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A B S T R A C T   

CytoCy5S™, a quenched, red-shifted fluorescent probe, has been used to exploit the imaging potential of the 
nitroreductase (NTR) reporter gene platform. Its use has been reported in a number of publications, however 
there are discrepancies in both the reported structure and its physicochemical properties. Herein, we aim to 
highlight these discrepancies and to define the best candidate of the four substrates under study for preclinical 
work in NTR reporting by optical applications. 

We report the synthesis, purification and characterisation of four NTR substrates, including alternately 
described structures currently referred by the name CytoCy5S. A comparative NTR enzymatic assay was per
formed to assess the spectroscopic characteristics of the different reductively activated probes. The NTR 
expressing triple-negative breast carcinoma cell line, MDA-MB-231 NTR+, was employed to compare, both in 
vitro and in vivo, the suitability of these fluorescent probes as reporters of NTR activity. Comparison of the 
reporting properties was achieved by flow cytometry, fluorescence microscopy and optical imaging, both in vivo 
and ex vivo. 

This study evaluated the different spectroscopic and biological characteristics of the four substrates and 
concluded that substrate 1 presents the best features for oncological in vivo preclinical optical imaging.   

1. Introduction 

Fluorescence imaging (FLI) is a non-invasive, easy to perform and 
cheap imaging modality permitting real-time visualisation, which has 
become fundamentally important in preclinical studies of oncological 
malignancies [1]. This technique relies on the detection of the light 
emitted directly by an exogenous fluorescent probe, endogenous re
porter gene or indirectly by the combination of a reporter gene and its 
corresponding fluorescent substrate. By employing an appropriate se
lection of reporter genes, FLI can be used to assess anatomical location of 
tumour cells and ongoing biological processes [2,3]. 

Of particular relevance in biological applications is the exploitation 
of the near-infrared (NIR) region of the electromagnetic spectrum 

(650–950 nm) [4,5]. This privileged region is characterised by reduced 
tissue absorption caused by haemoglobin or melanin and deeper tissue 
penetration compared to the visible region [6,7]. Non-invasive FLI using 
NIR dyes has proven to be a very useful tool in preclinical oncology 
models for detection of metastasis and treatment response monitoring in 
orthotopic models [8] and has been widely explored in both preclinical 
and clinical settings for fluorescence image-guided surgery [9–12]. A 
number of fluorescent probes that emit light in the NIR region such as 
phthalocyanines [13], porphyrins [14] or BODIPY dyes [15] (Fig. 1A 
I–III) have been employed as contrast agents or theranostics. However, 
so far cyanines and their squaraine analogues (Fig. 1A IV–V) have been 
the preferred NIR dyes for the study of oncological conditions [4,16]. 

One limitation of these “always-on” probes is the accumulation of 
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background fluorescence in off-target tissues that limits the detection of 
the pathology under study. To overcome this challenge, activatable 
probes that are specifically activated at the pathology of interest are 
employed, providing better contrast that allows non-invasive FLI of 
different biological processes associated with tumour growth [18–21]. 

Several examples can be found where reductive properties of nitro
reductases (NTR) have been exploited for non-invasive FLI of tumori
genesis and hypoxia in tumour cells [22,23] but also of bacterial 
infections and response to antibiotics [24–26], among others [27]. 
Furthermore, the NTR reporter gene can be exploited as a suicide gene, 
in a gene directed enzyme prodrug therapy setting (GDEPT), with high 
potential as a theranostic agent, affording therapy and therapy efficacy 
visualisation simultaneously [8,28]. NTR-activatable probes, including 
CytoCy5S [29] or 6-chloro-9-nitro-5-oxo-5H-benzo[a]phenoxazine 
(CNOB) [30], are non-fluorescent prior to enzymatic metabolism and 
become highly fluorescent after the catalytic reaction. These 
NTR-activatable probes contain aromatic nitro groups that render them 
non-fluorescent. However, reduction of the nitro groups to the corre
sponding hydroxylamines and/or amines by nitroreductases in the 
presence of FMN and NADH and NADPH restores fluorescence (Fig. 2) 
[31,32]. 

CytoCy5S is the most extensively utilised NTR-activatable fluores
cent probe. This compound has been widely exploited for different 
purposes [8,24,33–36] and despite its promising performance, there is a 
discrepancy in the literature with respect to its structure, as both 1 and 4 
(Fig. 1B) have been referred to as CytoCy5S [37–39]. Both structures 
contain a 3,5-dinitrobenzyl moiety, but while 1 is a squaraine deriva
tive, 4 is a cyanine derivative. Consequently, there is also a lack of 
consensus in the literature regarding the spectroscopic properties and its 
behaviour in biological systems, which might hamper its use. The 
manufacturer describes CytoCy5S as a hydrophobic molecule, with 
limited availability in aqueous buffers, and with improved cell perme
ability [40], however Parker et al. [41] describe CytoCy5S as a 
photo-stable and water soluble compound. Furthermore, the reduced 
version of CytoCy5S is described by the manufacturer as a red-shifted 
substrate with excitation at 628 nm and emission at 638 nm [40], 
while Inglese et al. [42] reports the excitation and emission maxima for 
the reduced version to be 647 nm and 667 nm, respectively. No infor
mation on the structure was included [40,42]. In our previous work, the 
final reduction product of 1 revealed excitation and emission maxima of 
631 and 688 nm, respectively [8]. Finally, in a recent review [43], 
compound 4 is proposed as CytoCy5S and the version we employed in 
the aforementioned work [8], 1, is described as a squaraine analogue of 
4. 

Based on these discrepancies in the literature [8,24,33,37,40,41,43], 

we decided to compare four different NTR-activatable probes, two of 
them the alternative versions of CytoCy5S found in the literature. In 
addition, we included compound 2 (squaraine) as we believe that this 
compound might also have been used as CytoCy5S, however, also in 
order to investigate how the carboxylic acid tail that is present in both 
compounds 1 and 4 affects its behaviour in a biological system. Finally, 
we included compound 3 (squaraine) [37] since this NTR substrate was 
found to have superior spectroscopic properties to that of compound 1 in 
an in vitro screening of different contrast agents (unpublished data). The 
four probes (Fig. 1B) were synthesised and analysed in vitro and in vivo in 
order to shed light on their performance and properties with the 
intention of identifying the most suitable NIR dye for biological imaging 
of NTR. 

2. Materials and methods 

2.1. Synthesis and characterisation of dyes 1 - 4 

Detailed protocols for the synthesis of 1–4 and investigations into 
increasing the yield for the synthesis of 1 are provided in the electronic 
supplementary material. 

2.2. NTR enzymatic assays 

A mixture containing 4.5% DMSO, 60 μM β-NADH in 10 mM Tris-HCl 
and 0.98 mM β-NADPH in 10 mM Tris-HCl was prepared and the reac
tion mixture completed as follows: For the blank, Tris-HCl 10 mM 
quantum satis (q.s.) and 0.2 μM NTR were added. For the references, 4 
μM of either of 1–4 (in 90% DMSO and 10% Tris-HCl 100 mM) q.s. was 
added. And for the study sample, 4 μM of either of 1–4 (in 90% DMSO 
and 10% Tris-HCl 100 mM) q.s. and 0.2 μM NTR were added (all 

Fig. 1. Common scaffolds employed for molecular interrogation in biological applications. 
A) Phthalocyanine (I), porphyrin (II), BODIPY (III), cyanine structure (IV), squaraine structure (V). B) Different substrates evaluated in this study. Structures 1 and 4 
referred as CytoCy5S in the literature. (Structures are represented in their cis conformation although this is not the most stable one [17]). 

Fig. 2. NTR-mediated reduction of aromatic nitro groups 
NTR-mediated reduction of substrates 1–4 in the presence of FMN (bound to 
NTR) and NADH and NADPH to give the proposed product and restore 
fluorescence. 
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reagents added in the stated order). After a 2-h reaction, the excitation 
and emission spectra of the different dyes reductively activated by NTR 
were acquired. Excitation and absorbance scans were performed from 
500 to 700 nm and emission scans from 600 to 800 nm in 2 nm steps and 
a 20 nm bandwidth in both cases. 

The optimal settings for excitation and emission were then used to 
measure the fluorescence intensity during the course of the enzymatic 
reactions (up to 24 h). The optimal settings for the different substrates 
were defined as follows: substrates 1 and 2: λex/λem 630/645 nm; sub
strate 3: λex/λem 650/670 nm; substrate 4: λex/λem 660/690 nm; 5 nm 
bandwidth in all cases. Fluorescence intensity was analysed using a 
Tecan Spark® multimode microplate reader (Tecan Group Ltd., 
Männedorf, Switzerland) and data was plotted as the average ± SD. 

2.3. Cell lines and cell culture 

The human mammary carcinoma cell line MDA-MB-231 was 
employed for in vitro and in vivo assays. MDA-MB-231Luc+ (NTR− ) cells 
were kindly provided by Prof. James Lorens (University of Bergen) and 
MDA-MB-231Luc + GFP + NTR+ (NTR+) cells have been generated in our 
lab as previously reported by McCormack et al. [8]. All cell types were 
cultured in DMEM (Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) 
supplemented with 10% FBS and 1% L-glutamine (Sigma-Aldrich) in a 
humidified atmosphere at 37 ◦C and 5% CO2. 

2.4. Flow cytometry 

Comparative quantification of the fluorescence intensities obtained 
with the different substrates was performed by incubating 1 × 105 of the 
NTR+ and NTR− cells (negative control) with each of them. First, 
different substrate concentrations (1 μM, 3 μM, 12 μM, 25 μM) were 
tested, by incubating the cells for 1 h. Once the best concentration was 
identified, different incubation times were assessed in triplicate (0.25 h, 
0.5 h, 1 h, 2 h, 4 h and 8 h). In all cases, after the incubation time the 
cells were rinsed with PBS, trypsinised and washed twice before resus
pension in PBS supplemented with 2% BSA. Acquisition was performed 
in a BD LSR Fortessa flow cytometer (BD Biosciences, Franklin Lakes, 
NJ, USA) with a 640 nm excitation laser and a 670 ± 14 nm emission 
filter. The voltage of the detector was optimised for the brightest signal 
and kept at the optimal setting for all the different experiments. 

2.5. Fluorescence microscopy 

1 × 105 NTR+ cells were seeded in 35 mm μ-dishes with high glass 
bottom (Ibidi, Martinsried, Germany) and were incubated with 3 μM of 
each individual substrate for 10 min. Uptake, fluorescence release and 
the fate of the reduced substrates in the cell was followed at 10 min 
intervals for up to 4 h. Cells were maintained at 37 ◦C and 5% CO2. Live 
cell imaging fluorescence was acquired using a confocal Andor Drag
onfly microscope (Oxford Instruments America, Inc., Concord MA, USA) 
with a 40X magnification, with the 488 nm excitation filter and green 
emission filter (500–550 nm) for GFP expression and the 637 nm exci
tation filter and the far red emission filter (663–738 nm) for NTR 
interrogation. All data collected were analysed with Imaris 9.6 (Oxford 
Instruments, USA). 

2.6. General animal care 

All applicable institutional and/or national guidelines for the care 
and use of animals were followed. All experiments were approved by 
The Norwegian Animal Research Authority (Application ID 14128) and 
conducted according to The European Convention for the Protection of 
Vertebrates Used for Scientific Purposes. NOD-scid IL2Rgnull mice 
(referred to as NSG) were bred at Vivarium (University of Bergen) from 
breeding pairs purchased from Charles River. Mice were housed in 
groups of ≤5 in individually ventilated cages (Techniplast S.p.A., 

Buguggiate, Italy). Observations for general condition and body weights 
were recorded twice a week. Mice were fed with low-autofluorescence 
rodent imaging food (Rodent imaging diet D1001 from Research diets 
Inc., Brunswick, USA) from, at least, two weeks prior to experiments. 
Mice were depilated prior to image acquisition. When required, mice 
were anesthetised under 1.5% isoflurane (Abbot Laboratories Ltd., 
North Chicago, USA). Mice were euthanised according to institutional 
guidelines. 

2.7. MDA-MB-231 subcutaneous xenografts 

NTR− and NTR+ MDA-MB-231 subcutaneous xenografts were 
implanted in the left flank of the scapular area by injection of 5 × 106 

cells suspended in 100 μL DMEM with 25% Matrigel (Corning Inc., 
Waltham, USA). Tumour volumes were measured weekly with a digital 
calliper and calculated using the ellipsoid volume formula: Volume = π 
(length x width x height)/6. 

2.8. in vivo fluorescence imaging 

2.8.1. in vivo biodistribution 
For biodistribution and pharmacokinetic assessment of the four 

different substrates, when mean tumour volumes reached 120 ± 16 
mm3, mice were intravenously injected with 100 μL of a 1 mM substrate 
solution. Optical imaging was performed at established time points (0 h, 
0.75 h, 2 h, 4 h, 8 h, 12 h and 24 h) using an IVIS Spectrum imaging 
system (PerkinElmer Inc., Waltham, USA) with the following filter pairs 
(λex/λem) 640/680 and 640/700 nm. To assess the background fluores
cence, all mice were imaged prior to injection. Analysis of the collected 
data was performed with the Living Imaging® software v4.5 (Perki
nElmer Inc.). Regions of interest (ROI) in the lateral view were manually 
drawn around the tumours and fluorescence was expressed as radiance 
(p/s/cm2/sr). The radiance values reported were normalised by the 
mean of the NTR− radiance values. 

2.8.2. Longitudinal tumour imaging 
Tumours were longitudinally imaged three times over the course of 

the tumour progression. Imaging acquisitions were performed when the 
mean tumour volumes reached 222 ± 44 mm3, 300 ± 71 mm3 and 451 
± 115 mm3. 100 μL of a 1 mM substrate solution were injected intra
venously and images were acquired after 0.75 h for 1 and 3 and after 2 h 
for 2 using an IVIS Spectrum imaging system with λex = 640 nm and λem 
= 680 nm. To assess the background fluorescence, all mice were imaged 
prior to injection. Analysis of the collected data was performed as 
explained before. The radiance values reported were normalised by the 
mean of the NTR− radiance values. 

2.8.3. ex vivo biodistribution 
Mice were euthanised 0.75 h after i.v. administration of 1 and 3 and 

2 h after i.v injection of 2 (100 μL, 1 mM) and tumours and organs were 
harvested. Organ biodistribution was assessed for each substrate in the 
NTR− and the NTR+ groups. Fluorescence intensities were measured and 
analysed as explained above. The reported values were normalised by 
the sum of the radiance values for all organs and they were presented as 
the percentage of biodistributed substrate in the organs of interest. 

2.9. Statistics 

Results are given as mean ± standard deviation (SD). All statistical 
tests were performed using GraphPad Prism v 6.0 h (GraphPad Software 
Inc) and p < 0.05 was considered significant. After randomisation, a 
one-way ANOVA was applied to ensure unbiased assignment of tumour 
volumes among the experimental groups. Comparison of means was 
performed using Student’s t-test and one-way ANOVA. 
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3. Results and discussion 

3.1. Synthesis of 1–4 

Detailed discussion of the different synthetic approaches for 1–4, 
purification strategies and characterisation by 1H NMR and high- 
resolution mass spectrometry (HRMS) are provided in the electronic 
supplementary material (Figures S1 to S22). 

3.2. Spectroscopic properties and performance of the four NTR substrates 
in an enzymatic assay 

After 2 h incubation with NTR, absorbance, excitation and emission 
spectra (Figure S24C and Fig. 3A) revealed overlapping excitation and 
emission maxima for 1 and 2 and higher, red-shifted properties for 3 and 
4, which presented the highest bathochromic shift and the largest Stokes 
shift (Table 1). For 3, this far-red shift is a result of the introduction of 
the methoxy groups, while for 4, this can be attributed to both the sul
fonate group and the lower planarity of cyanines compared to the 
squaraine derivatives, which renders substrate 4 less conformationally 
restricted [17]. It was also observed that 1 and 2 exhibit an emission 
intensity in the same range as their corresponding excitation, although 2 
exhibits a markedly lower absolute fluorescence intensity. 3 and 4, 
however, exhibit high excitation intensities but very low emission in
tensities (Table 1). The UV–vis–NIR absorbance spectra of the quenched 
substrates and the vis-NIR absorbance spectra of the reduced substrates 
can be found in the electronic supplementary material (Figure S24). 

From the excitation and emission spectra, the optimal fluorescence 
settings for each substrate were selected to perform a kinetic assay in 
which the fluorescence intensity was monitored for 24 h. As shown in 
Fig. 3B, 1, 3 and 4 displayed a similar kinetic profile reaching the 
maximum fluorescence emission intensity at around 0.75 h, while 
maximum fluorescence for 2 was reached after 7 h. Of note, 1 exhibits 
the steepest reduction in fluorescence intensity of all the examined 
substrates (Fig. 3C). Interestingly, despite the low absolute fluorescence 
intensity of 2, this is the substrate with the highest ratio of emission 
intensity at any given time between the reference and the sample, 
mainly due to the low fluorescence background it exhibits in the pres
ence of NADH and NADPH (Fig. 3C). The three other substrates showed 
higher non-specific activation by the NADH and NADPH present in the 
mixture. All the data suggest that the four fluorescent probes are suitable 
substrates of NTR and worthy of biological evaluation in cell cultures. 

3.3. in vitro performance of the four NTR substrates 

The suitability of the four substrates for intracellular interrogation of 
NTR expression was assessed by incubation of NTR− and NTR+ MDA- 
MB-231 cells with different substrate concentrations (1–25 μM), fol
lowed by flow cytometry analysis (Fig. 4A). The mean fluorescence in
tensity (MFI) of the NTR+ cells increased with increasing concentrations 
of the substrates, plateauing at 12 μM for 1 and 2. In contrast, a plateau 
was not observed for 3, demonstrating a high dependence of this sub
strate on the concentration. Indeed, MFI values of around 12 × 103 were 
obtained with 1 μM of 2 and 3 μM of 1, while 12 μM of 3 were required to 
obtain MFI in the same range. The MFI of NTR− cells was notably lower 
but also increased with increasing concentrations of the substrates, 
except for 2 where a maximum was reached at 12 μM. 4 performed 
poorly at any given concentrations in both cell types. For 2, NTR+/NTR−

ratios were very similar at all concentrations whereas for 1 and 3 the 
highest ratios were achieved at 12 μM, due to a higher MFI of the NTR +

cells for 1 and a reduced MFI of the NTR− cells for 3, at this concen
tration. Substrate 3 shows the highest NTR+/NTR− ratios followed by 1 
and 2 with comparable ratios. 

In order to examine the dependency of MFI on incubation times, the 
suboptimal concentration of 3 μM was chosen and different incubation 
times (0.25 h–8 h) were assessed (Fig. 4B). For the NTR− cells, the MFI 

showed a similar trend for the four different substrates with the highest 
values observed at the longest incubation times. Non-specific activation 
of the substrates was observed, however not significantly higher 
compared to the unstained cells (Figure S25). For the NTR+ cells, the 
fluorescence intensity of 1 and 3 plateaued at 2 h, in accordance with the 
observations in the kinetic enzymatic assay where the fluorescence in
tensity started to decrease after 3 h. The results for 2 are also in accor
dance with the delayed reduction reaction observed during the kinetic 
assay (Fig. 3B), with MFI values reaching the maximum at 8 h, although 
in the same range for two, four and 8 h. Interestingly, the NTR+/NTR−

ratios for all substrates did not increase with increasing incubation 
times, reaching their maximum after 0.5 h. 

Based on the spectroscopic data, similar fluorescence behaviour was 
expected for 3 and 4, however, as can be seen in Fig. 4A and B, the 
sulfonated 4 exhibited almost no fluorescence enhancement at any of 
the given conditions. In contrast, substrate 3 resulted in modest MFI 
values when incubated in NTR− cells and a high fluorescence 
enhancement in NTR+ cells, rendering this substrate around 200 times 
brighter after reduction (Fig. 4B). 1 and 2 showed comparable results, 
both under concentration- and time-dependent conditions, with NTR+/ 
NTR− ratios in the same range. 

The flow cytometry results suggest different substrate-cell in
teractions and confocal fluorescence microscopy was performed to 
investigate the intracellular behaviour of the substrates. Qualitative 
analysis of the fluorescence live imaging of NTR+ cells incubated with 
the different substrates (3 μM) corroborated the previous observations, 
yielding 1 and 2 as the brightest substrates and highlighting the low 
emission intensity from 3 and 4 (Figure S23). As can be seen in Fig. 5, 
substrate 4 required longer incubation times for the signal to be 
observed. From the images obtained, cellular accumulation of this 
substrate occurred in discrete vesicle-like structures, in contrast to the 
more homogeneous staining observed for the other substrates. 1, 2 and 3 
displayed homogeneous perinuclear staining. While the localisation of 
these three substrates was the same, the kinetics of accumulation of 3 
differed from the others. The first two substrates appear to sustain 
comparable fluorescence intensity during 4 h of incubation, while the 
fluorescence intensity of 3 starts decaying after 90 min of incubation, in 
line with the steeper decrease in MFI observed in flow cytometry (see 
Videos S1–S4 for full time lapse for each substrate). To get a clearer idea 
of the biological behaviour of these substrates, in particular regarding 
tumour biodistribution, they were further investigated in murine 
xenograft models. 

3.4. in vivo biodistribution 

To understand the pharmacokinetic properties of these substrates, in 
vivo biodistribution studies over a course of 24 h were performed and 
compared in a subcutaneous xenograft model. Mice bearing NTR− or 
NTR+ subcutaneous tumours in the scapular region (indicated by the 
pink sphere in Fig. 6A) were intravenously injected with 100 μL of a 1 
mM substrate solution and imaging was performed at the optimal 
excitation and emission wavelengths for each substrate (n = 3 per 
substrate and cell type). As shown in Fig. 6A, fluorescence from the 
NTR+ tumours was observed 0.75 h post-intravenous administration 
with the exception of 2, whose signal became obvious 2 h post-injection. 

Radiance decreased with time for substrates 1, 3 and 4 after 0.75 h, 2 
h and 0.75 h respectively, and increased with time for substrate 2 
reaching the maximum at 8 h (Fig. 6B). As seen in Fig. 6C, the best 
contrast (dashed black box in Fig. 6C) for 1 and 3 was observed 0.75 h 
post-injection, with NTR+/NTR− ratios of 1.5 and 1.8 respectively, and 
after 2 h for 2 with an NTR+/NTR− ratio of 1.3. These time points were 
employed for longitudinal imaging. The fluorescence intensity of 4 was 
consistently higher in NTR− compared to NTR+ tumours at all time 
points studied (Fig. 6B), thus it was excluded from further in vivo ex
periments. Interestingly, strong fluorescence intensity decay was 
observed for 1 after 0.75 h, in accordance with the observations in vitro. 
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Fig. 3. Spectral characterisation of substrates 1–4 
A) Chemical structures of substrates 1–4 and their respective excitation and emission spectra after 2 h incubation of 4 μM of substrate and 0.2 μM NTR enzyme. The Y 
axis represents both the excitation and emission fluorescence intensity maxima expressed in Relative Fluorescence Units (RFU) for each substrate. For each dye the 
maximum of the scale is adjusted to the highest excitation RFU as follows: 1 (Max: 19000 RFU), 2 (Max: 4500 RFU), 3 (Max: 25000 RFU) and 4 (Max: 210000 RFU). 
B) Kinetic assessment of NTR reduction of the four different substrates, starting 3 min after NTR addition and over 24 h, expressed in Relative Fluorescence Units 
(RFU) as arbitrary units (a.u.). Blank consists of DMSO, β-NADH and β-NADPH in Tris-HCl buffer and NTR (0.2 μM). Reference contains DMSO, β-NADH and 
β-NADPH in Tris-HCl buffer and substrate under study (4 μM). Sample is composed of DMSO, β-NADH and β-NADPH in Tris-HCl buffer, substrate under study (4 μM) 
and NTR (0.2 μM). C) Overlay of the four different reduction kinetic curves for the reference and the sample, for easier visual comparison of the fluorescence intensity 
of the different substrates before and after reduction. From 3 min after enzyme addition and up to 24 h. 
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Also, the decrease in fluorescence emission of 3 after 2 h is in line with 
the fluorescence decay observed by confocal microscopy (Fig. 5). 

3.5. Longitudinal tumour imaging 

Further longitudinal FLI studies were performed at different mean 
tumour volumes, with the selected incubation times for each substrate. 
Mice bearing NTR− and NTR+ tumours (n = 6 per substrate and cell 
type) were injected with the three different substrates under study (1–3) 
and imaged 0.75 h or 2 h after injection (Fig. 7A). 

For 1 and 2 average radiance was significantly higher in the NTR +

group at any mean tumour volumes. NTR+/NTR− ratios through the 
longitudinal image range for 1 from 1.7 ± 0.5 to 2.1 ± 0.2 (p-values from 
0.01 to 0.0001) and for 2 from 1.3 ± 0.2 to 2.2 ± 0.4 (p-values from 0.05 
to 0.0001). In the case of 3, no significant differences in average radi
ance were observed until mean tumour volumes reached 450 mm3 when 
NTR+/NTR− ratio was 1.9 ± 0.6 (p < 0.01) (Fig. 7B). As observed in 
Fig. 4A, substrate 3 requires higher concentrations (12 μM) to achieve 
fluorescence intensities in the range of those obtained with 3 μM of 1 or 
1 μM of 2. It was also observed that, due to the low brightness of sub
strate 3, fluorescence intensities after 0.75 h were closer to background 
fluorescence than those from the other two substrates. NTR+/back
ground ratios for substrates 1, 2 and 3 were 3.8 ± 2.1, 14.0 ± 5.9 and 

2.9 ± 1.3, respectively. From these results it can be concluded that 
tumour contrast increased with the increase of the mean tumour vol
umes for all substrates. The quantitative comparison of fluorescence 
intensity as a function of time in NTR+ vs. NTR− xenografts over the 
progression of the tumours allowed us to conclude that 1 is the best 
substrate for in vivo NTR interrogation even at small tumour volumes, 
with the highest significance between groups. 

3.6. ex vivo biodistribution 

To acquire a deeper understanding of the substrates’ biodistribution, 
0.75 h post-injection of 100 μL of a 1 mM solution of 1 and 3 and 2 h 
post-injection of 2, NTR− and NTR+ tumour-bearing mice were 
euthanised, their organs excised and imaged (Fig. 7C). The percentage of 
biodistributed substrate was calculated and plotted in Fig. 7D. Consis
tent with the in vivo observations (Fig. 6A) high hepatobiliary uptake is 
observed for 1 and particularly for 3, compatible with their highly 
lipophilic character. 1 also exhibits high fluorescence signal in the 
gastrointestinal tract with uptake in the stomach and with high uptake 
in the large intestine, due to activation by bacterial nitroreductases 
present in the GI tract [8,33]. 2 exhibits a homogeneous accumulation 
pattern in all organs, without clear hepatobiliary or renal excretion 
pathway evidence, and with a slightly higher accumulation in NTR +

tumours compared to other organs. Residual signal is also observed for 
substrate 2 in control organs such as muscle and in 
mitochondria-enriched tissues, with known nitroreductase activity [44], 
such as the interscapular brown adipose tissue. 

4. Conclusions 

We have previously demonstrated that CytoCy5S is useful for non- 
invasive preclinical NIR NTR reporter gene imaging in cancers in vivo 
[8]. In the present study, we set out to clarify an ongoing discrepancy 

Table 1 
General spectroscopic properties from the substrates under study.  

Substrate Excitation 
max. (nm) 

Emission 
max. (nm) 

Stokes 
Shift 
(nm) 

Excitation 
intensity 

(RFU) 

Emission 
intensity 

(RFU) 

1 628 646 18 18500 18800 
2 628 646 18 3000 4300 
3 650 670 20 25000 4300 
4 666 692 26 205000 28000  

Fig. 4. Flow cytometry analysis 
A) Dose-dependent fluorescence intensity was assessed by incubation of NTR− and NTR+ cells for 1 h with increasing concentrations of the four substrates. Values are 
reported as Mean Fluorescence Intensity (MFI). NTR+/NTR− ratios represented for each substrate at the different studied concentrations. B) With 3 μM, time- 
dependent fluorescence intensity was determined at different incubation times with NTR− and NTR+ cells (0.25 h, 0.5 h, 1 h, 2 h, 4 h and 8 h). NTR+/NTR− ra
tios represented for each substrate at the different studied time points. 
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regarding the structure and physicochemical properties of CytoCy5S in 
order to establish which of the structures denoted CytoCy5S is best 
suited for preclinical studies in oncology models. 

The introduction of the methoxy group in 3 and the sulfonate and 
cyanine scaffold in 4 resulted in a modest bathochromic shift compared 
to 1 and 2. All compounds were confirmed as NTR substrates with 
delayed kinetics observed for 2 and low emission intensities for 3 and 4. 
in vitro, 3 was found to display the highest NTR+/NTR− ratio, followed 
by 1.4 performed poorly in vitro and in vivo. These results are in line with 
previous studies which reported that due to the contribution of the 
sulfonate group to increased fluorescent probe polarity these com
pounds exhibit limited lipid bilayer penetrance [45,46]. Despite its 
promising performance in vitro, 3 did not prove useful for discerning 
between NTR− and NTR + until tumours reached 450 mm3 due to the 
limited brightness of this substrate in vivo. This substrate might benefit 

from an increase in concentration for in vivo applications, and although 
this may yield better imaging results, the cost may make in vivo use of 
this probe impracticable. 1 and 2 provided similar suitability for NTR 
interrogation, being 1 slightly more sensitive at smaller tumour volumes 
and presenting faster kinetics. 

In conclusion, the spectral and biological properties of substrates 1–4 
have been discerned and compared. NIR dye 1 was found to be best 
suited for imaging of NTR, both in vitro and in vivo, with superior kinetics 
and lower background fluorescence from surrounding tissues allowing a 
better delineation of tumours in our model than 2. The latter result could 
potentially be explained by 2 having a methyl group and thus is expected 
to more easily permeate across cell membranes. Another key advantage 
of 1 over 2 is the presence of the carboxylic functionality, which can be 
exploited for further derivatisation or conjugation to biomolecules of 
interest for biomarker interrogation, making substrate 1 the ideal 

Fig. 5. Live cell fluorescence confocal microscopy imaging. 
Uptake, fluorescence enhancement and localisation of the NTR-reduced metabolites were assessed over time and up to 4 h. 
Cells were incubated with 3 μM of each substrate for 10 min and sequential images were acquired every 10 min for 240 min. Images of the most representative time 
points are presented as the merged images of the green channel (GFP; excitation: 488 nm and emission: 500–550 nm) and far-red channel (NTR-substrate; excitation: 
637 nm and emission: 663–738 nm) obtained at 40X magnification. GFP is included to allow localisation of the cells in the field of view. Images are displayed in the 
optimal far-red channel intensity for each of the substrates. A video with the complete time-lapse for each substrate is included in the electronic supplementary 
material (Video S1 – S4). 
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candidate for further studies. Although the substrates have been inves
tigated in an oncology model we believe that these results can be 
extrapolated to other uses as already shown elsewhere [24]. 
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Fig. 6. in vivo pharmacokinetic assessment 
A) NIR FLI of NTR− and NTR+ xenografts (n = 3 per group per substrate) at the two most representative time points acquired, one and 2 h, after i.v. injection of 100 
μL of a 1 mM substrate solution. Accumulation in the NTR+ tumours is observed after 1-h injection of 1 and 3 and after 2 h for 2. Substrate 4 accumulates indistinctly 
in NTR− and NTR + tumours at both time points. B) Fluorescence intensity of NTR− and NTR + tumours over time and up to 24 h for each substrate. Data expressed as 
radiance in px108/s/cm2/sr. For substrate 4, fluorescence intensity is consistently higher in NTR− than in NTR + xenografts. C) NTR+/NTR− ratios calculated to 
determine the time point with the best contrast for each substrate. One hour for 1 and 3 and 2 h for 2 (dashed black box) were found optimal. 
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Fig. 7. Longitudinal in vivo optical imaging of MDA-MB-231 NTR− and NTR + subcutaneous xenografts and ex vivo biodistribution 
A) Representative NIR fluorescence images of NTR− and NTR+ xenografts (n = 6 per group and substrate) at different mean tumour volumes. B) NTR+/NTR− ratios 
calculated for the different mean tumour volumes. For 1 and 2, average radiance was significantly higher in the NTR+ group at any mean tumour volume (with p- 
values: **, p < 0.01 and *, p < 0.05 respectively at 220 mm3; ***, p < 0.001 for both at 300 mm3 and ****, p < 0.0001 for both at 450). The NTR− and NTR + groups 
imaged with 3 showed no significant differences in average radiance until mean tumour volumes reached 450 mm3 (**, p < 0.01). C) ex vivo biodistribution 
assessment after i.v. injection of 100 μL of a 1 mM substrate solution. Values expressed as radiance in px109/s/cm2/sr. 1: NTR− tumour; 2: NTR+ tumour 3: 
Interscapular brown adipose tissue (BAT); 4: Liver; 5: Kidneys; 6: Stomach; 7: Intestine; 8: Muscle. D) ex vivo biodistribution of the different substrates represented as 
% of sum average radiance in all organs. It shows hepatobiliary clearance of 1 and 3 and high biodistribution of the former in the gastrointestinal tract. 2 bio
distributes, to all organs studied, in a more homogenous manner than the other two substrates. Higher biodistribution in NTR+ tumours than in NTR− was observed 
in all instances. 
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the work reported in this paper. 
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