquid over gel pads. To assess the applicability of enhancement
effect, we investigated the sensitivity of metal-enhanced fluores-
cence to the type of formed molecular complexes (from mono to
quadruple) and the range of linear dependence of fluorescence
signals on concentration of labeled molecules. The enhancement
of fluorescence for microchips on metal-coated substrates allows
improving sensitivity of immunoassay and/or significant shorten-
ing of the time of analysis.

Our results indicate that, unlike surface microchips, the main
features of enhancement effect on hydrogel-based microchips with
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metal-coated substrates may be explained within the concepts of
geometric optics.

2. Materials and methods
2.1. Chemicals and analytes

Chemical reagents obtained from commercial suppliers were
used without further purification. Purified prostate specific
antigen (PSA) was purchased from Khema-Medica (Moscow, Rus-
sia). Concentrations of PSA in solution for PSAgee and PSA¢tal
were determined using Fujirebio Diagnostics enzyme immunoas-
say kits from CanAg (Sweden). Monoclonal antibodies against
PSA were also from CanAg. We used immobilized monoclonal
antibodies PSA36 and developing antibodies PSA66, both rec-
ognizing PSA. Cholera anatoxin (Sigma, St. Louis, USA) and
monoclonal antibodies CHG9 and CHT3D6 to cholera anatoxin
were kindly provided by Prof. V.A. Nesmejanov from the Institute
of Bioorganic Chemistry (Moscow, Russia). Bovine serum albu-
min (BSA), 2-methyl-4-isothiazolin-3-one hydrochloride (MIT),
polyvinyl alcohol (PVA), 50kDa, polyvinyl pyrrolidone (PVP),
360 kDa, N-hydroxysuccinimidobiotin, Sephadex G-25 coarse, and
Tween-20 were obtained from Sigma (St. Louis, USA); Cy5 flu-
orescence dye, Cy3 fluorescence dye monosuccinimide ester,
Cy5-labeled streptavidin and Bind Silane from Amersham Phar-
macia Biosciences (Pittsburgh, PA, USA); and Micro Bio-Spin
chromatography columns from Bio-Rad Laboratories (Hercules,
CA, USA); Glycerol was obtained from Sigma (St. Louis, USA).
Transparent plastic chambers 25 pl in volume (area 1cm x 1cm,
height 250 pm) from Eppendorf Scientific (Germany) and custom-
made chambers 60l in volume (area 0.8cm x 1.2cm, height
600 wm) were used for on-chip-analysis. The oligonucleotide
probes 5-AAATAT-3’ containing 5-terminal amino groups and
3’-terminal Cy5-dyes were synthesized using a 394 DNA/RNA
synthesizer (Applied Biosystems, Foster City, CA, USA) by stan-
dard phosphoramidite chemistry from Glen Research (Sterling,
VA, USA). Oligonucleotides were purified by reverse-phase HPLC
on a Supelco LC-18 column (5wm, 4.6mm x 250 mm) using
0.05M triethylammonium acetate, pH 7.0, with gradient of
CH3CN from 0 to 50%. We used the following buffers: PBS
(0.01 M phosphate buffer, pH 7.2, 0.15M NaCl); PBST (PBS with
0.1% Tween-20); blocking solution PBSP (PBS with 1% polyvinyl
alcohol); buffer for antibody dilution MIX1 (PBS with 0.14%
polyvinyl alcohol, 0.14% polyvinyl pyrrolidone, and 10 mg/ml BSA);
and buffer for antigen dilution MIX2 (MIX1 with 0.1% Tween-
20). Gel pads synthesized on microchips were visualized using
Leica TCS confocal microscope (Germany) with laser excitation
wavelength 548 nm. The images were processed using Leica soft-
ware.

2.2. Substrates for microchips

Glass slides for the fabrication of microarrays (Corning 2947
Micro Slides; 3 in. x 1in.) were from Corning Glass Works (Corning,
NY, USA). The slides were treated with NaOH, H,SOy4, rinsed with
water, then immersed in 1% Bind Silane in ethyl alcohol, treated
with ethyl alcohol, rinsed with water, and dried. Gold-coated slides
25mm x 75 mm (Nunc 231644 Microarray slides with 120 nm gold
film coating) from Nunc A/S (Nunc, Roskilde, Denmark) were used
without additional treatment. We also used glass slides coated
with nickel, chromium, or aluminum (Mikron, Zelenograd, Rus-
sia). To manufacture these, Corning glass slides were first coated
with 80 nm thick layer of titanium using electron beam evapora-
tion; then a 250 nm layer of nickel, chromium, or aluminum was
added.

2.3. Fabrication of microchips

Gel-based microchips were fabricated by copolymerization
immobilization method developed earlier (Mirzabekov et al.,
2003; Rubina et al., 2003, 2004, 2005). Solutions containing gel-
forming monomers methacrylamide and N-substituted amino
sugars together with immobilized proteins or oligonucleotides
were spotted onto substrates using a QArray pin robot (Genetix,
New Milton, UK). The volume of spotting solution was about
0.1 nl per spot. The distance between the centers of gel elements
was 250 wm. To increase the accuracy of the measurements, each
set corresponding to a given concentration of probes in spotting
solution consisted of four gel pads. Polymerization of the gel-
forming composition was carried out under UV light with maximal
wavelength 350 nm, irradiation intensity 0.06 wW/cm? (GTE lamp
F15T8/350 BL, Sylvania, Danvers, MA), for 50 min at 20°C in nitro-
gen flow.

2.4. Labeling with Cy3 and Cy5 fluorescence dies

Monoclonal antibodies were labeled at amino groups with
either Cy5 or Cy3 succinimide ester according to the manufacturer’s
instructions. The excess of the dye was removed by gel filtration
on a Micro Bio-Spin column with Sephadex G-25 coarse. The pro-
tein:dye molar ratio was determined by the absorbance at 280 and
550 or 650 nm for Cy3 or Cy5, correspondingly.

2.5. Preparation of antibody-biotin conjugates

Ten microliters of N-hydroxysuccinimidobiotin (5mg/ml in
dimethyl formamide) were added to 70wl antibody solution
(5mg/mlin0.01 M bicarbonate buffer, pH 9.8), and the mixture was
stirred for 1 hat 20 °C. Antibody-biotin conjugates were purified on
a Micro Bio-Spin column with Sephadex G-25 coarse equilibrated
with PBS.

2.6. Immunoassay

Gel-based antibody microchips were prepared forimmunoassay
by printing on either uncoated or metal-coated glass slides. Before
carrying out on-chip immunoassays, microchips with antibodies
were treated with PBST for 40 min and rinsed with water. For sup-
pression of non-specific binding, the microchips were treated with
blocking buffer PBSP for 1 h and then rinsed with water.

2.7. One-stage sandwich immunoassay for PSA

Microchips for PSA immunoassay consisted of gel pads with
0.7 mg/ml of immobilized antibodies PSA36. Ten microliters of
developing Cy5-labeled antibodies PSA66 in MIX2 (concentration
3.5 ng/ml) were added to 50 wl of PSA in MIX1. The mixture was
stirred carefully and applied on the biochips using a pipette through
one of the outlets of the reaction chamber. The reaction chambers
were sealed with tape and microchips were incubated for 20 h at
37°C. After incubation, reaction chambers were removed from the
microchips, and the microchips were rinsed with water, washed
with PBST buffer for 30 min at room temperature on a shaker, again
rinsed with water, dried in the air, and used for fluorescent mea-
surements.

2.8. Sandwich immunoassay for cholera anatoxin using
avidin-biotin complex

Gel pads of microchips for cholera anatoxin immunoas-
say contained 1.5mg/ml of immobilized antibodies CHGY. For
on-chip immunoassay, 30 ul of developing antibody conjugate
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CHT3D6-biotin in MIX1 (concentration 20 p.g/ml) were added to
30wl of cholera anatoxin in MIX1. The mixture was stirred and
applied on microchips. The microchips on uncoated glass slides
were incubated for 20 h at 37 °C, while for the microchips on metal-
coated substrates the incubation time was 2 h. After incubation,
microchips were rinsed with water, washed with PBST buffer for
20 min at room temperature on a shaker, again rinsed with water,
and air-dried. Then, 50 .l of Cy5-labeled streptavidin in MIX1 (con-
centration 10 wg/ml) was applied on the microchips and incubated
for 1 h at room temperature. After incubation, the microchips were
rinsed with water, washed with PBST for 30 min at room temper-
ature on a shaker, again rinsed with water, air-dried, and used for
fluorescent measurements.

2.9. Measurements of fluorescence signals

Quantitative fluorescence measurements were carried out with
an analyzer (Biochip-EIMB, Russia) consisting of a fluorescence
microscope, cooled CCD camera, and a computer with data-
acquisition board (Barsky et al., 2002). The scheme of fluorescent
microscope is shown in Fig. 1 (panel A). The four lasers emitted
the excitation radiation incident at the angle 45° with respect to
the plane of microchip. The fluorescence radiation from microchip
gone through the objective with videoadapter, then through the fil-
ter and received by CCD camera. The filter cut off the light reflected
from the surface of microchip (note that the wavelength of excita-
tion light is shorter than the wavelength of fluorescence radiation
due to Stokes rule). The data from CCD camera were sent to com-
puter and processed by the program ImaGel. The signals from Cy5
dye were obtained using 649/670 nm excitation/emission filters,
whereas the signals from Cy3 dye were obtained using 549/570 nm
excitation/emission filters. The exposure time for cholera anatoxin
immunoassay was 1000 ms, in all other cases —200 ms. All mea-
surements were carried out at room temperature. Fluorescence
signals from individual pads were processed using ImaGel Research
program (IMB, Russia). Fluorescence intensity of individual ele-
ments was calculated by the formula

J= e )

B B"~g- - Bd.c.

where C is the median fluorescence calculated for the image area
occupied by the element (i.e. median value for the set of pixels
covering image area). To take into account possible spatial inho-
mogeneity of radiation from illumination source, the microchip was
replaced with a slide of identical size made of red glass, and the cor-
responding median fluorescence intensity within the area occupied
by the gel pad, B¢, was measured. The values of signals C and B¢,
were corrected by noise signal B, produced by dark current at
zero illumination intensity. Since the dependence of fluorescence
signal on the intensity of excitation light is linear, the ratio (1) is
insensitive to the variations of illumination.

3. Results

In our work we used microchips with three-dimensional hydro-
gel pads produced via technology based on the photoinduced
polymerization immobilization of molecular probes simultane-
ously with the formation of gel pads on a microchip (Mirzabekov
et al., 2003; Rubina et al., 2003, 2004, 2005). For the experiments
on the assessment of fluorescence enhancement, several sets of
biochips were prepared. Microdrops of the solution containing gel-
forming monomers and molecular probes were printed on either
transparent or mirror-like metal-coated glass substrates. All exper-
iments described in this work were repeated thrice. The relative
scattering in experimental data did not exceed 15%. The data cor-
respond to the median values for four-element sets with identical

Table 1
Enhancement of fluorescence on hydrogel-based microchips printed on substrates
coated with different metals.

Substrate Reflection coefficient Signal enhancement
A=550nm A=650nm Cy3 Cy5

Glass 0.04 0.05 1.0 1.0

Glass coated with nickel 0.61 0.66 21+0.1 21+0.1

Glass coated with chromium  0.65 0.64 21+0.1 2.0+0.1

Glass coated with aluminum  0.91 0.91 45+02 45+03

Glass coated with gold 0.90 0.95 48+02 45+05

concentration of immobilized proteins or oligonucleotides (see Sec-
tion 2 and Fig. 1, panel B).

It has to be stressed that metal-coated substrates significantly
improve the signal-to-background ratio, which defines the sensitiv-
ity of signal detection. Background signal refers to the fluorescence
intensity of the substrate itself. Comparison of fluorescent signals
from gel elements manufactured on different types of substrates
was achieved by selection of proper filter capable of cutting off the
light from laser source reflected by the substrate and by adjust-
ing the aperture of the sensor device. Thus, we were able to avoid
artifacts caused by the reflection of excitation light from metallic
surface.

This restriction is essential, because in principle the intensity of
signals from the pads might be increased by longer exposure time.
In this case, however, the longer exposure time would also result in
the increase of background signals, whereas signal-to-background
ratio would remain constant regardless of the exposure time.

3.1. General factors affecting metal-enhanced fluorescence on
gel-based microchips

3.1.1. Enhancement of fluorescence on hydrogel biochips
manufactured on metal-coated substrates: comparison of
fluorophores and metals

In the course of our study of the enhancement of fluorescence
on hydrogel microchips, we tested coating with four metals (nickel,
chromium, aluminum, and gold) and two fluorophores, Cy3 and
Cy5. The enhancement of fluorescence was observed for both flu-
orophores as well as for all metals used for coating, and the data
for all combinations are compiled in Table 1 (where the data on
reflection coefficients were taken from the book by Weaver et al.,
1981). They clearly indicate that the level of enhancement directly
correlates with the reflective ability of the substrate. The nature of
fluorescence enhancement is of physical origin and is insensitive
to the type of complexes formed in the gel pads with immobilized
probes (see also below). The combination of gold coating and Cy5
fluorophore was chosen for more detailed investigation.

3.1.2. Enhancement of fluorescence intensity and its dependence
on the shape of gel pads

The relative enhancement of fluorescence intensity for gel-
based microchips manufactured on metal-coated and glass
substrates is shown in Fig. 2. All data refer to semi-dry microchips
analyzed without buffer solution. As is seen from Fig. 2, the metal
coating provides 4-5-fold increase in fluorescence signals as com-
pared with identical gel elements on plain surface. This increase is
observed after washing and drying of the microchips and does not
depend on the nature of complexes or labeled immobilized com-
pounds. Such an enhancement of the fluorescence attains 8-10-fold
level if the microchips are left unwashed or are treated after drying
with glycerol solution for re-hydration.

We hypothesized that one of the factors affecting such a dif-
ference in fluorescence enhancement may be the change in the
shape of gel elements upon dehydration (see Fig. 3A and B). The
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Fig. 1. The general scheme of analyzer used in our experiments. (A) Fluorescent microscope. The excitation radiation from four lasers (2) induced the fluorescence on
microchip (1). The fluorescence radiation from microchip gone through the objective with videoadapter (3), then through the filter (4) cut off the excitation light reflected
from the microchip surface and received by CCD camera (5). The data from CCD camera were sent to computer and processed by the program ImaGel (panel B). The microchip
and the gel pads in the transmitted light are shown in panels D and C, respectively. The concentration of antibodies immobilized in all four pads in each row was identical

(panel B).

unwashed gel pads after printing contain glycerol, are hydrated,
and their shape is close to hemispherical. The height of gel ele-
ments on glass and gold-coated substrates was 50 +3 wm and the
radii of elements were 60 + 2 pwm. After washing out glycerol, the
gel pad dries within a few minutes and becomes much more flat. It is
worth noting that, although the height of gel elements after drying
diminishes, the shape of identical pads on glass and metal-coated
substrates remains essentially similar. For example, the height and
the radii of gel elements on both glass and metal-coated substrates
after washing and drying were 25+ 3 wm and 60 =+ 2 pm, respec-
tively.

We also compared the relative enhancement of fluorescence
signals for slides covered with 30 wm thick layer of gel contain-
ing Cy5-labeled BSA at the same concentration as Cy5-labeled
BSA immobilized in the gel pads. The layer occupied a rectan-
gle 0.8 cm x 1.2 cm. After washing and drying, we observed 4-fold
enhancement of fluorescence on metal-coated surface as compared
with plain glass substrate, similar to the enhancement observed on
dried gel pads. Taking into account the flattened form of dried pads
(see Fig. 3B), such a correspondence seems reasonable.

The shape of re-hydrated gel pads under a layer of liquid resem-
bles their shape after printing and polymerization (see Fig. 3A
and C). The addition of 50% glycerol solution in water to dried
microchips results in the swelling of gel pads to hemispherical form
as shown by confocal microscopy (cf. Fig. 3A). Subsequent removal
of the excess of glycerol solution in air flow restores 8-fold enhance-
ment of fluorescence (columns 1a and 2a in Fig. 2B) as compared
with similar pads on glass surface. After re-hydration of flattened
gel pads with glycerol solution, the fluorescence signals from the
gel pads on glass increase about 1.5-fold, whereas those from the
pads on metal-coated substrates increase about thrice.

3.1.3. Fluorescence enhancement under a layer of liquid

Fig. 4 illustrates the effects of water covering the microchip with
gel-immobilized Cy5-labeled BSA on fluorescence signals. The mea-
surements were carried out in plastic chambers 25 pl in volume.

These results demonstrate that the presence of a layer of water
suppresses the relative fluorescence enhancement from ~8-10-
fold in hydrated gel pads and ~4-5 in partially dried gel pads to
~2-3 on microchips submerged in water, despite the preservation
of the hemispherical form of the gel pads. After removal of the
chamber and drying of liquid covering the microchip, the shape
of gel elements changes from swollen hemispherical form, when
the enhancement of fluorescence is the highest, to flattened form,
when the enhancement of fluorescence decreases to 4-5-fold (see
Fig. 5).

3.1.4. Effects of optical coherence from illumination source on
fluorescence enhancement

To exclude possible optical coherence effects from an illumi-
nation source on the metal-enhanced fluorescence from the pads
on metal-coated substrate, we compared the level of enhancement
using microchip analyzers with different light sources. We tested
an analyzer with four excitation lasers (wavelength 655 nm, inci-
dence angle ~45°); an analyzer with two excitation lasers equipped
with optical fiber for light transmission (wavelength 655 nm, inci-
dence angle ~45°); and an analyzer with mercury lamp as the light
source (filtered excitation wavelength 650 nm, incidence angle
~90°). In all three cases, the enhancement of fluorescence was
similar: 4.3 +0.4; 4.0+0.5; and 4.1+ 0.4.

3.1.5. Dependence of fluorescence signals and enhancement effect
on concentration of immobilized probes

To assess possible non-linear dependence of fluorescence
signals and metal-enhancement effect on the concentration of
immobilized probes, we used microchips with Cy5-labeled BSA and
5'-AAATAT-3’' immobilized at different concentrations. These data
are shown in Fig. 6. The concentration dependence of signals for
gel-based microchips is linear with a good accuracy and precision,
whereas metal-enhancement effect remains insensitive to varia-
tions in concentration. It has to be noted that this dependence holds
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Fig. 2. Enhancement of fluorescence signals of gel-based microchips manufactured
on metal-coated substrates. (A) 1, Immobilized Cy5-labeled bovine serum albumin
(BSA); 2, Binary complexes between immobilized prostate specific antigen (PSA)
and Cy5-labeled antibodies; 3, Sandwich immunoassay for PSA (triple complexes
of immobilized antibody, antigen, and developing antibody); and 4, Immunoassay
analysis for cholera anatoxins (quadruple complexes of immobilized antibody, ana-
toxin, biotinylated antibody, and Cy5-streptavidin-Cy5). Data in (A) refer to washed
and dried microchips. (B) 1, Immobilized Cy5-labeled bovine serum albumin (BSA)
before (a) and after (b) washing and drying; and 2, Immobilized Cy5-labeled oligonu-
cleotides 5'-AAATAT-3’ before (a) and after (b) washing and drying.

true also for the lowest detectable fluorescence intensities, which
determine the sensitivity of immunoassays (see below).

The distance between the probe molecules inside the gel pads
becomes comparable with their molecular size at concentrations
~10~% to 103 M. In our conditions, the highest concentrations
remained two to three orders of magnitude lower than these val-
ues and corresponded to intermolecular distances of ~100 nm. This
prevents potential interactions between the probe molecules. In
our experiments we observed linear relation between the concen-
tration of fluorophore and fluorescence intensity. Such dependence
ensures independence of fluorescence enhancement on concentra-
tion.

3.2. Optimization of sandwich immunoassay

To demonstrate the practical advantages of protein microchips
on metal-coated substrates for sandwich immunoassay, we used
PSA, serum marker of prostate cancer (see Konovalova et al., 2007
and references therein), and cholera anatoxin (inactivated analogue
of natural biotoxin) immunoassays as examples. The efficiency of
on-chip immunoassay was assessed by two parameters: enhance-
ment of sensitivity and/or shortening of the time of analysis. For
oncomarkers, the first parameter is particularly important, while
in the case of biotoxins their rapid detection is of primary interest.

For PSA immunoassay, the same incubation times were used for
microchips on metal-coated and uncoated glass slides. To assess
the effect of fluorescence enhancement on the sensitivity of analy-

Fig. 3. Side view images of gel pads on the microchips on glass slides. (A) Hydrated
gel pad (characteristic height ~50 um); (B) Washed and then partially dried gel
pad (height ~25 wm); and (C) Re-hydrated gel pad under the layer of liquid (height
~45 pm). All images were obtained with confocal microscope. The radii of the pads
are 60 pm.

sis, the calibration curves for sandwich immunoassay of PSA were
obtained using microchips printed on metal-coated and glass sub-
strates. The concentration of antigen in solution was determined
using calibration curves-plots of fluorescence intensity versus
known control concentrations of antigen. The sensitivity of PSA
immunoassay was determined as concentration corresponding to
the level of fluorescence exceeding more than two standard devi-

Fluoresence signal, a.u.

oo O

1 2

Fig. 4. Effect of liquid covering gel-based microchip with immobilized Cy5-labeled
BSA on fluorescence signals. (1) Dried microchips without buffer solution; (2)
Microchips under water in the chamber 250 wm in height. For each pair the left
column corresponds to signals on metal-coated substrates, while the right column
corresponds to that on plain glass substrates.



156

6.0

5.0 h

3
: \
= L3 N IS Y P
S 40 M, 20 R o 1
L=
]
g 3.0
=
?
o 2.0 "/
_g Lorv* ¥ n
[T 1.0 > i..—-_ --_-_ - Pp— 2
0.0
0 50 100 150 200 250 300 350

Time, sec

Fig.5. Dynamics of fluorescence signals for wet gel-based microchips with immobi-
lized Cy5-labeled bovine serum albumin during drying. (1) Metal-coated substrates;
(2) Glass substrates. The peak of fluorescence signal at ~150s corresponds to
hydrated hemispherical gel pads immediately after evaporation of liquid layer.
Afterwards, the gel pads dry rapidly and become flattened.

ations. Standard deviation was calculated by repetitive (more than
10 times) measurement of signals from control gel elements with
zero concentration of antigen in the samples (Davis, 2005). As
seen in Fig. 7A, with identical conditions of the reaction and incu-
bation time, we obtained 4-5-fold enhancement of fluorescence
signals for PSA calibration curve on metal-coated surfaces within
the full range of concentrations. The sensitivity of PSA analysis
increased from 0.2 ng/ml for microchips on transparent substrates
to 0.05 ng/ml for microchips on metal-coated substrates. The cor-
responding kinetic curves for direct PSA analysis are presented in
Fig. 7B (unlike Fig. 7A the relevant signals were measured under
buffer solution).

As has been proved earlier, the developed multi-parametric
test-system for the parallel quantitative analysis of oncomarkers
set (PSA, alpha-fetoprotein, carcinoembryogenic antigen, CA-125,
CA 19-9, CA 15-3, chorionic gonadotropin, and neuron-specific
enolase) on the antibody microchips satisfies all the claims for
immunoassay systems concerning the analytical characteristics,
sensitivity, reproducibility, etc. (the detailed comparison may be
found in Table 1 in the review by Rubina et al., 2008). These
earlier data have been obtained for the microchips on glass sub-
strates. Using microchips on metal-coated substrates allows one to
enhance the sensitivity 4-5 times at the equal incubation times, as
was shown for PSA in this work. The similar enhancement should be
expected for the other oncomarkers as well in view of the physical
nature and universality of enhancement effect.
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Another way to take advantage of the enhancement effect in
on-chip immunoassays is to shorten the time of analysis. For the
analysis of cholera anatoxin we used sandwich immunoassay with
avidin-biotin system for development. The mixture containing
the anatoxin and developing biotinylated antibodies against this
antigen was placed on the microchip with immobilized antibod-
ies against cholera anatoxin. After completion of incubation and
washing, the microchip was treated with fluorescently labeled
streptavidin. In this protocol, the time-limiting stage is the for-
mation of ternary complexes consisting of immobilized antibody,
antigen, and biotinylated antibody. Earlier, we determined that
17 h of incubation was optimal for microchips prepared on glass
substrate to reach the necessary signal intensity and sufficient
sensitivity (Rubina et al., 2005). Here we demonstrate that the
same level of signals and therefore sensitivity (5ng/ml) can be
attained after just 2 h of incubation with developing antibodies on
microchips with metal-coated surface (Fig. 7B). The shortening of
incubation time was made possible due to both metal-enhanced
fluorescence and non-linearity of binding curves (see also Appendix
A for discussion of kinetic effects on sensitivity). Thus, the appli-
cation of protein microchips on metal-coated substrates with
enhanced signal-to-background ratio can improve significantly two
key characteristics of on-chip immunoassay: the sensitivity and the
time of analysis.

4. Discussion

The interaction between a light-emitting fluorophore and
nearby metal surface may be described in terms of fluorophore
interactions with lossy surface waves, plasmon excitations, and
reflected photons (Ford and Weber, 1984; Lakowicz, 2005). The
interactions with plasmons and lossy surface waves are thought to
be significant only at the distances less or about equal to the wave-
length of excitation light (cf. Fig. 6 in paper by Lakowicz, 2005).
Note that the optical properties the gel pads make them similar
to dielectric cover of metal surface needed for efficient excita-
tion of plasmons (Lakowicz, 2005). Since the excitation wavelength
for Cy5 is 650 nm, whereas the heights of dehydrated flattened
and hydrated hemispherical gel pads are about 25 and 50 pm,
respectively, the interactions of a fluorophore with plasmons and
lossy surface waves are restricted to a thin layer in the immediate
proximity to metal surface. Therefore, even if the plasmon mecha-
nism contributes to observable fluorescence enhancement, its role
for gel-based microchips cannot be as significant as for surface
microchips.

Optically, a gel pad on metal surface may act as a convex collect-
ing lens (Born and Wolf, 1980). It is also known that the spectrum
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Fig. 6. Dependence of fluorescence signals for Cy5-labeled bovine serum albumin (A) and oligonucleotides 5-AAATAT-3’ (B) immobilized within gel pads on concentration
of Cy5-labeled molecules in spotting solution. Solid lines correspond to Cy5-labeled molecules immobilized within gel pads on metal-coated substrates, while dashed lines
correspond to that on glass substrates. The ratio of dye per probe molecule was about four for BSA-Cy5 and about one for oligonucleotide-Cy5. All data refer to the microchips
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Fig. 7. Calibration curves for immunoassays on plain and metal-coated microchips.
(A) Calibration curves for sandwich immunoassay of PSA with protein microchips
on metal-coated (1) and glass (2) substrates. In both cases the incubation time was
20h. (B) Kinetic curves for direct PSA analysis with protein microchips on metal-
coated (1) and glass (2) substrates. Concentration of labeled antigen in solution was
80 ng/ml. (C) Calibration curves for sandwich immunoassay of cholera anatoxin with
protein microchips on metal-coated (1) and glass (2) substrates. For the microchips
on glass substrates the incubation time for binding of immobilized antibodies with
antigen and with conjugate of biotinylated antibodies was 17 h, whereas for the
microchips on metal-coated substrates it was shortened to 2 h.

of electro-magnetic eigenmodes in dielectric hemisphere on metal
surface may be rather complicated (Prokopenko et al., 2006). We
tried to interpret the observable features in terms of geometric
optics (Fig. 8). Evidently, high reflectivity of metal surface enhances
the intensity of excitation radiation of a fluorophore (about twice
for perfect reflection; see Fig. 8A). The additional reflection of emit-
ted fluorescent radiation from metal surface may also result in
about 2-fold increase of the registered signals (Fig. 8B). Together,
this could provide 4-fold enhancement observed for the gel pads
with flattened geometry.

The effects of internal reflectance at the boundary of gel pad and
emission of radiation from a pad may explain the dependence of

metal-enhanced fluorescence on the shape of the pad and the influ-
ence of the liquid covering the pads. In the latter case, the reflection
from the external boundary of liquid should also be taken into
account (Fig. 8C and D). At the relative refraction index of the gel
Nge ~ 1.4, about half of fluorescence radiated within the flat layer
of gel would be reflected backward and lost through transparent
uncoated substrate or reflected from the surface of metal-coated
substrates and scattered to the lateral ends of the flat gel after
multiple reflections (Fig. 8B).

The photons from a fluorophore molecule near the center of
the hemisphere go freely through the boundary of the gel pad
(Fig. 8C). The emission from a fluorophore near the boundary would
be similar to that from flat layer of gel (cf. Fig. 8B). Such a pattern
of emission from hemispherical gel pad may explain the observ-
able ~1.5-fold increase of signals for the hemispherical gel pads
on uncoated glass substrates compared with corresponding flat-
tened pads. The radiation reflected backward from the boundary
of hemispherical gel pad corresponds to the so-called “whispering
gallery” modes (the rays for these modes are shown schemat-
ically for the fluorophore nearby gel pad boundary in Fig. 8C)
modes. The additional 1.5-2.0-fold factor for fluorescence enhance-
ment in hemispherical gel elements on metal-coated substrate as
compared with corresponding enhancement in flattened elements
(Fig. 2B) can be explained by the radiation of “whispering gallery”
modes. From the optical point of view, a hemispherical gel pad
on metal-coated substrate corresponds to a dielectric hemispher-
ical resonator on a conducting surface. The “whispering gallery”
modes may finally be emitted from such a resonator (Prokopenko
et al., 2006). This fraction of radiation would be lost from gel
pads on transparent substrate. The resulting enhancement of flu-
orescence in hydrated hemispherical gel pads on metal-coated
substrate attained 8-10-fold level as compared with the similar
pads on transparent substrate.

The emission of fluorescence from the layer of gel and from the
layer of liquid covering gel pads should be similar because of low
refraction index at the gel-liquid interface (Fig. 8B and D). This
means that the enhancement of fluorescence for hemispherical gel
pads under a layer of liquid cannot exceed that for the flattened gel
pads in the absence of liquid, i.e. ~4. Additional optical losses at the
gel-liquid boundary and less efficient excitation of fluorescence in
hemispherical gel pads submerged in liquid may explain further
suppression of enhancement to ~2.5-3.0-fold for gel pads under
liquid in comparison with ~4-5-fold enhancement for flattened
pads.

The enhancement of fluorescence by metal coating for hydrated
hemispherical gel pads is comparable to the enhancement reported
previously for surface microchips (Aslan et al., 2005; Lakowicz,
2005; Sabanayagam and Lakowicz, 2007; Sauer et al., 2005;
Strohsahl et al., 2007). As was proved earlier (Zubtsov et al., 2007),
the higher immobilization capacity of gel pads results in fluores-
cence signals an order of magnitude higher than the signals from
the surface microchips. This advantage of gel-based microchips
remains valid for metal-enhanced fluorescence as well. There-
fore, despite the similar extent of fluorescence enhancement on
microchips of both types, the difference in the level of signals
remains the same.

In the pioneering experiments on the metal-enhanced flu-
orescence a fluorophore was placed within wavelength-scale
distance (~500 nm) from a reflecting metallic surface (reviewed in
Sabanayagam and Lakowicz, 2007). Later, experiments on surface
microchips proved that the effect persists at much shorter distances
of about ~10 nm (Aslan et al., 2005; Lakowicz, 2005; Sabanayagam
and Lakowicz, 2007; Sauer et al., 2005; Strohsahl et al., 2007). In
our study, the effect of enhancement of fluorescence by metal sur-
face was observed for much longer characteristic distances of up
to ~50 wm. Despite the similar level of enhancement, the physical
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Fig. 8. Geometric optics effects responsible for metal-enhanced fluorescence on gel-based microchips. (A) The reflection of excitation from metal surface provides 2-fold
increase in the amount of light reaching the fluorophore (a). Fluorescence microscope registers both direct and reflected radiation emitted by the fluorophore (b). Theoretically,
the combination of both effects results in 4-fold enhancement of fluorescence. (B) The emission of radiation from a fluorophore within a flat layer of gel. Rays with incidence
angles 0<6; (sin6,=1/ng., where ng, is the refraction index for a gel) go through the upper interface of the gel layer and are registered by fluorescence microscope,
whereas rays with incidence angles 0 > 6, are reflected backward and lost through transparent uncoated substrate or scattered to the lateral ends of the gel on metal-coated
substrates. For ng; ~ 1.4 and 6, ~45° about half of fluorescence radiated within the gel would be reflected backward. (C) The emission of radiation from a fluorophores within
hemispherical gel pad. The hemispherical gel pad provides additional enhancement as compared with the flat layer of gel; this enhancement may be more than 2-fold. (D)
The emission of radiation from a fluorophore within hemispherical gel pad covered with liquid. The propagation of rays through the upper boundary of the liquid is similar
to their propagation through the flat gel interface (see subpart B). Optical losses at the boundary gel-liquid and less efficient excitation of fluorescence within the gel pad
under liquid lead to lower fluorescence enhancement for a gel pad covered with liquid as compared with dry flattened gel pads in the absence of liquid.

mechanisms behind the enhancement effects turn out to be differ-
ent for gel and surface microchips. In particular, the mechanism
of fluorescence enhancement for hydrogel-based microchips on
metal-coated substrates may be explained within the framework
of geometric optics.

5. Conclusion

Metal-enhanced fluorescence is a rapidly developing technol-
ogy promising significant improvements in fluorescence-based
technologies. Our experiments proved that this technique could be
successfully applied to gel-based microchips. The enhancement of
fluorescence attained ~8-10-fold on microchips with hydrated gel
pads and ~4-5-fold on microchips with partially dried gel pads. The
use of metal coating allows increasing signal-to-background ratio
and therefore sensitivity of immunoassays at the same incubation
times or shortening time of analysis without losing sensitivity. As
the enhancement of fluorescence on metal-coated substrates is of
physical nature, i.e. does not depend on molecular interactions, it
can be applied to the analysis of various chemical complexes (DNA,
proteins, sugars, etc.) on microchips. Thus, the enhancement of
fluorescence by metal coating is a promising direction in further
development of microchip technologies.
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Appendix A.

In this Appendix we discuss briefly the impact of kinetic effects
on the sensitivity of immunoassay on gel-based and surface pro-
tein microchips. For simplicity, we restrict ourselves to the binary
complexes antigen-immobilized antibody. The minimum concen-
tration of antigen defining the sensitivity is determined by the
weakest detectable signal depending on the measurement tech-
nique and data processing,

AlClo =Jinr

Here A is the apparatus constant, J,, is the threshold detectable
signal, and [C]y is the concentration of the binary complexes
antigen-immobilized antibody within gel pad (or the correspond-
ing surface density in the case of surface microchips) referred to
this signal. The concentration of complexes formed for incubation
time t; may be presented as (Kusnezow et al., 2006; Sorokin et al.,
2003, 2006),

[Clo = [Clegf(ti/ T8 KalAg])

where K is thermodynamic association constant (which is equal
to the ratio of association and dissociation rates Ky = Kqss/Kgjss ), [Ag]
denotes the concentration of antigen in solution,

(A1)

(A2)

Kq[Ag]

1+ Kq[Ag] (A3)

[C]eq = [Abi]gel
and [Ab;]g is the concentration of immobilized antibodies within
gel pad. The function 0 <f{(t;/tg; Ks[Ag]) <1 grows monotonously
with incubation time t;. Its explicit form is rather complicated and
is different for the gel-based and surface microchips. In the case of
diffusion-limited kinetics the corresponding characteristic times
needed for signal saturation are defined by

Ka

Leeh o
1+ Ka[Ag]

RZ
B, diff Td[Abi]gel (A4)
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(surf) ~ Kq

R -~
rB,diff = @[Abi]surfl + Ka[Ag] (AS)

where R is the radius of cells, Dge; and Dy, denote the diffusion coef-
ficients corresponding to the diffusion of antigen in a gel without
immobilized antibodies and in analyte solution, and [Aﬁi]surf corre-
sponds to the numbers of immobilized antibodies per the unit area
of surface cell (for the surface microchips). Speeding-up diffusion
kinetics by mixing leads to the replacement of R2 [Dgel by effective
time depending on the mixing conditions (Zubtsov et al., 2006).

The kinetic analysis shows that sensitivity grows with the
increase of incubation time. The corresponding dependence is non-
linear and multi-parametric. The metal coating does not affect the
threshold signal J;,, or binding kinetics, but enhances the useful sig-
nal related to the formation of complexes (i.e. A— QA in Eq. (A1),
where Q is the enhancement of signal produced by metal coating).
Therefore, the counterpart incubation times at equal sensitivity are
related as

Qf (ti1/8; KalAg)) = f(ti2/7B: KalAg]) (A6)

Here “1” refers to the microchips on metal-coated substrates,
whereas “2” refers to the microchips on glass substrates. Thus,
metal coating permits to shorten incubation time at given sen-
sitivity. The simulation of binding kinetics with our program 3D
Kinetics for Q=4, 13=10h, t;;=20h, and K;[Ag]=0.1 provides
about 8.5-fold shortening of incubation time t;; for microchips
on metal-coated substrates in accordance with the experimental
observations. At the equal incubation times t;; =t and the satu-
rated fluorescence signals, the minimum detectable concentration
of antigen decreases Q times for the microchips on metal-coated
substrates, also in accordance with the results for PSA immunoas-
say.
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