
 

 

Introduction 
 
A significant clinical problem in oncology is the 
inability to fully excise the tumor during resec-
tion leading to tumor-positive margins in for 
instance breast conserving surgery. Therefore, 
tumor-bracketing techniques based on marker 
seeds that help guide the surgeon towards the 
lesion which provide estimation of an adequate 
safety margin, are expected to improve the clini-
cal outcome [1]. Since surgery is mostly a “see 
and treat” process, real-time optical detection is 
the modality of choice, in order to provide real-
time guidance and verification during the proc-
ess of resection. For this reason, intraoperative 
luminescence imaging is emerging in the surgi-
cal arena. Luminescent dyes such as fluo-
rescein and indocyanine green (ICG) are mostly 
used for superficial imaging of blood flow or 
lymph nodes, the latter by augmenting radio-
guided surgery [2-6]. 
 
Compared to radioactivity based detection tech-
niques optical imaging suffers from a relatively 
high background signal and limited tissue pene-
tration [7]. This is partly due to the requirement 
of an external excitation light source to elicit an 

emission from luminescent probes. Depending 
on the excitation wavelength, this results in 
varying background signals caused by reflec-
tance, scattering and tissue autofluorescence 
[8]. In addition, tissue absorption of light results 
in attenuation of both excitation and emission 
signals, which is also wavelength dependent. As 
tissue absorption and autofluorescence are less 
prominent in the near-infrared region (NIR; 700-
1000 nm), luminescent imaging agents that 
both absorb and emit in the NIR are preferred 
[9].  
 
To extract as much information as possible from 
a luminescence imaging effort, multispectral 
imaging methodologies can be used. These 
methods involve capturing image data across 
the visible- and NIR regions of the electromag-
netic spectrum, ranging between 400 and 1000 
nm, and differentiating between wavelengths 
using band-pass filters. This technique can be 
used to detect multiple emissions with different 
wavelengths simultaneously, allowing visible 
emissions to be combined with (invisible) NIR 
emissions. Such multispectral imaging ap-
proaches can be used to increase detection 
specificity by isolating the signal from autofluo-
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rescence [10-12]. Furthermore, the difference 
in tissue penetration between various emissions 
can be used to provide a rough estimate of the 
depth at which a particular luminescent marker 
is located in the tissue [1]. To this end either 
“cocktails” of dyes or multi-emissive lumines-
cent imaging agents can be used. We previously 
reported on InP/ZnS quantum dots (QDs) that 
combine an exciton emission in the visible 
range (e.g. 520 nm) with a long lifetime x-ray 
induced defect emission at 660 nm [13]. The 
great advantages of QDs are their bright size 
tunable emission and broad absorption [14]. An 
efficient QD clearance from the body based on 
the renal filtration threshold [15, 16] is less 
important in a marker seed application. For a 
luminophore to be suitable for potential clinical 
marker seed applications, it has to meet several 
criteria: 1) high detection sensitivity at a rela-
tively low dye concentration, using conventional 
imaging equipment, 2) efficient tissue penetra-
tion, i.e. excitation and emission maxima that 
suffer little signal absorption, 3) low signal scat-
tering, to limit loss of resolution, and 4) little 
interference by background luminescence.  
 
Previously, we showed the utility of dual emis-
sive InP/ZnS core shell QDs in our multispectral 
depth estimation approach in which sequential 
detection of different emission colors with a 
different degree of tissue penetration could be 
used to estimate surgical safety margins [1].  
 
Here we explore an expansion of our marker 
seed-based “traffic light” approach by imple-
menting clinically approved dyes such as fluo-
rescein and indocyanine green (ICG). The poten-
tial of dyes with varying emission wavelengths in 
a multi-emissive depth estimation application 
was compared. The possibility of accurate depth 
estimation using the different tissue penetra-
tions was explored using a preclinical fluores-
cence scanner equipped with the standard exci-
tation and emission filters and without the use 
of complex models for light propagation. In this 
setting we attempted to distinguish the optical 
properties of different excitation and emission 
wavelengths that may limit the use of these 
luminophores in vivo. Hereby we systematically 
and directly compared common organic dyes to 
dual-emissive InP/ZnS QDs [13]. By addressing 
the criteria mentioned above we assessed the 
potential of these luminophores in multi-
emissive marker seeds and illustrated this by 
refining our safety-margin estimation approach. 

Materials and methods 
 
Dyes and nanoparticles  
 
FITC (#F7250) and TRITC (#87918) were ob-
tained from Sigma Aldrich (Zwijndrecht, the 
Netherlands). The clinical grade ICG was ob-
tained from Pulsion Medical (Munich, Germany) 
and the Cy5.5 was prepared as previously de-
scribed [17]. The dual emissive InP/ZnS QDs 
were produced as previously reported by Chin et 
al. [13].  
 
Preparation of seeds 
 
For the tissue penetration experiments, marker 
seeds were made out of glass capillaries, as 
previously reported by Buckle et al. [1]. The 
seeds were then filled with; A) a solution of or-
ganic dye in saline at a concentration of 0.5 
mg/mL or B) a solution of dual-emissive InP/
ZnS QDs (both the visible exciton fluorescence 
and a x-ray induced defect related emission) in 
1-octadecene at 1 mg/mL or 10 mg/mL. Subse-
quently, seeds were closed with a small drop of 
epoxy resin. The dimensions of the seed were 
1.0 x 5.0 mm (diameter x length). 
 
Spectral characterization and dilution curve 
 
Emission spectra were recorded using a spec-
trophotometer containing a CCD spectrometer 
(VS140 VIS-NIR; Horiba Jobin Yvon Inc, Edison 
NJ, USA) and for excitation LEDs of different 
wavelengths were used: 390 nm (Nichia, To-
kuschima, Japan), 457 nm, 521 nm and 627 
nm (Luxeon; Philips, USA) and 760 nm (Edmund 
Optics, York, UK). Concentration measurements 
and tissue penetration experiments were per-
formed using an IVIS 200 camera (Caliper 
LifeSciences, Hopkinton MA, USA). For the or-
ganic dyes, standard excitation and emission 
filter settings were used (Table 1). The InP/ZnS 
QDs were imaged as previously reported [13] 
using the GFP excitation filter combined with the 
GFP emission filter (green QDs), or the 660 nm 
emission band pass filter (red QDs) (Table 1). 
The pre-illuminated defect emission of the InP/
ZnS QDs was recorded using the emission open 
filter settings and closed excitation filters. Con-
centration curves were measured by imaging a 
black, non-fluorescent, 96-wells plate contain-
ing different concentrations between 0.1 to 1 
mg/mL, in triplicate. In order to obtain signal-to-
background ratios (SBR), all luminophore emis-
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sion signals were divided by a background sig-
nal obtained from a sample of saline/1-
octadecene without the luminophore, using the 
following formula: SBRex = Iseed/Ibackground.  
 
Set-up and depth penetration in tissue 
 
To determine the penetration of emissions 
through tissue, a marker seed was placed in the 
IVIS 200 chamber, on top of 4 mm of fresh ten-
derloin tissue. To determine the tissue penetra-
tion, the seed was covered with an increasing 
amount of tissue -pork tenderloin, beef sirloin, 
or leaf lard- until the signal could no longer be 
separated from the background (Figure 1). The 
tissue slices were cut at fixed thicknesses (1 
mm) by an automated meat slicer. The tissue 
penetration depth was measured using the dif-
ferent spectral settings shown in Table 1. The 
tissue penetration experiments were conducted 
in triplicate. As “pale” pork tenderloin is not rep-
resentative for all tissues encountered in clini-
cal situations, tissue penetration of the organic 
dyes with the highest penetration in tenderloin 
(ICG and Cy5.5) was also determined in the 
more blood containing beef sirloin and lard 
(representing fat). In addition the fluorescence 
signals from ICG and Cy5.5 were normalized to 
the value measured with a bare seed placed on 
top of 4mm tissue.  
 
Quantification of tissue penetration  
 
The signal intensities were quantified using Liv-
ing Image 3D software (Caliper LifeSciences, 
Hopkinton MA, USA). A region of interest (ROI) 
was selected to determine the Total Flux 
(photons/s/cm2). As the illumination was quite 

homogeneous within the field of view, the SBR 
could be determined by dividing the signal from 
a ROI surrounding the seed by the background 
signal from a ROI drawn elsewhere in the same 
field of view.  
 
Light scattering 
 
To determine the scattering of the different ICG, 
Cy5.5 and QDs emissions, the diameter of the 
luminescence signal where the intensity of this 
signal was reduced to half its intensity maxi-
mum as a function of penetration depth through 
sirlion, tenderloin, and lard was measured. This 
parameter will be referred in the following text 
to as spot size at half maximum (SSHM). The 
SSHM specifies the minimally required distance 
between two sources in order to be distin-
guished separately. Images were analyzed using 
ImageJ software: A line-shaped ROI was drawn 
through the center of the signal and the signal 
intensities along this line were plotted in a pro-
file graph. The SSHM was then determined from 
this graph. 
 
Background signal of tissues 
 
We determined the background signal in sirloin, 
tenderloin and lard used in our tissue penetra-
tion experiments, as well as the background 
measured in different mouse organs (n=5) and 
the standard chow used to feed the mice 
(irradiated AM-II chow; Abdiets #2146). The tis-
sues were arranged on a black paper back-
ground to minimize reflections. Luminescence 
was measured at the wavelength ranges for 
GFP515-575 nm, dsRed575-650 nm, Cy5.5695-770 nm and 
ICG810-885 nm settings (Table 1). The signal of the 

Table 1. IVIS 200 settings and light sources used to image the different luminophores. 
  Excitation Emission Dye 

  Source Setting Filter(nm) Type Setting Filter(nm) Max(nm) 

FITC IVIS GFP 445-490 fluorescent GFP 515-575 520 

TRITC IVIS dsRed 500-550 fluorescent dsRed 575-650 570 

Cy5.5 IVIS Cy5.5 615-665 fluorescent Cy5.5 695-770 704 

ICG IVIS ICG 705-780 fluorescent ICG 810-885 830 

Green InP/ZnS 
QD exciton 

IVIS GFP 445-490$ fluorescent GFP 515-575 565 

Green InP/ZnS 
QD defect 

UV 
lamp 

/ 366$ luminescent open filters   660 

Red InP/ZnS 
QD exciton 

IVIS GFP 455-490 fluorescent 660 650-670 630 

Red InP/ZnS 
QD defect 

UV 
lamp 

/ 366 luminescent open filters   720 

$The same settings were also previously used to illuminate the InP/ZnS QDs [1, 13]. 
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non-fluorescent black paper varied considerably 
when measured at these different wavelength 
settings, likely due to differences in illumination, 
spectral filtering and/or detection efficiency of 
the system. Therefore, fluorescent signals 
measured in the different tissues were divided 
by the signal obtained from black paper back-
ground (obtained from the same image).  
 
Depth estimation 
 
The difference in tissue penetration of different 
emissions through tenderloin tissue can be 
used to estimate the depth of the seed in the 
tissue [1]. To illustrate this, a marker seed was 
filled with a mixture of ICG, TRITC and FITC at 
0.5 mg/mL each. The tissue penetration experi-
ment was performed using the IVIS 200 as de-
scribed above, using ICG810-885 nm, dsRed575-650 

nm and GFP515-575 nm filter settings (i.e. images 
were taken at 3 different settings).  
 
Results 
 
In order to determine the value of combining 
different dyes in surgical guidance applications, 
and in particular depth-estimation approaches 
using multi-emissive marker seeds, were di-
rectly compared under identical conditions. 
Here fore, marker seeds containing the poten-
tially interesting organic dyes, FITC, TRITC, 
Cy5.5 and ICG were compared to two differently 
sized InP/ZnS QDs [1, 13]. 
 
Organic dyes: signal vs. concentration 
 
The brightness of the different commercially 
available organic luminophores was compared 
in order to provide an indication of the concen-
tration (mg/mL) required for a particular imag-
ing application. To this end the signal to back-
ground ratio (SBR) of their emissions was meas-
ured at different dye concentrations (mg/mL). 
FITC, TRITC, Cy5.5 and ICG were measured us-
ing the standard “GFP”, “dsRed”, “Cy5.5”, and 
“ICG” settings (Figure 1). The different excitation 
filters and the GFP515-575 nm, dsRed575-650 nm, 
Cy5.5695-770 nm and ICG810-885 nm emission band-
pass filters included in these settings accurately 
overlap with the spectra of the dyes (Figure 2A).  
Against a black background, SBRs obtained with 
FITC were the highest, followed by TRITC, ICG 
and finally Cy5.5 (Figure 2B). At a concentration  
0.2 and 0.5 mg/mL most dyes reached maximal 
brightness. At concentrations higher than 0.5 

mg/mL the signals maximized and started to 
decrease which is probably due to self-
absorption. For example, for ICG we found a 
curve that directly corresponds to the findings of 
Mordon et al. [18]. We chose a standard dye 
concentration of 0.5 mg/mL for further (tissue 
penetration) experiments, since at this concen-
tration all dyes showed emission intensities 
close to their maximum. 
 
Organic dyes: tissue penetration 
 
To measure the tissue penetration, dye-
containing glass seeds were imaged covered 
with increasing amounts of tenderloin tissue. 
Against a background of pork tenderloin, the 
highest SBR was again obtained with FITC (43), 
followed by Cy5.5 (26), and finally TRITC and 
ICG, who had roughly the same SBR (10 resp. 8; 
Figure 2C).  
 
When covered with tissue, the FITC signal be-
came undetectable 3-4 mm, while TRITC was 
visible up to about 6 mm. Both Cy5.5 and ICG 
signals could be detected through 14 mm of 
tissue (Figure 2C). Tissue penetration increased 
with an increase in excitation and emission 

Figure 1. Experimental setup. A glass seed contain-
ing a luminophore (or a combination of several) is 
placed on a ~4 mm layer of tenderloin/sirloin/lard in 
the imaging chamber of the IVIS 200 system. After 
taking a picture of the bare seed, it is then covered 
with layers of tissue and imaged at every step. 
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wavelengths, while Cy5.5 and ICG were equally 
capable of penetrating the tenderloin tissue. Of 
note, the graphs for TRITC and ICG both showed 
an increase in SBR between 0 and 2 mm of 
overlying tissue depth, which appears to be 
caused by placing the first layer of tissue on top 
of the marker seed. After this initial rise in SBR, 
the SBR started to decline. This effect might be 
caused by the alteration of the scattering and 
reflection properties related to the placement of 
tissue on top of the marker seed, which may 
have changed the fraction of the emitted signal 
reaching the camera. 
 
InP/ZnS quantum dots 
 
To compare the tissue penetration of different 
exciton emissions (excited at the same wave-
length), we studied two types of dual emissive 
InP/ZnS QDs, one with a 565nm λmax (green) 
and one with a 630nm λmax (red) exciton emis-
sion. Both QD versions were imaged using the 
“GFP” excitation filter (Figure 3A). The green QD 
emission was detected using the corresponding 
GFP515-575 nm emission band pass filter. For the 

red QDs the best emission filter would be the 
dsRed575-650 nm one, but unfortunately the IVIS 
200 does not allow the combination of “GFP” 
excitation (445-490 nm) and dsRed575-650 nm 
emission filters. The highest SBR with these 
QDs was found with “GFP” excitation plus a 
standard “660” (650-670 nm) emission filter 
(Figure 3A).  
 
InP/ZnS quantum dots: signal vs. concentration 
 
The concentration curves (mg/mL) show that 
InP/ZnS QDs have a much lower SBR compared 
to organic dyes: at 0.5 mg/mL the signal was 
less than 2 times higher than the (black) back-
ground signal, while with all organic dyes a SBR 
of >20 was obtained at a similar concentration 
(Figure 3B). To aquire a comparable signal in-
tensity in the tissue penetration experiments 
and allow for comparison with organic dyes, we 
used seeds with two concentrations of QDs; 1 
mg/mL and 10 mg/mL (Figure 3C). Against a 
background of tenderloin tissue, a poor SBR 
was obtained for the 1mg/mL seeds. At 10 mg/
mL the SBR of the 630 nm exciton emission of 

Figure 2. Luminescent characteristics of organic dyes. A) Spectra for FITC, TRITC, Cy5.5 and ICG (peaks normalized to 
1) and relevant IVIS 200 emission filter bands (resp. GFP515-575 nm, dsRed575-650 nm, Cy5.5695-770 nm and ICG810-885 nm 
settings). The excitation filter bands are depicted as bars on the x-axis, with the colors matching those of the dyes in 
the graph. B) Concentration curve: Comparison of luminescence intensities of all dyes at different concentrations. C) 
Tissue penetration of 0.5 mg/mL organic dye in a marker seed covered by tenderloin, measured as mentioned in A). 
Excitation wavelength filters were added to the legend. The lower initial SBR’s found in (C), relative to (B) is a result of 
the underlying piece of tissue that is only present in (C; see Figure 1)). 
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red QDs was comparable to that of 0.5 mg/mL 
TRITC and ICG (roughly SBR 10; Figures 2C and 
3C). In contrast the SBR of the 565 nm exciton 
emission of green QDs at 10 mg/mL was a 
mere 2.4. 
 
InP/ZnS quantum dots: tissue penetration 
 
The tissue penetration of the green QDs exciton 
emission was about 3 mm, much like FITC. The 
red QD exciton emission could be seen up to 4 
mm (Figure 3C), which was hardly more than 
FITC (excited at the same wavelength, 445-490 
nm), less than TRITC and far less than Cy5.5 
(excited at 500-550 nm, respectively 615-665 
nm), despite its emission maximum of 630 nm, 
which lies in between that of TRITC and Cy5.5. 
Compared to the exciton emission of the QDs, 
which was elicited by real time excitation with 
blue light, the pre-illuminated QD defect emis-

sion (λem =650 nm) showed significantly higher 
 tissue penetration (Figure 3D). For green QDs, 
whose exciton emission only reached 3-4 mm, 
the defect emission could be seen up to 14 
mm, which is comparable to the best perform-
ing organic dyes, Cy5.5 and ICG (Figures 2C and 
3D).  
 
Comparison of quantum yields 
 
Multiplying the quantum yields known for the 
luminophores (FITC ~90 % [19], TRITC ~35 % 
[20], Cy5.5 ~23 % [21], ICG ~1,3 % [22], QDs 
~70 % [13]) with the molar concentrations used 
in our experiments revealed that seeds contain-
ing FITC emitted the highest number of pho-
tons/s. TRITC, Cy5.5 and ICG emitted roughly 
33 %, 10 % and 1 %, respectively, of the light 
emitted by FITC. The QDs emitted an amount of 
light comparable to ICG (~1 % of FITC), although 

Figure 3. Luminescent characteristics of two InP/ZnS QDs. A) Spectra of exciton emissions (peaks normalized to 1) 
and relevant IVIS 200 emission filter bands (resp. GFP515-575 nm and 660 nm). The GFP excitation filter band is de-
picted as a gray bar on the horizontal axis. B) Concentration curve: Comparison of luminescence intensities of the two 
different QDs at different concentrations. C) Tissue penetration of 1 mg/mL and 10 mg/mL green and red QDs in a 
marker seed covered by tenderloin, measured using the IVIS 200 GFP excitation + GFP515-575 nm emission setting 
(green QD) or a combination of GFP excitation + 660 nm emission settings (red QD). D) Comparison of tissue penetra-
tion of InP/ZnS QD exciton and defect emissions. Figure 4D is adapted from Chin et al. (2009) [13]. The lower initial 
SBR’s found in (C), relative to (B) is a result of the underlying piece of tissue that is only present in (C; see Figure 1)). 
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this is a rough estimate, since the size and thus 
the molecular weight of the QDs present in the 
solution varies [23]. 
 
Signal scattering 
 
Scattering of the luminescent signal leads to 
loss of resolution. Not only can scattering make 
it impossible to distinguish two seeds that are 
close together, but it can also make a small but 
bright light-source situated deep within the tis-
sue appear the same as a large but dim light-
source situated just under the surface (see Fig-
ure 4A for an example).  
 
Measuring the SSHM of organic dyes and QDs 
in glass seeds, we found that in tenderloin the 
signal diameter of most luminophores in-
creased almost linearly with increasing tissue 
depth (Figure 4B). For both ICG and Cy5.5 the 
diameter of the signal increased to >4 times the 
size of the marker seed before the signal was 
lost at around 14 mm tissue depth. The effect 
of scattering on the FITC and both green- and 
red InP/ZnS QD emissions was similar to that of 
Cy5.5 and ICG (although at shallower depths). 
Only the TRITC signal seemed to suffer more 
from scattering. For TRITC the signal diameter 
had already increased >4-fold at 4 mm tissue 
depth, which is only 67 % of its maximum pene-
tration.  

 
To compare scattering in different tissues we 
also determined the SSHM for ICG and Cy5.5 in 
sirloin and lard (Figure 4C). Here we found that 
for both dyes the scattering was higher in lard 
than in tenderloin, while in sirloin the scatter 
was not significantly higher than in tenderloin. 
However, in tenderloin Cy5.5 seemed to be af-
fected by scattering slightly more than ICG. In 
sirloin and lard the two dyes were scattering 
occurred to the same extent. 
 
Background signal of different organs 
 
When choosing an appropriate dye for a specific 
application, it is also important to know the 
background signal of the organs, at the relevant 
excitation/emission wavelengths, in which it will 
be used. For this reason background signals 
were determined by correcting for of tissue 
autofluorescence and reflection of the excita-
tion light (Figure 5A). Also, background signals 
caused by the sirlion, tenderloin and lard were 
determined (Figure 5B).  
 
In Figure 5A can be seen that for pale (mouse) 
tissues, such as brain, fat and muscle, the back-
ground signal is highest in the GFP515-575 nm 
channel, followed by the dsRed575-650 nm, 
Cy5.5695-770 nm and ICG810-885 nm settings. This 
was also the case for the ‘pale’ tenderloin and 

Figure 4. Signal scattering. A) Example of signal scatter of an ICG-containing seed: The uncovered seed (0 mm) gives 
a signal comparable to the actual size of the seed, while covering the seed with layers of tenderloin tissue increases 
the diameter of the signal (1-8.5 mm). B) Signal scatter for ICG, Cy5.5 and InP/ZnS QDs covered by tenderloin, deter-
mined from the same images as Figures 2C and 3C. C) Signal scatter for ICG and Cy5 in tenderloin, sirloin and lard, 
determined from the same measurements as used for Figures 2C and 4C-D. 
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fat representing lard (Figure 5B). In contrast, for 
mouse blood the GFP515-575 nm channel gave the 
lowest signal, followed by ICG810-885 nm and 
dsRed575-650 nm, with a maximum in the Cy5.5695-

770 nm channel. The dark red mouse tissues like 
liver and spleen, but also the sirloin tissue 
(more blood-containing), showed a pattern that 
is intermediate of mouse blood and pale tis-
sues. Note that in general the ratio of ICG810-885 

nm and Cy5.5695-770 nm signals are similar, except 
for mouse liver, stomach and intestine. In stom-
ach and intestines the background signal was 
much higher overall, but especially strong in the 
Cy5.5695-770 nm channel. These two organs con-
tain the non-specialized chow the animals were 
given, which was highly autofluorescent (Figure 
5A).  

Tissue dependent penetration  
 
For ICG, the tissue penetration depths in sirloin, 
tenderloin and lard were comparable, since in 
all cases the signal was lost after ~14 mm 
(Figure 5C). For Cy5.5 the penetration through 
sirloin was less efficient, as the signal was un-
detcable at 10 mm in sirloin compared to 
roughly 14 mm in tenderloin and lard (Figure 
5D). Consequently, ICG slightly outperforms 
Cy5.5 in tissues with a high blood-content.  
 
Dye mixtures for multispectral signal-depth esti-
mation 
 
Previously we have shown that multispectral 
imaging of dual-emissive InP/ZnS QDs can be 

Figure 5. Background luminescence and tissue-dependent penetration. A) Background luminescence of different 
mouse organs, measured on the IVIS 200 system, using the GFP515-575 nm, dsRed575-650 nm, Cy5.5695-770 nm and ICG810-

885 nm settings. B) Background luminescence of tenderloin, sirloin and lard, measured as in A. C) Tissue penetration of 
ICG in bloody tissue (sirloin), pale tissue (tenderloin) and fat (lard). SBR values were normalized to the value for a 
bare seed. D) Tissue penetration of Cy5.5 in bloody tissue (sirloin), pale tissue (tenderloin) and fat (lard). Relative 
fluorescence values were normalized to the value for a bare seed. The blue arrows indicate the tissue depth at which 
the signal is lost. 
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used to estimate the signal depth [1]. By adding 
a third emission, this depth estimation ap-
proach could be further fine-tuned.  FITC and 
ICG were combined in one seed together with 
TRITC, which was added because its tissue 
penetration depth lies between that of FITC and 
ICG (Figure 2C). As Cy5.5 and ICG behaved so 
similar in the tissue penetration experiments 
described above, Cy5.5 was omitted from these 
experiments. 
  
Mixed together, the three dyes behaved much 
like they did in separate seeds, thereby yielding 
a so called inverted “traffic light”. To illustrate 
this concept, Figure 6 shows the signals de-
tected at 4 different depths chosen to fall either 
completely outside, or inside the depth penetra-
tion range of one or more dyes: Using the IVIS 
200, no signal could be detected at 15 mm; at 
7.5 mm only ICG could be observed; at 5.5 mm 
both the ICG and TRITC signals were visible and 
at 1.5 mm the FITC signal could be detected as 
well. Hence the more colors that can be ob-
served simultaneously, the closer one is to the 
marker seed. While a camera is required to de-
tect NIR dyes like ICG, lower wavelength dyes 
like FITC and TRITC can be seen by eye when 
excited with UV/blue light: When approaching 
the seed, first the red TRITC signal can be seen, 
followed by an increasingly orange/yellow signal 
resulting from a mixture of TRITC and FITC emis-
sions.  
 
Discussion 
 
Using multispectral imaging, a combination of 
visible and NIR emissions can be used to deter-

mine the depth of the marker seed based on 
the characteristics of each individual dye. To 
improve the translational nature of the “traffic 
light” approach for the visualization of surgical 
safety margins, the potential of multi-emissive 
marker seeds containing organic dyes was  de-
termined. By combining the organic dyes FITC, 
TRITC and ICG in a single marker seed, the mul-
tispectral fluorescence imaging procedure by 
adding an additional step in the detection proc-
ess could be refined. Where previously two sig-
nals could be discriminated [1], now four depth 
ranges could be distinguished (no signal (>14 
mm), just ICG (range 6-14 mm), ICG+TRITC 
(range 3-6 mm) and ICG+TRITC+FITC (<3 mm)). 
Clearly any increase of detail regarding the sur-
gical safety margins can be considered benefi-
cial for the intraoperative decision making pro-
cedure.  
 
In our experiments the concentration curves of 
the organic dyes adequately reflected the differ-
ences in quantum yield. Because the quantum 
yield is based on the molar concentration and 
QDs have a much higher molecular weight, the 
concentration curve of the QDs could not be 
directly compared to those of the organic dyes. 
In any case, the differences in quantum yield 
did not directly correlate with tissue penetration 
depth. The dye with the highest quantum yield 
(FITC) had the lowest tissue penetrating capac-
ity and vice versa. This shows that differences in 
excitation and emission wavelength maximum 
have a much stronger impact on tissue penetra-
tion than the quantum yield.  
 
The tissue penetration depth is influenced by 

Figure 6. Traffic light analogue for 
depth estimation using a marker 
seed filled with a mixture of ICG, 
TRITC and FITC. Depending on how 
many colors of the traffic light can be 
detected, an estimation of depth can 
be made (top illustration). A camera 
system is required to detect the ICG 
signal and can aid in visualizing the 
TRITC and FITC signals; Here the IVIS 
200 ICG810-885 nm, dsRed575-650 nm and 
GFP515-575 nm settings were used, and 
the signal intensities are shown using 
the standard (reversed) Rainbow 
color table. TRITC and FITC can also 
be seen by eye and the perceived 
color of the dye mixture provides a 
direct indication of depth. 
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tissue attenuation (absorption plus scattering) 
as well as the height of the background signal. 
Although we did not measure the absorption for 
the different tissues directly, absorption of both 
the excitation and emission signals can account 
for most of the differences we observed be-
tween the different luminescent emissions.  
 
For traditional organic dyes, the difference be-
tween the absorption and emission maximum 
(the Stokes shift) is usually less than 50 nm, 
while for luminescent nanoparticles this differ-
ence may be much larger [25]. However, QDs 
typically reveal a very small stokes shift in refer-
ence to their absorbance onset. Only a suffi-
cient QD absorbance which is comparable to 
organic dyes at their absorbance maximum is 
often found to be far blue shifted with respect to 
the QD absorbance onset. In our experiments 
the 630 nm-emitting InP/ZnS QDs performed 
just as poorly as the 565 nm-emitting ones, de-
spite their more favorable emission wavelength, 
suggesting that a sufficient absorption of the 
445-490 nm excitation light is the limiting factor 
in QD imaging. This is in accordance with our 
observation that the pre-illuminated 660 nm 
defect emission does yield a tissue penetration, 
similar to Cy5.5 and ICG.  
 
The similarity in tissue penetration (<1.5 cm) of 
emissions >650 nm lead us to suspect that a 
sort of “cut-off wavelength” exists at around 
650 nm. Dyes with emissions at shorter wave-
lengths have clearly inferior tissue penetration. 
It should also be noted that the maximum pene-
tration depths reported here are based on a 
SBR which was only slightly more than 1. This 
value may be a somewhat optimistic value for 
surgical guidance applications.  
 
In a similar degree, scattering seemed to affect 
the tissue attenuation of most dyes. This effect 
is wavelength-dependent, with shorter wave-
lengths showing a higher degree of scattering 
than longer wavelengths [24]. In tenderloin we 
indeed found that TRITC is scattered more than 
Cy5.5, and Cy5.5 shows slightly more scattering 
than ICG. For FITC and the QDs we did not find 
strong scattering properties, possibly because 
scattered short-wavelength light is completely 
absorbed by the tissue. Still, scattering may 
have contributed to the strong signal attenua-
tion of luminophores emitting (or excited) at 
shorter wavelengths.  
 
In addition to tissue attenuation, we found that 

the background signal in different organs and 
tissue types was wavelength dependent. A shift 
from mostly green luminescence in pale tissues 
to more red-containing luminescence in dark 
tissues (with a higher blood-content) was ob-
served. The relatively high background signal in 
the Cy5.5695-770 nm channel, and to a lesser ex-
tent also in the ICG810-885 nm channel, is most 
likely related to reflection of the imperfectly fil-
tered excitation light. Never the less, Cy5.5 
seemed to have favorable optical properties 
that are similar to those of ICG. 
 
Of course we realize that we only investigated a 
limited number of tissues types and that one 
might encounter more variations during an ac-
tual clinical procedure [26]. On top of that, the 
flat shape of the phantom tissue may also posi-
tively influence the penetration depth. However, 
we do believe that the phantom experiments 
that we performed illustrate a trend that might 
also be of value in a clinical setting.  
 
Regarding the criteria for choosing luminopho-
res, we have seen that organic dyes could be 
used at low concentrations, while a much higher 
concentration of QDs was needed to achieve an 
acceptable SBR. The tissue penetration capacity 
of organic dyes was dependent on their emis-
sion wavelength maximum and was quite high 
for (infra) red dyes. In contrast, the strong at-
tenuation of the UV/blue excitation light caused 
poor tissue penetration of InP/ZnS QD exciton 
emissions and limited their use in superficial 
imaging. Optimizing the excitation by using a 
specialized high-intensity 400 nm light-source 
may yield improvements, but such modifications 
will also reduce the chance of a clinical transla-
tion.  
 
Although the tissue penetration of the defect 
emission from InP/ZnS QDs was considerably 
better, it was also markedly less bright, necessi-
tating both a higher concentration and much 
longer camera exposure time of over 2 minutes. 
Organic dyes proved to be a good alternative for 
dual-emissive QDs. A clinical application in 
which this traffic light concept might be of use is 
in breast conserving surgery, where the surgeon 
wants to know, while executing the excision, 
whether he/she is approaching the tumor and if 
he/she is keeping a sufficient safety margin of 
at least 2 mm [27].  
 
We have demonstrated previously that such a 
traffic-light approach would be most beneficial 
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in a multimodal setting whereby a 3D modality 
helps guide the surgeon towards the marker 
seed [1]. Our clinical experience with surgical 
fluorescence guidance, furthermore, demon-
strates that integrating e.g. gamma-tracing with 
fluorescence imaging improves the intraopera-
tive detection rate compared to using fluores-
cence guidance alone [26]. 
 
Conclusions 
 
In designing and choosing luminophores for 
possible surgical applications, several criteria 
should be considered. The poor compatibility 
with clinical modalities combined with their pos-
sible toxicity may limit the future translation of 
QDs to the clinic. The equal or superior optical 
properties of organic dyes, combined with low 
toxicity and easy detection, makes these more 
practical for clinical translation. By combining 
multiple organic dyes in a marker seed ap-
proach we have further optimized our traffic 
light based depth estimation approach. 
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