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Metal-Enhanced Fluorescence (MEF) Due to Silver Colloids on a Planar Surface: Potential
Applications of Indocyanine Green to in Vivo Imaging'
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We examined the effects of metallic silver colloids on the fluorescence spectral properties of indocyanine
green (ICG), which is a dye widely used for in vivo medical testing. Silver colloids from a suspension bind
spontaneously to amine-coated surfaces. These colloid-coated surfaces were found to cause a 30-fold increase
in the intensity of ICG, which was held close to the metal surface by adsorbed albumin. The increased intensities
of ICG were also associated with decreased lifetimes and increased photostability, which are indicative of
modifying the fluorophores radiative decay rate. These results suggest the use of metal colloid-enhanced ICG
for applications to retinal angiography and vascular imaging and as a contrast agent for optical tomography.

Introduction -
3
The long-wavelength tricarbocyanine dye indocyanine green CH; CH; CHs ‘
(ICG, Figure 1) is widely used in medical testing. ICG appears )—(CH=CH),—CH |
to be essentially nontoxic and is rapidly cleared from the B&dy. Q Nt N
| |
|

Injected ICG is used to assess the severity of béiwerdiac
output? and most commonly for retinal angiography.in the (CHz)y (G2 N
later application, injected fluorescence is used to image the S0, SO3Na
surface vasculature, and the longer wavelength absorption and
emission of ICG is used to image the choridal vasculature behind Figure 1. Chemical structure of ICG.
the reting® In the case of choridal imaging, the diagnostic value
of ICG could be increased by larger intensities and decreased
leakage from the vasculature. surface enhanced fluorescence (SEF), which is also known
In recent reports we have described the favorable effects ofas metal-enhanced fluorescence (MEF), using SIF sub-
silver island films (SIFs) for increasing the intensities and Strates®339-32In contrast, fewer publications have appeared
photostability of fluorophores, particularly those with low ©n SERS using silver colloids and there are only a very few
quantum yield49-13 Such metallic surfaces interact with the reports of SEF using colloid§:3* These reports described
fluorophores by mechanisms that can cause quenching, increaseiuorophores with visible excitation and emission wavelengths,
rates of excitation, and/or increased quantum yields. Thegeal’ld the results have been contradictory. Because the fluoro-
effects have to be considered theoretically as part of the effort phores interact with the metal through the surface plasmon
to understand surface enhanced Raman scattering (SERS).  resonance, and for silver the adsorption maximum is near 430
For SERS the most Commomy used System are silver islandnm, we did not know if silver colloids would enhance the
films (SIFs). These films are formed by chemical reduction of emission of ICG with absorption and emission maxima of 795
silver with direct deposition into a glass substr@&resulting and 810 nm, respectively. Additionally, significantly larger
in a heterogeneous distribution of silver particles. This process €ffects on fluorescence are predicted for elongated silver
is difficult to control. In contrast, preparation of colloidal particles than for spheré$and thus it was not clear if significant
suspensions of gold and silver are rather standard and easilyenhancements could be observed using spherical colloids.
controlled to yield a homogeneously sized suspension of Inthe present report we studied ICG bound to human serum
spherical metal particled; 23 a technology used for hundreds albumin, which is also the dominant form of ICG following
of years for the prepara’[ion of colored g|as§’e?§An advantage intravenous injection. Albumin prOtEinS are known to spontane-
of a colloidal suspension is the possibility of injection for ously bind to glass and silver surfaces forming essentially a
medical imaging. complete monolaye¥ Additionally, silver and gold colloids
Numerous publications have appeared on the use of SIFs forare known to bind spontaneously to surfaces coated with amino
SERS529 and a lesser but significant number of reports of groups3*3>We used this interaction to bind silver colloids to
microscope slides covered with amino groups, which in turn
tPart of the special issue “George S. Hammond & Michael Kasha Were coated with ICG-HSA complexes. This approach made it
Festschrift”. easy to wash away unbound colloids and proteins. Additionally,
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Figure 2. (A) Glass surface geometry. APS is used to functionalize T HSA-ICG
the surface of the glass with amine groups that readily bind silver
colloids. (B) Sample geometry. Figure 3. Experimental geometry.
Materials and Methods the signal of ICG-HSA with or without colloids, which is an
. . ) important control given the high scattering cross section of metal
ICG and HSA were obtained from Sigma and used without Coﬁoidsge_gg g 9 g

further purification. Concentrations of ICG and HSA were

determined using extinction coefficients ef (780 nm) =

130000 Mt cm™ and € (278) nm = 37000 M® cm™1,

respec’uvely. . . o I(t) = Za‘ exp(—tir;) (1)
Glass microscope slides were cleaned by immersion in 30% :

viv HO, and 70% v/v HSO, for 48 h and then washed in

distilled H,O. The glass surfaces were coated with amino groups Whereo, are the amplitudes anglthe decay timesy o; = 1.0.

by soaking the slides in a solution of (3-aminopropyl)- The fractional contribution of each component to the steady-

trimethoxysilane (APS) with different percentages APS (v/v), state intensity is given by

and different immersion times as indicated.

Silver colloids were formed by the reduction of a warmed
solution of silver nitrate and sodium citrate. This procedure is
reported to yield homogeneously sized colloids near20nm Zaj T,
in diameter?®~23 The APS treated slides were soaked in the ]
colloid suspension for the times indicated in the text, followed
by rinsing with distilled water. Binding the ICG-HSA to the
surfaces, whether quartz or silver, was accomplished by soaking =% f 3)
both the quartz and colloid coated slides in a:30 ICG, 60 v z iTi
uM HSA solution overnight, followed by rinsing with water to '

The intensity decays were analyzed in terms of the multiex-
ponential model,

T
f= )

The mean lifetime of the excited state is given by

remove the unbound material. and the amplitude-weighted lifetime is given by
The glass or colloid surfaces were examined in a sandwich
configuration in which two coated surfaces faced inward toward = Zai T (4)
I

an approximate km thick aqueous sample (Figure 2). In each
case the slides were fully coated with APS but only half coated ) .
with silver colloids. Excitation and observation were by the 1he values ofo; and 7 were determined by nonlinear least
front-face configuration (Figure 3). Steady-state emission spectraSduares using nonlinear least squares impulse reconvolution with
were recorded using a SLM 8000 spectrofiuorometer with & 900dness-of-fige? criterion.
excitation using a Spectra Physics Tsunami Ti:sapphire laser
in the continuous wave (CW, nonpulsed) mode with 200 mwW
760 nm output over a spot diameter near 5 mm. Figure 4 (top) shows an absorption spectrum typical of our
Time-resolved intensity decays were measured using reversecolloid-coated APS slides. The absorption centered near 430
start-stop time-correlated single photon counting (TCSPC). nm is typical of colloidal silver particles with subwavelength
Vertically polarized excitation a760 nm was obtained using  dimensions but not completely at the small particle limit. Figure
a mode-locked argon-ion pump, cavity dumped pyridine 2 dye 4 (bottom) shows a typical AFM image of the silver colloid
laser with a 3.77 MHz repetition rate. The instrument response coated APS coated glass slides. The colloid sizes are typically
function, determined using the experimental geometry in Figure >50 nm, which is slightly larger than reported previougiy?3
3, for silver colloid films, was typically<50 ps fwhm. The which may be due to colloid aggregation on the surface. We
emission was selected at the magic angle, 5dsing a long- investigated the effects of these surface-bound colloids on
pass filter (Edmund Scientific) that cut off wavelengths below fluorescence. The surfaces were incubated with ICG-HSA to
780 nm, with an additional 836 10 nm interference filter. obtain a monolayer surface coating. The emission spectra
Control measurements with colloid-coated surfaces without ICG- showed a remarkable 30-fold larger intensity on the surfaces
HSA showed that scattered light contributed less than 1% to coated with silver colloids (Figure 5). The fluorescence intensi-

Results and Discussion
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Figure 4. Top: absorption spectrum of silver colloids immobilized on APS coated glass. Bottom: AFM image of a silver colloid coated, 0.5% v/v
APS coated glass slide.

ties increased with the concentration of APS used to treat thebecause ICG is bound to the protein, which is then bound to
cleaned surfaces (Figure 6), which also appeared to correlatethe glass or colloidal surface. Typically, a rigid environment
with the optical density at 430 nm (not shown). It is possible, results in decreased rates of nonradiative decay and thus longer
but unproven, that more colloidal silver is bound when the slides lifetimes. In contrast, metallic surface-enhanced fluorescence
were exposed to higher concentrations of APS. is expected to result from increases in the rate of radiative decay,
In general, the enhancement of ICG emission seemed towhich will result in shorter lifetimes.
depend linearly, or at a higher power, on the amount of bound  Time-dependent intensity decays of ICG-HSA were measured
colloids. Theory has predicted that spaces between adjaceniwhen the mixture was in a cuvette (C) and bound to glass (G)
colloids may be more effective in increasing fluorescence or silver colloids (S). The intensity decay is more rapid on glass
intensity than isolated colloid®. Hence, we expect the ICG  than in bulk solution in a cuvette, and more rapid when
intensity to increasenore than linearlywith increasing colloid immobilized on silver colloids as compared to on glass (Figure
concentration. The present data do not totally support this 7, top). At present we do not understand the lifetime reduc-
expectation, but additional experiments are needed to furthertions on glass, but this effect has been seen for several fluoro-
clarify whether interacting colloids are superior in enhancing phorest'12 The reduced lifetimes on colloids are due to a rapid
fluorescence. 59 ps dominant component in the decay, which can be seen
It is well-known that some fluorophores, particularly those from the fitted parameters (Table 1). The impulse response
with some conformational freedom, display increased quantum functions, which are the decays that would be observed with
yields in rigid environments. This mechanism seemed unlikely an infinitly short instrument response function (RF), are shown
to explain the increased ICG intensity near silver colloids in Figure 7. The contribution of the 59 ps component accounts
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Figure 7. Top: complex intensity decays of ICG-HSA in a cuvette
(buffer), C, on glass slides, G, and silver colloids, & is the
instrumental response function. Bottom: data from the convolution
Wavelength (nm) process normalized to steady-state intensity. l.e., area under S is 39.5

Figure 5. Top: fluorescence intensity of HSA-ICG coated glaSs, times the area under G (cf. Figure 6).

and above silver colloidsS, Ex = 760 nm. Bottom: fluorescence . .
intensities normalized to the intensity on silver colloids. TABLE 1: Analysis of the Intensity Decay of ICG-HSA

Measured Using the Reverse StartStop Time-correlated
Single Photon Counting Technique and the

aam S 0es,
i T

780 800 820 840 860 880

7000 195 Multi-exponential Model
A 2 T 2
6000 o Colloidws Soncae o sample 6 uls) T(ns) G0NS) g
AR e G =248 in buffer 0.158 0.190 0.05
%‘ 5000 v 226 0.842 0615 095 0592 0548 1.4
£ g 141 on quartz 0.683 0.155 0.325
T 4000 N 0.317 0.691 0.675 0.517 0.325 1.3
° /,'-f""\.\ k I ing APS i on Ag colloids 0.583 0.059 0.147
2 F QN 0.211 0.156 0.139
§ 3000 0.206 0.817 0.714 0614 0.068 1.8
[
g 2000 | s
i time-resolved measurements (Figure 8). These spectra showed
1000 no intensity at the excitation wavelength of 760 nm, demonstrat-
ing that scattered light is not the origin of the short lifetime
0

' ‘ ' components of ICG on colloid-coated slides. However, this was
780 800 820 840 860 880 . T
Wavelength (nm) expected as the pulse width of the 760 nm pyridine 2 dye laser

) ) ) ) ) was <5 ps. We thus assign the short component to those ICG
rlgur_e 6. Fluorescence intensity of HSA-ICG on silver colloids as @ 00 les that have the appropriate proximity and orientation
unction of increased [APS] used. Cleaned glass slides were initially ; A - .
soaked in (a) 0.1, (b) 0.25, (c) 0.5, (d) 1.0, and (e) 1.25% (v/v) APS 'elative to the silver surface to display increased rates of
solution for 4 h, washed, and soaked in colloid solution for 4 days. ~ radiative decay. Fluorophores with their transition dipoles
is the fluorescence intensity of HSA-ICG deposited on 0.5% APS oriented parallel to a silver surface are expected to have shorter
covered glass. The ICG coverage for the glass controls, coated withlifetimes than those with a perpendicular orientation. Because
different % APS, was approximately constant. only a fraction of the total emission displays the 59 ps

component, and because much of the decay occurs with a
for 14.7% of the total steady-state ICG intensity and decreaseslifetime similar to that on glass, it is probable that the 30-fold
with the amplitude-weighted lifetime from 325 to 68 ps on glass increase in intensity seen in Figure 5 is due to a subpopulation
and silver colloids, respectively (Table 1). of the ICG molecules that display greater than 30-fold enhance-

We questioned whether the short component in the ICG ments.

intensity decay was due to scattered light. Metallic colloids are  Another favorable aspect of metal-enhanced fluorescence is
known to be strongly scatterirf§. 38 Control measurements of  the possibility of increased photostability.Photochemical

the glass or colloid-coated slides, without ICG-HSA, yielded a reactions occur while the fluorophores are in the excited state,
background of much less than 1% when observed through theso one expects that decreased lifetimes should result in an
combination of filters used to isolate the ICG emission. We increased photostability. To be more precise, the actual photo-
further examined the possibility of scattered light by recording decomposition rate may be unchanged, but if the fluorophore
the emission spectrdarough the emission filter used for the  returns to the ground state more quickly, there is less time and
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Figure 8. Emission spectrum (magic angle conditions) of ICG-HSA on silver colloids, scanning through the excitation wavelength (vertically
polarized 760 nm), using the emission filters used to collect the TD data (i.e., red long-pass filter ane- d830n interference filter).

emission intensity (Figure 9, bottom), which in this case is a
L'r‘uww 30-fold lower incident intensity for the colloid-coated surfaces.
] v Under these conditions ICG-HSA appears to be more photo-

6000

5000
% stable on silver than on glass. From the areas under the curves
& 4000 S we estimate that each ICG molecule can result in at least 20-
£ fold more detectable signal prior to photobleaching, which could
§ 3000 | be useful for low copy number assays.
[T}
Q
g 2000 | Conclusions and Perspectives
§ As described in the Introduction, increased intensity from ICG
k- 1000 G can result in improved imaging to the retinal vasculature.
Additional applications can be foreseen for higher intensity ICG
0 ‘ , ‘ : probes. One possibility is for use as contrast agent for optical
0 80 o 150 200 250 500 medical tomography. Since the seminal report by Chance and
llumination time (s) co-workers? there has been intense interest in the use of
. diffusely scattered red-NIR light for imaging and in vivo
physiological monitoring>42These effects include both steady-
2" state and time-resolved measurements of the scattered light.
‘| 140 Although much progress has been made, it is becoming apparent
g 120 S that the contrast in tissues from the red-NIR light is often too
© 100 small for imaging. As a result there is growing interest in the
g use of optical contrast agents that remain in the blood vessels
§ % or display localized emission due to selective binding or
g o G enzymatic activity. The>30-fold increase in ICG intensity
S found near silver colloids should increase its usefulness for
o] optical contrast in tissues.
0 ' The in vivo use of colloids suspensions depends on low or
0 100 200 300 400 500 600 minimal toxicity. We were unable to find publications that

describe the toxicity of injected silver colloids directly. However,

Figure 9. Top: photostability of ICG-HSA on glass and silver colloids less direct evidence suggests low toxicity. Colloid silver has
measured using the same excitation power at 760 nm and (bottom).been !’Sed "’E)S Tm |r}g_estatzjlg me_l(lilcmzfozjover 100 years due to
with poweradjustedto give the same initial fluorescence intensities. 'S @ntimicrobial activity and is still used today to treat or present
In all measurements vertically polarized excitation was used while €y€ infections in infants. Sublingual silver colloids are thought
fluorescence emission was observed at the magic angle, i.e?, 54.7 to appear rapidly in the bloodstream with no reported toxic

effects. Lozenges containing silver nitrate are used as an aid to

therefore a lower possibility, of reactions per excitation de- cease smokin¢?#4 It seems probable that some of the silver
excitation (emission) cycle. ions used in this regard become reduced to metallic silver. In

We examined the photostability of ICG-HSA by recording addition, silver is in widespread use for sealing dental cavities.
the steady-state intensity with continuous vertically polarized The only report of toxicity is for an individual, already ill, who
760 nm illumination. When illuminated with the same incident injected silver nitrate antismoking tablets for 40 ye&®n the
intensity (Figure 9, top) the intensity of ICG-HSA on glass or basis of this experience and lack of evidence, it seems probable
colloids appeared equally photostable. This suggests that thethat colloidal silver would be medically safe as an injectable
increased intensity seen on the colloids is not due to an increasednd would thus have a significant impact in optical medical
rate of excitation, which would be expected to result in more imaging.
rapid photobleaching. We also examined the photostability with  Another consideration is the injection of particles (colloids)
the incident light intensities adjusted to result in the same themselves. Protein-size particles are currently being used in a

lllumination Time (s)
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variety of medical applications. Liposome and polymers particles
are used for drug delivet§*”and magnetic particles are being
tested for contrast agents for MF&49 In summary these
combined examples suggest the development of-dpdoid
conjugates for medical imaging.
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Abbreviations

APS (3-aminopropyl)trimethoxysilane

FD frequency domain

G APS treated glass slides

HSA human serum albumin

ICG indocyanine green

MEF metal enhanced fluorescence

S silver colloids on APS treated glass slides
SERS surface enhanced Raman scattering
SEF surface enhanced fluorescence

SIFs silver island films

TCSPC time-correlated single photon counting
TD time domain
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