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a b s t r a c t

Commercially available, near-infrared fluorescent squaraine dyes (Seta-635 and Seta-670) were co-
valently bound to antibodies and employed in surface enhanced immunoassay. From fluorescence in-
tensity and lifetime changes determined for a surface which had been coated with silver nanoparticles as
well as a non-coated glass surface, both labeled compounds exhibited a 15- to 20-fold enhancement of
fluorescence on the silver-coated surface compared to that achieved on the non-coated surface. In ad-
dition, the fluorescence lifetime changed drastically for both labels in the case of silver-coated surfaces.
The fluorescence signal enhancement obtained for the two dyes was greater than that previously re-
corded for Rhodamine Red-X and AlexaFluor-647 labels.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Numerous fluorescent immunoassays are based on the de-
tection of fluorescence signals from reporter antibodies labeled
with a fluorophore [1,2]. To minimize assay volume, decrease un-
wanted background and increase assay sensitivity, antibodies fre-
quently are immobilized on the surface and a surface-confined
detection method is used. In cases where enhanced sensitivity is
needed for a surface immunoassay, silver metal particles [3,4] can
be utilized to enhance the fluorescence.

Fluorescent labels which absorb and emit in the near-infrared
(NIR) region have several advantages, such as the reduction of
background fluorescence and the use of low-cost red laser diodes.
Some of these commercially available red dyes absorb and emit at
wavelengths above 620 nm where blood absorption and scattering
are small. Examples include Alexa647, Alexa660, Alexa680, and
Bodipy dyes from ‘‘Invitrogen’’, Cy5 and Cy5.5 from ‘‘Amerhsam’’,
and finally DY-655 and EvoBlue30 from ‘‘Dyomics’’. The spectro-
scopic properties of these dyes and their use in fluorescence assays
eeva).

All rights reserved.
have been previously reported [5]. The reactive NIR labels for
protein binding available from SETA BioMedicals, Seta-635 and
Seta-670, absorb and emit in the 500–900 nm spectral range [6,7].
Unlike Cy and Alexa dyes, these NIR emitting dyes can be excited
with both the red (635 and 650 nm) diode lasers and blue (370 and
405 nm) diode lasers.

Here we report the spectral properties of the labels Seta-635
and Seta-670 in free form and covalently bound to the antibodies,
at various dye-to-antibody ratios. Further, we report findings
from application of the labeled antibodies in a surface fluorescent
immunoassay enhanced with a silver island film (SIF).
2. Experimental procedures

2.1. Reagents

Anti-rabbit, rabbit, and goat immunoglobulins (IgGs), as well as
buffer components and salts (such as bovine serum albimun, glu-
cose, sucrose, AgNO3), were purchased from Sigma–Aldrich. The
Seta-670 (catalog # K8-1342) and Seta-635 (catalog # K8-1669) la-
bels with reactive succinimidyl ester moieties were donated by SETA
BioMedicals, Urbana, IL, USA. Size-exclusion resin (30,000 MW)
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Fig. 1. Normalized absorbance spectra of the Seta-670 label and its conjugates with
IgG. Seta-670 concentration (non-bound free label) was 5.17 mM; concentrations of the
conjugates were 0.376; 1.60; 5.53; 16.0; and 15.23 mM, indicated as IgG1 to IgG5 (all in
50 mM Na-phosphate buffer, pH 7.3).
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was purchased from Invitrogen. Microscopic glass slides, 3�100, and
1 mm thick, were purchased from VWR.

2.2. Preparation of the slides coated with silver island films (SIFs)

The SIF surface was formed using the procedure previously
described in the literature [3,4]. First, half of the surface of each
slide was modified by depositing SIF by chemical reduction of silver
nitrate via a wet-chemical process using D(þ)glucose, while the
other half was left unmodified and used as a control. Next, the
slides were dried in air and covered with black electric tape with
a paper support, containing round holes (punched using a regular
size hole puncher) to form wells on the surface, mimicking a 96-
well plate.

2.3. Labeling of antibodies

Reporter anti-rabbit IgG antibodies were labeled with the Seta-
670-NHS and Seta-635-NHS labels. An aliquote of a freshly pre-
pared stock solution of the reactive dye (5 mg/mL in DMSO) was
added to the solution of IgG antibodies (2 mg/mL) in Na-
bicarbonate buffer (0.1 M, pH 8.3) and incubated at room temper-
ature in the dark, stirring gently for 1 h. Unbound dye was
separated from the labeled protein by size-exclusion chromatog-
raphy, using a 30,000 MW resin and an Na-phosphate buffer
(50 mM, pH 7.3) as an eluent.

The dye-to-protein ratio of the conjugates was determined
spectrophotometrically as described earlier [8,9] where the dye
concentration was determined from the visible part of the spectra,
using the published molar extinction coefficients
(3667¼179,000 cm�1 M�1 for Seta-670 or 3638¼ 136,000 cm�1 M�1

for Seta-635, see Refs. [10,11], respectively). The antibody con-
centration was determined from the absorption of the protein
at 280 nm (3280¼ 203,000 cm�1 M�1 for IgG), taking into account
the UV absorbance contribution from the covalently bound dye.
The UV absorbance contribution was determined by measuring the
absorbance spectra of the free dyes and found to be 0.086� A667

for Seta-670, where A667 is absorbance at 667 nm, and 0.082� A638

for seta-635, where A638 is absorbance at 638 nm.
We used a correction procedure for the visible part of the

spectra at high dye-to-protein ratios. Specifically, we considered
the integrated area under the visible part of the spectrum (and not
the height of the dye peak) for quantization of the dye in solution.
We assumed that the quantity of the dye is proportional to the
integrated visible absorption spectrum or area under the curve
(AUC) from 475 to 750 nm, and calculated a correction factor for
each conjugate equal to the ratio of the AUC for the conjugate to the
AUC for the free non-bound label (normalized spectra). Integration
was performed by a very simple procedure, where spectra were
printed out or photocopied to fit the standard page, then the AUC
area was cut and its weight was determined using an analytical
balance (Mettler Toledo). Thus, AUC was measured in milligrams.
See Section 3 for more details on the correction factor and AUC.

2.4. Immunoassay procedure

A model immunoassay was performed, similar to Ref. [3], where
we immobilized a model antigen, rabbit IgG, on the surface by
physical adsorption (overnight incubation of the rabbit IgG solution
of 40 mg/mL in 50 mM Na-phosphate buffer, pH 7.3, 25 mL/well, at
room temperature). Then, all remaining protein-binding sites were
blocked by a blocking buffer (1% bovine serum albumin, 1% sucrose,
0.05% NaN3, 0.05% Tween-20 in 50 mM Na-phosphate buffer, pH
7.3), 35 mL/well, incubation for 2 h at room temperature. After
washing, a conjugate of the labeled reporter, anti-rabbit antibody
(at 5 mg/mL in blocking buffer) was added at 25 mL/well, followed by
incubation (1 h at room temperature). Next, the labeled antibody
supernatants were removed, and the surfaces were rinsed, covered
with 50 mM Na-phosphate buffer, pH 7.3, and stored at þ4 �C until
fluorescence was measured.

We tested the specificity of the model immunoassay by com-
paring the binding of the labeled anti-rabbit antibody to the ‘‘right’’
antigen (rabbit IgG) and the ‘‘wrong’’ antigen (goat IgG). Control
slides were coated with goat IgG. Hence, the signal from the control
slides showed the non-specific binding of the labeled anti-rabbit
IgG antibody. The background was 15% or less for non-coated glass
surface, and 4% or less for SIF-coated glass surface.

2.5. Spectroscopic measurements

Emission spectra in solution were measured using a Varian Cary
Eclipse fluorometer (Varian Analytical Instruments, USA), while
absorption spectra in solution and on the surface of the slides were
measured using a Varian Cary Eclipse spectrophotometer. Fluo-
rescence measurements of the samples on glass and glass-SIF slides
were performed by placing the slides horizontally on a total in-
ternal reflection (TIR) stage as described in Ref. [3]. The TIR stage
consisted of a coupling prism mounted on a custom-made holder.
For excitation we used a solid-state laser diode operating at
635 nm, the wavelength used for commercial laser pointers.
Emission spectra were collected by fiber optics mounted on x and y
stages on the top (using an appropriate cut-off filter) for moving to
different spots on the slide with the Varian Cary Eclipse
fluorometer.

3. Results and discussion

3.1. Conjugation and dye/antibody ratio determination

The coupling of Seta-670 to anti-rabbit IgG was performed with
starting dye-to-protein ratios of 2.5, 5, 10, 15, 23, and 50 mol/mol,
respectively. The coupling of Seta-635 to anti-rabbit IgG was per-
formed with a starting dye-to-protein ratio of 15 mol/mol.

Initially, the label-to-IgG ratio in the resulting conjugates was
calculated similarly to Refs. [8,9] as recommended by Invitrogen for
antibody labeling kits. In particular, dye concentration was de-
termined from the visible part of the spectra, using the published



Table 2
Dye/protein starting ratios and calculated dye/protein ratios for listed conjugates

Conjugate Dye/IgG
starting ratio,
mol/mol

Dye/IgG
ratio in the
conjugate,
mol/mola

Yield per
IgG, %a

Dye/IgG
ratio in the
conjugate,
mol/molb

Yield per
IgG, %b

Seta-635–IgG 15 5.1 82 13.7 47
Seta-670–IgG1 2.5 0.4 33 0.5 33
Seta-670–IgG2 5 0.9 70 1.2 68
Seta-670–IgG3 10 2.2 92 3.2 86
Seta-670–IgG4 15 3.1 93 6.5 79
Seta-670–IgG5 23 4.7 57 10.9 44

a Calculated using dye’s absorption peak height (at 638–642 nm).
b Calculated using dye’s absorption peak area (integrated from 500 to 750 nm).

Fig. 2. Normalized absorbance spectra of the Seta-635 label and its conjugate with IgG.
Seta-635 concentration (non-bound free label) was 2.45 mM; concentration of the
conjugate was 8.71 mM (in 50 mM Na-phosphate buffer, pH 7.3).
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molar extinction coefficients. Antibody concentration was de-
termined from the UV part of the spectra, taking into account the
UV absorbance contribution from the covalently bound dye. This
contribution was determined by measuring the absorbance spectra
of the free dyes and was found to be 0.086� A667 for Seta-670,
where A667 is absorbance at 667 nm, and 0.082� A638 for Seta-635,
where A638 is absorbance at 638 nm.

However, this method is not accurate because the spectral
characteristics of the dye can change when it is covalently bound to
protein. The absorption spectra of our purified conjugates were
quite different as compared to that of the free dye (Figs. 1 and 2).
While the unbound, free dyes have a single sharp peak in the visible
region, the covalently bound dyes have an additional peak at
a shorter wavelength (Figs. 1 and 2) and its intensity increases with
increasing dye-to-protein ratios (Fig. 1). The apparent maximum of
the red absorption peak shifts with an increasing dye-to-protein
ratio, compared to the maximum of the free label (see Table 1). We
assume that such changes occur due to the interaction of several dye
molecules on the same antibody molecule, similar to the changes
occurring in dye aggregations [12,13]. For example, methylene blue
absorbance spectra where the peak with a maximum around
650 nm has been attributed to the monomer absorbance and an-
other peak at 600 nm (blue-shifted), with the concentration-
dependent intensity attributed to a sandwich-type dimer [10].

Often proteins with a low dye-to-protein ratio have a visible
absorption spectra similar to the spectra of the free dye, but as the
dye-to-protein ratio increases, the spectra change and a second
absorption band appears [14–16]. Several methods are suggested in
the literature to correct dye-to-protein ratios, such as denaturing of
the dye–protein conjugate in 1–2% sodium dodecyl sulfate to
eliminate the aggregation peak [14,15] or diluting the conjugate
Table 1
Maxima of the dye peak (visible area) in various Seta-670 conjugates

Compound Max wavelength, nm

Seta-670 668
Seta-670–IgG1 678
Seta-670–IgG2 676
Seta-670–IgG3 673
Seta-670–IgG4 670
Seta-670–IgG5 667
(1:2) with formamide [16] before measuring the absorbance
spectra. Another suggestion was to determine the protein con-
centration separately by the Lowry method, and the dye concen-
tration in the same conjugate from the absorbance of the conjugate
solution in formamide [17]. However, these methods result in de-
naturation of a portion of the conjugate, which is not desirable for
the monoclonal antibody (mAb) conjugates since mAbs may be
very expensive.

Here we suggest a very simple and expeditious method for
correcting the dye-to-protein ratio that does not result in the
protein denaturation, allowing the same portion of the conjugate
used for spectral measurement to be used later for biosensing. This
method uses the correction procedure for the visible part of
the spectra where the integrated area under the visible part of the
spectrum (AUC) should be used for quantization of the dye in the
conjugate instead of the height of the dye peak. We have examined
this method using a set of two spectra published in Ref. [13] for goat
IgG with six bound Cy5 labels per protein in absence and presence
of 1% SDS and found the peak heights to be 58 and 95 mm (a dif-
ference of almost two times), while the AUC values were 193.9 and
193.8 mg. Thus, the AUC is exactly the same for the same conjugate
but has completely different spectra in the absence and presence of
the denaturing agent.

We calculated a correction factor for each of our conjugates
equal to the ratio of the AUC for the conjugate to the AUC for the
free non-bound label (spectra were normalized to the height of the
free dye peak). The correction factor was >1, increased with in-
crease of the dye-to-protein ratio used for the coupling reaction,
and reflected an increase in the visible part of the AUC due to
changes in the shape of the spectra and the new aggregation-
related peak. Then the dye-to-protein ratio was calculated as de-
scribed above by measuring the visible (at longer wavelength) peak
height, but this height increased proportionally to the correction
factor. This resulted in higher dye-to-protein ratios for all conju-
gates (Table 2) due to two corrected numbers: (1) higher dye
concentration and (2) higher dye input into the UV absorbance at
280 nm that led to lower protein concentration. The difference
between non-corrected and corrected ratios (a and b correspond-
ingly in Table 2) grows as ratios increase.

3.2. Surface enhanced immunoassay – fluorescence signals

To demonstrate the utility of Seta labels for biosensing, we
performed a model immunoassay based on metal-enhanced
Table 3
Background signals showing non-specific binding as % of the corresponding specific
signals

Conjugate SIF-coated glass Bare glass

Seta-670–IgG4 4% 15%
Seta-635–IgG 3% 13%



Fig. 3. (A) Fluorescence spectra of the model immunoassay signal using Seta-670 label on the SIF-coated and non-coated glass surface (corrected to the background signal). (B)
Fluorescence spectra of the model immunoassay signal using Seta-635 label on SIF-coated and non-coated glass surface (corrected to the background signal).

Fig. 5. (A) SIF-coated to non-coated glass fluorescence signal ratios at various wavelengths for the model immunoassay using Seta-670 label. (B) SIF-coated to non-coated glass
fluorescence signal ratios at various wavelengths for the model immunoassay using the Seta-635 label.

Fig. 4. (A) Fluorescence signals for the model immunoassay using Seta-670–IgG4-670 on the SIF-coated and non-coated glass surface: controls are measured using ‘‘wrong’’ antigen
(goat IgG) and show the level of non-specific binding. Error bars represent plus/minus one standard deviation (SD) (n¼ 6 for samples and n¼ 4 for controls). (B) Fluorescence
signals for the model immunoassay using Seta-635 label on the SIF-coated and non-coated glass surface: controls are measured using ‘‘wrong’’ antigen (goat IgG) and show the level
of non-specific binding. Error bars represent plus/minus one standard deviation (SD) (n¼ 6 for samples and n¼ 4 for controls).

E.G. Matveeva et al. / Dyes and Pigments 80 (2009) 41–4644



Table 4
Multiexponential analysis of the fluorescence intensity decays of Seta dyes

Compound/conditions <s>,a ns s; b ns a1 s1,
a ns a2 s2,a ns cR

2

Seta-670–IgG4 conjugate on glass 0.57 1.04 0.67 0.19 0.33 1.29 0.9
Seta670–IgG4 conjugate on SIFs 0.06 0.09 0.96 0.048 0.04 0.25 2.1
Seta-635–IgG conjugate on glass 0.67 1.29 0.71 0.26 0.29 1.67 0.9
Seta-635–IgG conjugate on SIFs 0.09 0.15 0.91 0.068 0.09 0.32 1.3

a < s >¼
P

i
aisi:

b s ¼
P

i
fisi; fi ¼ aisi=ð

P
aisiÞ:
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fluorescence on an SIF-coated glass surface [3] where the model
antigen (rabbit IgG) was immobilized on two different surfaces
(SIF-coated surface and non-coated glass surface as a reference).
The anti-rabbit IgG conjugate (labeled with Seta-670 or Seta-635)
was allowed to bind to the antigen. After rinsing the surfaces the
fluorescence signal (full spectrum) was measured using the total
internal reflection excitation mode (TIRF). In TIRF measurements,
the fluorophores were excited by an evanescent wave, which
penetrated the glass–sample interface only for a fraction of a mi-
cron. Such an excitation modality is preferred in surface assays
because it reduces unwanted background fluorescence from the
bulk solution.

We tested the specificity of enhanced TIRF assay configuration
by comparing binding of the labeled anti-rabbit antibody to the
‘‘right’’ rabbit IgG and ‘‘wrong’’ goat IgG antigens. Control slides
were coated with the goat IgG antigen. Thus, the signal from control
slides showed the non-specific binding background signal of the
labeled anti-rabbit IgG antibody. The background was detected
from both SIF-coated surface and bare glass (Table 3). The SIF-
coated surface produced a lower background due to the enhanced
specific signals (Table 3). The averaged signals for the model im-
munoassays are shown in Fig. 4. Seta-670 produces a lower signal
but also lower deviations when compared to Seta-635 (signals are
corrected to the binding effectiveness as described below).

Fig. 5A and B shows the fluorescence signal ratios for our im-
munoassay using Seta-670 (Fig. 3A) or Seta-635 (Fig. 3B) corrected
for non-specific background signal. The spectra were also corrected
for binding effectiveness. We assumed that the binding percentage
may be different for the bare glass and SIF-coated glass surfaces,
since the physical properties of the surfaces are different and we
immobilized the antigen by physical absorption. Therefore, the
binding effectiveness was estimated by measuring the labeled an-
tibody concentrations before and after incubation on each surface
(by collecting the emission spectra of the supernatants removed
from the reaction wells). Signal intensity was then proportionally
adjusted for equal binding. We found that the binding efficiency on
the SIF-coated surfaces was usually about 20% higher than that of
bare glass (about 30% of the labeled antibodies from the superna-
tant were bound on the bare glass surface versus 50% on the SIF-
coated glass).

The enhancement of the model immunoassay signal (corrected
for non-specific binding and binding efficiency) detected from SIF-
coated versus non-coated glass slides calculated for both labels at
different wavelengths is shown in Fig. 5. The enhancement ratio is
approximately 15 for Seta-670 and 20 for Seta-635 at the fluores-
cence maxima, which is higher than the values of approximately 4–
8 measured earlier for the same immunoassay using various labels
from the Alexa series, Rhodamine Red-X, and TRITC [3]. These en-
hancement values also confirm our earlier observation that the
enhancement is usually larger for longer wavelength dyes.
3.3. Surface enhanced immunoassay – lifetimes

The above-described fluorescence enhancement values on SIF-
coated surfaces are the result of two effects: (1) fluorophores in the
presence of silver nanoparticles are exposed to the enhanced local
field created by the plasmonic interaction of metallic nanoparticles
with the excitation light increasing the excitation rate and (2) ex-
cited fluorophores interact with silver nanoparticles resulting in
a more prompt emission of fluorescence. This effect increases the
radiative rate and is known as radiative decay engineering (RDE)
[18]. Increased radiative rates are reflected by higher quantum ef-
ficiencies and shorter lifetimes. Fluorophores in close proximity to
SIFs benefit from these two effects. The lifetime is affected only by
the RDE effect. Table 4 contains a multiexponential analysis of the
fluorescence intensity decays in the absence and presence of the
SIFs. The short components dominate the decays on SIFs with
amplitudes higher than 90% (Table 4). Our data clearly reveal that
the mean lifetimes on SIFs are about one order of magnitude
shorter than lifetimes on bare glass substrates. It should be noted
that fluorophores with shorter lifetimes are more photo stable
because the likelihood of photo degradation increases if the mol-
ecule remains in the excited state longer.
4. Conclusions

New near-infrared fluorescent squaraine dyes (Seta-635 and
Seta-670) are commercially available in active form and can be
easily covalently bound to antibodies. We suggested a very simple
and fast method of dye-to-protein ratio correction that does not
result in protein denaturation. The integrated area under the visible
part of the spectrum (AUC) should be used for quantization of the
dye in the conjugate along with the height of the dye peak.
We demonstrated that the Seta labels serve as very good fluo-
rophores in surface enhanced immunoassays, providing more than
a 10-fold enhancement of fluorescence signal on the silver nano-
particle coated surfaces compared to non-coated surfaces. Lifetime
measurements on SIFs and bare glass surfaces demonstrated better
photostability for conjugates of both labels on SIFs.
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