Available online at www.sciencedirect.com

lclchl@DlRlGT‘

Spectrochimica Acta Part A 59 (2003) 26112617

SPECTROCHIMICA
ACTA

PART A

www.elsevier.com/locate/saa

Enhanced photostability of ICG in close proximity to gold
colloids

Chris D. Geddes *, Haishi Cao, Joseph R. Lakowicz

Department of Biochemistry and Molecular Biology, University of Maryland School of Medicine, Center for Fluorescence Spectroscopy,
725 West Lombard Street, Baltimore, MD 21201, USA

Received 18 October 2002; received in revised form 3 January 2003; accepted 10 January 2003

Abstract

Photobleaching of fluorophores frequently limits their detectability or observation time. We examined Indocyanine
green (ICG) which is widely used in medical testing and is highly unstable. We showed that spatial localization of ICG
near metallic gold colloids resulted in increased photostability. This suggests the use of fluorophore—metal conjugates

in situations adversely affected by photobleaching.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Photobleaching or phototransformation of
fluorophores is a ubiquitous problem in the
applications of fluorescence. Rapid photobleach-
ing occurs for most probes in fluorescent micro-
scopy, where the incident intensities are high and
the effective sample volumes are small. Photo-
bleaching is typically observed with the highly
useful long-wavelength cyanine dyes due to flex-
ibility around the unsaturated bonds.

Recently, we have been investigating the inter-
actions of metallic multi-metal particles with
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fluorophores [1--5]. Excited state fluorophores
act as oscillating dipoles that interact with free
electrons in metals [6—8]. This interaction can
result in increased or decreased quantum yields
and decreased lifetimes. Sub-wavelength size silver
and gold particles display a plasmon absorption,
which is responsible for these effects. In previous
studies, we used silver island films and colloids
that seem to be the optimal metal for enhancing.

In contrast to silver, gold displays absorption at
visible “wavelengths. As a result, a quenching
interaction, presumably due to resonance energy
transfer (RET), is frequently the dominant effect
so that the fluorescence is quenched. In fact,
strong quenching by gold colloids have been used
to construct molecular beacons with a high con-
trast ratio [9]. Furthermore, it is known that
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quenching effects that shorten the lifetime can
result in increased photostability because the
fluorophores spend less time in the reactive excited
state [10]. Additionally, gold colloids are often
used in electron microscopy and are finding
increasing use due to their large cross sections
for light scattering [11—13] and the potential to
shift the plasmon resonance by biochemical affi-
nity interactions [14—16].

Based on these considerations, we examined the
effects of colloidal gold on the photostability of
Indocyanine green (ICG, Fig. 1). ICG was chosen
because of widespread use in medical testing [17~
19] and growing use as a contrast agent in optical
tomography [20—22]. We speculated that the long
wavelength absorption and emission wavelengths
of ICG may minimize quenching due to the gold
absorption while still increasing the photostability.

ICG-HSA

APS—>, A’

4]

7
77

.

7

%

Gold
colloid

ICG-HSA

;
%5

)

C.D. Geddes et al. | Spectrochimica Acta Part A 59 (2003) 2611-2617

2. Experimental materials

ICG, human serum albumin (HSA), HAuCL,
and trisodium citrate dihydrate were obtained
from Sigma and used without further purification.
Concentrations of ICG and HSA were determined
using extinction coefficients of ¢ (780) = 130,000
em ™! and £ (278) nm = 37,000 cm ™’ respectively.

Glass microscope slides were cleaned by immer-
sion in 30% v/v H,O, and 70% v/v H,SO,4 for 48 h
and then washed in distilled water. The glass slides
were coated with amino groups by soaking the
slides in a 0.5% v/v solution of 3-aminopropyltri-
methoxysilane (APS) for 1 h.

Gold colloids were prepared by the citrate
reduction of HAuCL, [25-27]. Some 68 mg
HAuCL, was dissolved in 200 ml water (1 mM)
and brought to the boil with vigorous stirring,
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Fig. 1. Top: chemical structure of ICG; middle: glass surface geometry. APS is used to functionalise the surface of the glass with amine
groups which readily bind gold colloids. Bottom: the sample geometry.



C.D. Geddes et al. | Spectrochimica Acta Part A 59 (2003) 2611-2617

followed by the addition of 20 ml (38.8 mM)
sodium citrate solution. After a further 10 min
simmering, the color of the solution changed from
a light yellow to deep-red. The solution was then
rapidly cooled. The method produces a stable,
deep-red dispersion of gold particles [23-25].

APS coated glass slides were coated with gold
colloids by immersing in a gold colloid solution for
~90 h, after which time no further increase in
glass slide optical density was observed.

Binding the ICG-HSA to the surfaces, whether
glass or gold, was accomplished by soaking the
glass and gold colloid coated slides in a 30 pm
ICG, 60 M HSA solution overnight, followed by
rinsing with water to remove the unbound mate-
rial.

For photostability experiments, the glass or
colloids surfaces were examined in a sandwich
configuration in which two coated surfaces faced
inwards towards an = 1 pm thick aqueous sample
(Fig. 1). The slides were fully coated with APS, but
only half coated with gold colloids.

2.1. Methods

Excitation and observation of the sandwiched
samples were made by the front face configuration
(Fig. 2). Steady state emission spectra were re-
corded using a SLM 8000 spectrofluorometer with
excitation using a Spectra Physics Tsunami Ti:
Sapphire laser in the CW (non-pulsed) mode, 200
mW, 760 nm output, attenuated as required. This
enabled the samples to be photobleached as
required, i.e. for matching the initial steady state
intensities or using the same excitation power.

Time-resolved intensity decays were measured
using reverse start-stop time-correlated single-
photon counting. Vertically polarized excitation
at ~760 nm was obtained using a mode-locked
argon-ion pumped, cavity dumped Pyridine 2 dye
laser with a 3.77 MHz repetition rate. The instru-
mental response function, determined using the
experimental geometry in Fig. 2, for both gold
colloid films and glass slides, was typically < 50 ps
fwhm. The emission was collected at the magic
angle (54.7°), using a long pass filter (Edmund
Scientific), which cut off wavelengths <780 nm,
with an additional 830410 nm interference filter.
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Fig. 2. Experimental geometry.

Carefully undertaken control experiments with
gold colloid-coated surfaces without ICG-HSA
showed that all scattered light was alleviated by
the filter combination, which was an important
consideration given the high scattering cross sec-
tion of the metal colloids [11-13].

2.2. Data analysis

The intensity decays were analyzed in terms of
the multi-exponential model:

1) = _ o exp(~t/7) o)

where «; are the amplitudes and 7; the decay times,
Yo; =1.0. The fractional contribution of each
component to the steady-state intensity is given by:

@
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The mean lifetime of the excited state is given



2614 C.D. Geddes et al. | Spectrochimica Acta Part 4 59 (2003) 2611-2617

by:

i= Z fiw; 3)

and the amplitude-weighted lifetime is given by:
= az, )

The values of «; and 7; were determined by non-
linear least squares impulse reconvolution with a
goodness-of-fit ¥% criterion [26].

3. Results

Gold colloids display a strong visible absorption
(Fig. 3, top). Following incubation of the APS-
treated slides in a gold colloid suspension, the
presence of bound colloids was easily visible from
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Fig. 3. Top: absorption spectrum of gold colloids in solution
and ICG-HSA-coated APS-coated glass slides.

the absorption (Fig. 3, bottom). This absorption is
almost exclusively due to the gold colloids, as can
be seen from the absorption spectrum of the
bound colloids without ICG-HSA. Also, the
absorption (795 m) and emission (810 nm) wave-
lengths of ICG are at longer wavelengths than the
gold colloid absorption. Examination of the ab-
sorption spectra in Fig. 3 reveals a shift in the
plasmon absorption for the surface-bound col-
Joids. At present, we do not know if this shift is
due to the proximity of the colloids to each other
[27] or due to interaction of ICG with the plasmon
absorption [28,29].

ICG binds spontaneously to HSA and HSA
binds spontaneously to glass. These interactions
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Fig. 4. Top: photostability of ICG-HSA on glass and gold
colloids measured using the same excitation power at 760 nm
and (bottom) with power adjusted to give the same initial
fluorescence intensities. In all measurements, vertically polar-
ized excitation was used, whilst fluorescence emission was
observed at the magic angle, i.e. 54.7°.
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Fig. 5. Complex intensity decays of ICG-HSA in a cuvette
(buffer), on glass slides and gold colloid films (solid triangles).
RF, instrumental response function.

provided a convenient method to localize ICG
near the gold colloids (Fig. 1). Additionally, ICG
binding to HSA probably prevented direct contact
of ICG and gold, which may have resulted in
complete quenching. We examined the photo-
stability of ICG with continuous illumination
(Fig. 4). When the same incident intensity was
used, the signal on glass was initially higher than
on gold (top). However, the photobleaching on
gold was slower. Since one is usually concerned
with signal level and since incident power is easily
adjusted in many experiments, we attenuated the
incident power on gold so that the ICG emission
intensity was the same as on glass (Fig. 4, bottom).
In this case, the enhanced photostability on gold is
dramatic.

Table 1
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We speculated that the increased photostability
of ICG on gold was due-to a decreased lifetime.
Fig. 5 shows the time-dependent decay of ICG.
The lifetime of ICG—HSA 1is reduced =x40% on
glass compared to being free in solution. This
effect has been seen for other fluorophores bound
to glass [2-4], but we do not yet know the origin of
this effect. The lifetime of ICG—HSA. is dramati-
cally decreased on the gold colloids (Table 1). The
decrease is such that the intensity decay was nearly
indistinguishable from the instrument response
function of the lamp. These measurements suggest
the decreased lifetime of ICG as the origin, at least
in part, of the increased photostability near gold
colloids.

4. Discussion

What are the potential uses of gold colloid—
fluorophore conjugates? One possibility is for
retinal angiography where ICG is now used to
image the choroidal membrane [30-32]. ICG is
rapidly bleached under the intense illumination
from a fundus camera. The use of conjugates to
gold colloids may result in longer image persis-
tence, as well as less leakage from the vasculature.
It is also possible that the scattering signals from
the colloids could be used to provide additional
imaging information. Similar potential exists for
optical tomography. One can also imagine the use
of fluorophore—colloid conjugates in microscopy,
where the increased photostability would allow for
longer observation times.

Analysis of the intensity decay of ICG-HSA measured using the reverse start-stop time-correlated single photon counting technique

and the multi-exponential model

Sample oy 7; (ns) fi 7 (ns) {1 (ns) rn
In buffer 0.158 0.190 0.05 - -

0.842 0.615 0.95 0.592 0.548 1.4
On glass 0.683 0.155 0.325 - -

0.317 0.691 0.675 0.517 0.325 1.3
On Au colloids 0.73% 0.117 0.359 - -

0.261 0.592 0.641 0.421 0.241 1.8
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