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Abstract
A full understanding concerning the photophysical properties of a fluorescent label is crucial for a reliable and predictable 
performance in biolabelling applications. This holds true not only for the choice of a fluorophore in general, but also for the 
correct interpretation of data, considering the complexity of biological environments. In the frame of a case study involv-
ing inflammation imaging, we report the photophysical characterization of four fluorescent S100A9-targeting compounds 
in terms of UV–vis absorption and photoluminescence spectroscopy, fluorescence quantum yields (ΦF) and excited state 
lifetimes (τ) as well as the evaluation of the radiative and non-radiative rate constants (kr and knr, respectively). The probes 
were synthesized based on a 2-amino benzimidazole-based lead structure in combination with commercially available dyes, 
covering a broad color range from green (6-FAM) over orange (BODIPY-TMR) to red (BODIPY-TR) and near-infrared 
(Cy5.5) emission. The effect of conjugation with the targeting structure was addressed by comparison of the probes with their 
corresponding dye-azide precursors. Additionally, the 6-FAM and Cy5.5 probes were measured in the presence of murine 
S100A9 to determine whether protein binding influences their photophysical properties. An interesting rise in ΦF upon bind-
ing of 6-FAM-SST177 to murine S100A9 enabled the determination of its dissociation equilibrium constant, reaching up 
to KD = 324 nM. This result gives an outlook for potential applications of our compounds in S100A9 inflammation imaging 
and fluorescence assay developments. With respect to the other dyes, this study demonstrates how diverse microenviron-
mental factors can severely impair their performance while rendering them poor performers in biological media, showing 
that a preliminary photophysical screening is key to assess the suitability of a particular luminophore.
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1 Introduction

The alarmin heterocomplex S100A8/A9 is released during 
tissue damage and cellular stress and is hereby involved as an 
early amplifier in inflammatory processes [1]. Its local and 
massive excretion by phagocytes at the site of inflammation 
makes S100A8/A9 a suitable biomarker for inflammatory 
disorders associated with phagocyte activation, including 
autoimmune diseases, rheumatoid arthritis, allergies, car-
diovascular diseases, Alzheimer’s disease and tumors [2–6]. 
Therefore, S100A9-targeting compounds are the subject of 
research as therapeutic drugs or molecular imaging probes. 
Representative examples are quinoline-carboxamide inhibi-
tors like Laquinimod and Tasquinimod, which were/are in 
clinical trials for the treatment of multiple sclerosis (Phase 
III), Huntington´s (Phase II) and Crohn´s diseases (Phase 
II) with Laquinimod, as well as different cancer types in the 
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case of Tasquinimod [7–11]. In molecular imaging, a Cy5.5-
labelled S100A9-specific antibody was successfully applied 
to visualize inflammation in various mouse models, such 
as irritant and allergic contact dermatitis, collagen-induced 
arthritis and Leishmania major infection [12]. The S100A9-
targeting small-molecule probe Cy5.5-CES271 showed good 
optical signal accumulation in irritant contact dermatitis and 
LPS-induced lung inflammation mouse models [13, 14]. 
For both the development of therapeutic drugs and imag-
ing agents, depending on the choice of the fluorophore, the 
fluorescent S100A9-binding probes open the way to various 
types of fluorescence-based (binding) assays and imaging 
applications.

A full understanding of the optical properties of a fluo-
rescent compound is key for reliable and predictable per-
formance in biological applications. This is especially true 
considering the complexity of biological systems: solvent 
effects and chemical surroundings, such as buffer constitu-
tion, pH value, ionic strength, viscosity and the presence 
of biomolecules or cell preparations, might affect not only 
binding but also the photophysical properties of a compound 
[15]. Furthermore, for an in vivo context, many additional 
factors such as pharmacokinetics, tissue penetration depth, 
plasma protein binding and cell permeation ability affect 
the optical signal [16]. The polarity and solubility of a dye 
is another point to consider, depending on the planned bio-
logical experiment: on the one hand, nonpolar dyes tend to 
show aggregation in an aqueous environment and a high 
degree of unspecific binding to lipophilic off-target struc-
tures while showing better cell permeation [17–19]. On the 
other hand, ionic and polar dyes are less prone to aggrega-
tion and unspecific binding, which leads to a strong optical 
signal and images with high signal-to-noise ratios, but with 
negligible cell permeation ability [15, 20]. All these param-
eters might have an influence on the absorption and emission 
spectra, but especially on the luminescence quantum yield 
(ΦL) and luminescence lifetime (τL). Calculated from ΦL and 
τL, the radiative and non-radiative decay rate constants kr and 
knr (equations in S5) are key properties of a fluorophore, as 
changes in kr and knr upon conjugation to a (targeting-) mol-
ecule or in different chemical surroundings can give insights 
into possible intra- and intermolecular interactions with the 
fluorophore [15] including physical or chemical quenching 
as well as aggregation phenomena.

In this study, we present the photophysical characteri-
zation of four fluorescent S100A9-targeting compounds 
in comparison with their corresponding dye-azide precur-
sors in terms of UV–vis absorption and photolumines-
cence spectroscopy, fluorescence quantum yields (ΦF) and 
lifetimes (τF). For our compounds, we chose a 2-amino 
benzimidazole-based lead structure that was reported as a 
S100A9 inhibitor with an efficient synthesis and superior 
inhibition compared to the quinoline-carboxamides [21, 22]. 

Based on this, we prepared four fluorescent compounds from 
commercially available organic dyes in a broad color range 
from green (6-FAM) over orange (BODIPY-TMR) to red 
(BODIPY-TR) and NIR (Cy5.5) emission. Our study showed 
the role of intra-molecular quenching of the 6-FAM-conju-
gate mediated by the targeting unit, as well as quenching 
of the lipophilic BODIPY-derivatives in aqueous solution 
due to aggregation and insolubility, whereas the highly ionic 
Cy5.5-labeled targeting compound matched the expected 
optical properties found in the literature. The effect of pro-
tein binding was investigated for the water-soluble 6-FAM- 
and Cy5.5-conjugates, which revealed a drop in ΦF and kr 
by a factor ~ 4 for Cy5.5-SST110 in the presence of murine 
S100A9. Therefore, Cy5.5-SST110 was not considered for 
further in vitro binding studies. Interestingly, the opposite 
effect was observed for the initially quenched 6-FAM-
SST177 with a rise in ΦF upon binding. This unique pho-
tophysical property enabled the determination of the disso-
ciation equilibrium constant KD of 6-FAM-SST177 towards 
murine S100A9 while giving an outlook on its application 
in future S100A9 binding studies.

2  Experimental section

2.1  General

Materials, methods, as well as synthetic procedures and 
analytical data, are provided in the supporting information.

2.2  Synthesis

Briefly, the lead targeting structure is built in a “3-step-one 
pot” synthesis (Scheme 1), starting from an amide, ethyl 
3,3,3-trifluoropyruvate and 2-amino benzimidazole via an 
acyl-imin intermediate [21, 24]. The fluoro-pyridine moi-
ety is substituted in a nucleophilic aromatic substitution 
with propargyl amine in a microwave reactor at 100 °C 
for 15 min, yielding the alkyne precursor [25]. The alkyne 
precursor was reacted in a copper mediated [3 + 2] dipolar 
cycloaddition with the corresponding dye-azide yielding the 
four target molecules.

2.3  Photophysical measurements

UV–vis absorption spectra were measured on a Shimadzu 
UV-3600 I plus UV–VIS-NIR spectrophotometer. Photolu-
minescence quantum yields were measured with a Hama-
matsu Photonics absolute PL quantum yield measurement 
system (C9920-02) equipped with a L9799-01 CW Xe 
light source (150 W), a monochromator, a C7473 photonic 
multi-channel analyzer, an integrating sphere and employing 
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U6039-05 software (Hamamatsu Photonics, Ltd., Shizuoka, 
Japan).

Steady-state excitation and emission spectra were 
recorded on a FluoTime 300 spectrometer from PicoQuant 
equipped with: a 300 W ozone-free Xe lamp (250–900 nm), 
a 10 W Xe flash-lamp (250–900 nm, pulse width ca. 1 µs) 
with repetition rates of 0.1–300  Hz, a double-grating 

excitation monocromator (Czerny-Turner type, grating 
with 1200  lines/mm, blaze wavelength: 300 nm), diode 
lasers (pulse width < 80 ps) operated by a computer-con-
trolled laser driver PDL-828 “Sepia II” (repetition rate up 
to 80 MHz, burst mode for slow and weak decays), two 
double-grating emission monochromators (Czerny-Turner, 
selectable gratings blazed at 500  nm with 2.7  nm/mm  

Scheme  1  A Synthesis of four fluorescent S100A9-targeting com-
pounds based on the 2-amino benzimidazole lead structure and the 
commercially available dyes 6-FAM-azide, BODIPY-TMR-azide, 
BODIPY-TR-azide and Cy5.5-azide  [21, 23]. B The structure of 
the  murine S100A9 homodimer (pdb code 6ZFE) is depicted. The 
subunits are shown in red and blue. The bound  Ca2+ (red/blue) and 

 Zn2+ (grey) cations are highlighted as spheres. The arrow indicates 
the location of the compound binding site. C Close-up of the hydro-
phobic region of S100A9. The core of a 2-amino benzimidazole-
based lead structure was modeled manually to the hydrophobic region 
highlighted in green. Carbon atoms are shown in grey, nitrogen in 
blue, oxygen in red, fluorine in light-blue, and chlorine in orange
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dispersion and 1200 lines/mm, or blazed at 1200 nm with 
5.4  nm/mm dispersion and 600 lines/mm) with adjust-
able slit width between 25 µm and 7 mm, Glan–Thompson 
polarizers for excitation (after the Xe-lamps) and emission 
(after the sample). Different sample holders (Peltier-cooled 
mounting unit ranging from − 15 to 110 °C or an adjust-
able front-face sample holder), along with two detectors 
(namely a PMA Hybrid-07 from PicoQuant with transit 
time spread FWHM < 50 ps, 200–850 nm, or a H10330C-
45-C3 NIR detector with transit time spread FWHM 0.4 ns, 
950–1700 nm from Hamamatsu) were used. Steady-state 
spectra and photoluminescence lifetimes were recorded in 
TCSPC mode by a PicoHarp 300 (minimum base resolu-
tion 4 ps) or in MCS mode by a TimeHarp 260 (where up to 
several ms can be traced). Emission and excitation spectra 
were corrected for source intensity (lamp and grating) by 
standard correction curves. For samples with lifetimes in the 
ns order, an instrument response function calibration (IRF) 
was performed using a diluted  Ludox® dispersion. Lifetime 
analysis was performed using the commercial EasyTau 2 
software (PicoQuant). The quality of the fit was assessed by 
minimizing the reduced chi squared function (χ2) and visual 
inspection of the weighted residuals and their autocorrela-
tion. All solvents used were of spectrometric grade  (Uvasol® 
from Merck).

2.4  Determination of KD of 6‑FAM‑SST177 
towards mS100A9

The experiments were performed in HPS buffer (50 mM 
HEPES, 1 mM  CaCl2, pH = 7.4), using black, flat-bottom 
96-well plates (Thermo-Fisher, Waltham, USA, cat. no. 
237108) and Flexstation 3 multi-mode microplate reader 

(Molecular devices, San José, USA). Murine S100A9 was 
diluted from a 110 µm stock solution in HPS (pH = 7.4), 
stored at − 20 °C in aliquots. 2 molar equivalents of  ZnCl2 
were added to the protein solution and it was gently shaken 
at 37 °C for 30 min before experiments. 6-FAM-SST177 
was diluted from a 10  mM DMSO stock solution and 
stored at − 30 °C under the exclusion of light. Samples with 
6-FAM-SST177 (fixed concentration 25 nM) and increas-
ing concentrations of murine S100A9 ranging from 40 nM 
to 10 µM in a volume of 100 µL per well were prepared 
as duplicates and incubated at 37 °C for 30 min prior to 
measurement. Fluorescence intensity was measured at 
λexcitation = 485 nm and λdetection = 535 nm with a 530 nm cut-
off filter. The fluorescence intensity was blank-normalized 
(25 nm 6-FAM-SST177 in HPS without protein) and plotted 
against cprotein [µM]. Non-linear regression analysis was per-
formed (using GraphPad PRISM 7, GraphPad Software Inc.) 
with a “one-site specific binding” saturation model to cal-
culate the binding constant (equations are found in the SI).

3  Results and discussion

3.1  Photophysical characterization 
of 6‑FAM‑derivatives

As mentioned before, green-emitting fluorescein deriva-
tives are among the most frequently used fluorophores for 
biological applications, such as in assays [26–28], fluo-
rescence microscopy [29], and flow cytometry [30, 31], 
among others [32, 33]. The UV–vis absorption spectra of 
6-FAM-SST177 and of the corresponding 6-FAM-azide in 
 H2O and in HPS buffer at different pH values are shown in 

Fig. 1  Room-temperature absorption spectra of 6-FAM-azide (left) and S100A9-targeting 6-FAM-SST177 (right), measured in  H2O and HPS 
buffer at pH = 3.0, pH = 5.5, pH = 7.4 and pH = 10.0. In all cases, the concentration was kept constant (cprobe ≈ 10 µM)
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Fig. 1. The pH-dependency of the photophysical properties 
of fluorescein derivatives is well-reported in the literature 
and is attributed to cationic (pH = 3.0), neutral (pH = 5.5), 
monoanionic (pH = 7.4) and dianionic (pH > 12.0) spe-
cies [34–37]. 6-FAM-azide shows the expected absorption 
maximum at λmax = 495 nm in  H2O and neutral (pH = 7.4) to 
basic (pH = 10.0) buffers, which is attributed to the mono-
anionic species. Under acidic conditions (pH = 5.5 and pH 
= 3.0), the monoanion peak decreases, while the shoulder at 
λ = 465 nm (in neutral and basic) becomes dominant and gets 
blue-shifted to λ = 455 nm and 440 nm at pH = 5.5 and pH 
= 3.0, respectively. This reflects the acid–base equilibrium 
shifting from monoanionic to neutral and cationic species. 
Interestingly, as depicted in Fig. 1, the absorption spectra 
of 6-FAM in  H2O and a neutral or basic buffer are not sig-
nificantly affected by conjugation to the targeting 2-amino 
benzimidazole-based lead structure in 6-FAM-SST177. On 
the other hand, under acidic conditions, no proper absorption 

spectra could be recorded. Apparently, conjugation prevents 
the formation of the luminescent cationic species in acidic 
conditions or reduces the overall absorption below the detec-
tion limit at the measured concentration. In addition, both 
ΦF and τF were measured for all conditions (Table 1), where 
the effect of the conjugation of the dye to the 2-amino ben-
zimidazole-based targeting structure can be evidenced. As 
shown herein, while for the non-conjugated 6-FAM-azide 
the obtained values are in the expected range both in  H2O 
and in neutral/basic buffer (ΦF ≈ 0.80 and τF ≈ 4 ns), the 
conjugate 6-FAM-SST177 suffers from a dramatic drop in 
both ΦF and τF under the same conditions (Table 1). As 
expected from the absorption spectra (Fig. 1), in more acidic 
conditions (pH = 3.0), no proper ΦF could be reliably meas-
ured and τF was significantly shortened (Table 1). The effect 
of conjugation to the S100A9-targeting unit becomes clearer 
by comparing the radiative and non-radiative decay rate 
constants kr and knr (Table 1, equations for calculations are 

Table 1  Fluorescence quantum 
yields (ΦF), fluorescence 
lifetimes (τF), radiative (kr) 
and non-radiative decay 
(knr) constants of 6-FAM-azide 
and S100A9-targeting 6-FAM-
SST177 in  H2O and HPS buffer 
at pH = 3.0, pH = 5.5, pH = 7.4 
and pH = 10.0, as well as in the 
presence of murine S100A9

For multiexponential decays, the amplitude-weighted average lifetimes (τav_amp) are given along with the 
different decay components and the corresponding relative amplitudes as percentages. The raw data can be 
found in Figs. S28–S39
Average radiative and radiationless deactivation rate constants as well as their uncertainties were obtained 
as described in the SI
In case of multiexponential decays, kr and knr were calculated using the τav_amp [38]. n.d. = not detected

Sample ΦF ± 0.02 τF [ns] kr  [105  s−1] knr  [105  s−1]

6-FAM-azide  H2O 0.77 τ = 4.13 ± 0.01 1.86 ± 0.05 0.56 ± 0.06
6-FAM-SST177  H2O 0.07 τ1 = 0.53 ± 0.02 (46%) 0.5 ± 0.2 6.69 ± 0.03

τ2 = 2.143 ± 0.008 (54%)
τav_amp = 1.39 ± 0.03

6-FAM-azide HPS pH = 7.4 0.69 τ = 3.93 ± 0.01 1.76 ± 0.06 0.79 ± 0.06
6-FAM-SST177 HPS pH = 7.4 0.07 τ1 = 2.053 ± 0.009 (48%) 0.7 ± 0.2 9.49 ± 0.04

τ2 = 0.34 ± 0.02 (52%)
τ av_amp = 1.16 ± 0.06

6-FAM-azide HPS pH = 3.0 0.27 τ = 2.80 ± 0.01 0.97 ± 0.07 2.62 ± 0.09
6-FAM-SST177 HPS pH = 3.0 n.d. τ1 = 2.51 ± 0.04 (17%) n.d. n.d.

τ2 = 1.22 ± 0.08 (11%)
τ3 = 0.080 ± 0.007 (72%)
τav_amp = 0.62 ± 0.06

6-FAM-azide HPS pH = 5.5 0.33 τ = 3.01 ± 0.01 1.10 ± 0.07 2.23 ± 0.08
6-FAM-SST177 HPS pH = 5.5 n.d. τ1 = 0.9 ± 0.1 (20%) n.d. n.d.

τ2 = 2.20 ± 0.04 (33%)
τ3 = 0.14 ± 0.02 (47%)
τ av_amp = 0.99 ± 0.07

6-FAM-azide HPS pH = 10.0 0.80 τ = 3.975 ± 0.006 2.02 ± 0.06 0.50 ± 0.06
6-FAM-SST177 HPS pH = 10.0 0.13 τ1 = 1.980 ± 0.006 (33%) 1.8 ± 0.4 11.9 ± 0.9

τ2 = 0.41 ± 0.02 (77%)
τav_amp = 0.93 ± 0.05

6-FAM-azide S100A9, HPS pH = 7.4 0.67 τ = 3.794 ± 0.009 1.77 ± 0.06 0.87 ± 0.06
6-FAM-SST177 S100A9, HPS 

pH = 7.4
0.24 τ1 = 4.44 ± 0.04 (72%) 0.64 ± 0.06 2.0 ± 0.1

τ2 = 1.9 ± 0.2 (28%)
τav_amp = 3.74 ± 0.06
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shown in the SI) of dye and dye-conjugate in  H2O and HPS 
pH = 7.4. While kr is reduced by approximately factor 3, the 
knr is roughly tenfold increased. This suggests pronounced 
non-radiative deactivation pathways opened up by conjuga-
tion and intramolecular interaction of the fluorophore with 
the heteroaromatic benzimidazole moiety mediated by the 
2-amino pyridine spacer.

In order to further evaluate the potential for fluorescence 
binding assays with S100A9, 1 μM solutions of dye-azide 
and conjugate in HPS buffer pH = 7.4 were measured in the 
presence of 3.5 μM murine S100A9. At this protein concen-
tration, > 99% binding of targeted 6-FAM-SST177 can be 
assumed (cprotein > 10  KD = 324 nM (95 nM SEM, average 
over n = 3), see assay section below). As observed in Fig. 1 
and Fig. S23, neither binding towards murine S100A9 by 
6-FAM-SST177, nor protein availability in the solution in 
case of the free dye-azide did have a substantial effect on 
the absorption spectra. Both resembled their corresponding 
spectra in HPS pH = 7.4 without protein. However, protein 
binding of 6-FAM-SST177 led to a threefold increase in 
the quantum yield, from ΦF = 0.08 (without protein) to 0.24 
(with murine S100A9, see Table 1). Furthermore, its ampli-
tude-weighted average fluorescence lifetime elongated from 
τav_amp = 0.98 ns to 3.72 ns upon protein binding, which is in 
the range of the unconjugated dye-azide reaching  τ = 3.93 ns 
in HPS pH = 7.4. This results in a radiative decay constant 
comparable to 6-FAM-SST177 in HPS pH = 7.4 without 
protein. In contrast, the non-radiative decay constant knr is 
lowered by approximately factor 5 in the presence of the 
protein, which can be explained by less interaction of fluo-
rophore and targeting moiety upon binding. Interestingly, 
the presence of protein in solution did not have a significant 
effect on the photophysical properties of 6-FAM-azide, if 

compared with HPS pH = 7.4. In addition, the photolumi-
nescence spectra of both 6-FAM-azide and its conjugate 
6-FAM-SST177 were recorded in all previously described 
conditions (Fig. S21 and S22). With an emission maximum 
at λmax = 520 nm in all probes and a shoulder peaking at 
λ = 550 nm, which is more pronounced in acidic condi-
tions [34], the conjugation does not have a significant effect 
on the emission spectrum of 6-FAM-SST177 compared to 
the dye-azide precursor. Moreover, the presence of murine 
S100A9 did not have a significant influence (Fig. S23).

3.2  Photophysical characterization 
of BODIPY‑derivatives

Orange-emitting BODIPY-TMR and red-emitting BODIPY-
TR were chosen not only for their excellent ΦF reaching 
up to 90%, but also for their relatively long excited state 
lifetimes (≈ 5 ns), which is optimal in fluorescence polari-
zation/anisotropy assays [39–42]. The UV–vis absorption 
spectra of BODIPY-TMR-SST175, BODIPY-TR-SST176 
and their corresponding dye-azides were recorded in DCM 
(Fig. 2). Due to the poor solubility of both the dye-azides 
and the conjugates in aqueous media [39], the samples were 
dissolved in a small amount of EtOH and diluted with the 
buffer to HPS/EtOH 5% for the characterization in HPS 
buffer (pH = 7.4, Fig. 2). In DCM, the absorption spectra of 
the four BODIPY-derivatives are characterized by one single 
band with λmax = 548 nm and 594 nm for BODIPY-TMR 
and BODIPY-TR, respectively, as reported in the literature. 
In HPS buffer, the λmax of BODIPY-TMR-azide is slightly 
blue-shifted to 438 nm, while the absorption peak of the 
conjugate BODIPY-TMR-SST175 is broadened but without 
a significant change at λmax = 548 nm. A peak broadening 

Fig. 2  Room-temperature absorption spectra of BODIPY-TMR- (left) and BODIPY-TR-derivatives in DCM and HPS buffer at pH = 7.4. In all 
cases, the concentration was kept constant (cprobe ≈ 10 µM)
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was also observed for both BODIPY-TR-derivatives in HPS 
buffer.

In addition, the photoluminescence spectra of BODIPY-
TMR-azide with a λmax = 574  nm was not significantly 
altered, neither upon conjugation to the 2-amino benzimi-
dazole-based targeting unit nor in organic or aqueous solu-
tion (Fig. S24). This holds true for the emission spectrum of 
BODIPY-TR-azide with λmax = 623 nm in HPS, but not for 
its conjugate BODIPY-TR-SST176 in the same buffer, where 
an aggregation-induced shoulder peaking on the red flank 
at λ = 660 nm appears (Fig. S25). Interestingly, a visible 
color-shift of BODIPY-TR-SST176 from bright pink (DCM) 
to fade blue (HPS/EtOH 5% pH = 7.4) was also observed 
by eye and upon illumination with a laser (λex = 405 nm, 
Fig. 27). Fluorescence quantum yields and fluorescence 
lifetimes of the BODIPY-derivatives were measured in 
DCM and HPS/EtOH 5% (pH = 7.4) as well (Table 2). In 
DCM, the obtained quantum yields are ΦF = 0.90, 0.88, 
0.92 and 0.72 for BODIPY-TMR-azide, BODIPY-TMR-
SST175, BODIPY-TR-azide and BODIPY-TMR -SST176, 
respectively. These values are in concordance with the bib-
liography, but with a slight reduction upon conjugation for 
BODIPY-TR-SST176. This is most likely due to interaction 
of the heteroaromatic targeting structure with the thiazole 
moiety of BODIPY-TR, since it does not occur with the 
structurally similar BODIPY-TMR bearing a p-methoxy-
phenyl unit. Fluorescence lifetimes of both BODIPY-dyes 
of around 5 ns were obtained, in agreement with the bibliog-
raphy for the four BODIPY-derivatives. In aqueous medium, 
again the low solubility and quenching through aggregation 

plays a major role, especially for both conjugates. This is 
manifested in low fluorescence quantum yields ΦF = 0.05, 
0.07 and 0.02 for BODIPY-TMR-SST175, BODIPY-TR-
azide and—BODIPY-TMR-SST176, respectively).

The quantum yield of the unconjugated BODIPY-TMR-
azide is only slightly reduced to ΦF = 0.71 in buffer com-
pared to 0.90 in DCM. In addition, a shortening of the 
fluorescence lifetimes was observed for both conjugates 
BODIPY-TMR–SST175 and BODIPY-TR-SST176 with 
τav_amp = 2.92 ns and 2.34 ns, respectively. On the other hand, 
the dye-azides kept their long lifetimes with a slight increase 
from 0.3 ns to 5.17 ns for BODIPY-TMR-azide and 5.60 ns 
for BODIPY-TR-azide, compared to the organic solvent. 
Because of the poor solubility and aggregation phenomena, 
we have refrained from measurements in the presence of 
murine S100A9.

3.3  Photophysical characterization 
of Cy5.5‑derivatives

Cy5.5 was chosen as one of the most commonly used dyes 
for bioconjugates and small-molecule probes for NIR-
based in vivo molecular imaging and various other appli-
cations [43–48]. Its high brightness, good photostability, 
excellent water-solubility and high contrast with respect to 
autofluorescence background originating from biological 
samples render it as an attractive label [46, 47]. The UV–vis 
absorption spectra of the targeted Cy5.5-SST110 conjugate 
and its Cy5.5-azide precursor were measured in  H2O, HPS 
(pH = 7.4) and in the presence of murine S100A9 (Fig. 3).

Table 2  ΦF, τF, radiative 
(kr) and non-radiative decay 
(knr) constants of BODIPY-
TMR- and BODIPY-TR-
derivatives in DCM and HPS 
buffer at pH = 7.4

For multiexponential decays, the amplitude-weighted average lifetimes (τav_amp) are also given along with 
the different decay components and the corresponding relative amplitudes as percentages
The raw data can be found in Figs. S40–S47
Average radiative and radiationless deactivation rate constants as well as their uncertainties were obtained 
as described in the SI
In case of multiexponential decays, kr and knr were calculated using the τav_amp [38]

Sample ΦF ± 0.02 τF [ns] kr  [105s−1] knr  [105s−1]

BODIPY-TMR-azide DCM 0.90 τ = 4.856 ± 0.009 1.85 ± 0.04 0.21 ± 0.05
BODIPY-TMR-azide HPS 0.71 τ = 5.172 ± 0.008 1.37 ± 0.04 0.56 ± 0.05
BODIPY-TMR-SST175 DCM 0.88 τ = 4.81 ± 0.02 1.83 ± 0.05 0.25 ± 0.06
BODIPY-TMR-SST175 HPS 0.05 τ1 = 2.0 ± 0.1 (45%)

τ2 = 3.6 ± 0.1 (55%) 
τav_amp = 2.87 ± 0.05

0.17 ± 0.07 3.3 ± 0.2

BODIPY-TR-azide-DCM 0.92 τ = 5.60 ± 0.01 1.80 ± 0.04 0.16 ± 0.05
BODIPY-TR-azide HPS 0.07 τ = 5.11 ± 0.01 0.13 ± 0.03 1.66 ± 0.04
BODIPY-TR-SST176 DCM 0.72 τ1 = 5.81 ± 0.03 (74%) 1.36 ± 0.04 0.53 ± 0.06

τ2 = 3.8 ± 0.2 (26%)
τav_amp = 5.30 ± 0.03

BODIPY-TR-SST176 HPS 0.02 τ1 = 1.50 ± 0.03 (69%) 0.09 ± 0.09 4.2 ± 0.1
τ2 = 3.73 ± 0.04 (31%)
τav_amp = 2.18 ± 0.02
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In agreement with the literature, the reported Cy5.5 
absorption peaks with a λmax = 674 nm and a shoulder on 
the blue flank at λ = 628 nm for the azide in both  H2O and 
HPS were observed. Interestingly, a slightly red-shifted 
maximum with λmax = 680 nm and λ = 632 nm shoulder was 
measured for the Cy5.5-SST110 conjugate. As depicted in 
Fig. 3, the presence of murine S100A9 did not affect the 
absorption spectrum of Cy5.5-azide, whereas the absorp-
tion spectrum of the targeted Cy5.5-SST110 appeared red-
shifted and broadened to λmax = 688 nm and λ = 642 nm 
for the blue flank shoulder. Additionally, a weak red-flank 
shoulder peaking at λ = 715 nm appeared. The photolumi-
nescence spectra were recorded in  H2O, HPS (pH = 7.4) 
and in the presence of murine S100A9 as well (Fig. S26); 
in all cases, the emission spectra agreed with the literature 
(λmax = 702 nm) [49]. However, conjugation to the targeting 
structure led to a 10 nm bathochromic shift to λmax = 712 nm 
for Cy5.5-SST110 in both conditions. In addition, the pres-
ence of protein shifted the emission maxima of both probes 
into the red to λmax = 691 nm and 695 nm, for Cy5.5-azide 
and Cy5.5-SST110, respectively. Since this shift appears in 
both the non-targeted and the conjugated probe, we assign 
these shifts to a solvent effect, probably resulting from the 
change in chemical surrounding of the protein solution com-
pared to pure HPS buffer.

The recorded quantum yields (ΦF = 0.22) were in excel-
lent agreement with the literature for both Cy5.5-deriva-
tives in aqueous solutions, without the presence of protein 
(Table 3) [49]. No aggregation or quenching phenomena 
were observed. Most likely, the highly charged dye is able 
to compensate for solubility issues of the nonpolar, 2-amino 
benzimidazole-based targeting structure in Cy5.5-SST110. 
As shown in Table 3, the quantum yields are affected by 

the presence of murine S100A9. Proximity of the conju-
gate Cy5.5-SST110 to the protein upon binding leads to a 
quenching from ΦF = 0.22 to ΦF = 0.05. On the other hand, 
the quantum yield of Cy5.5-azide is slightly increased in the 
presence of the protein, which might be attributed to micro-
environmental effects upon unspecific binding.

The fluorescence lifetimes appear slightly elongated from 
0.94 ns and 0.95 ns to 1.22 ns and 1.22 ns for the Cy5.5-
SST110 conjugate in  H2O and HPS (pH = 7.4), respectively, 
compared to the dye-azide precursor. The presence of the 
protein slightly shortens the lifetime of Cy5.5-azide, which 
again is attributed to unspecific binding effects. However, 
no substantial change in lifetime upon binding of Cy5.5-
SST110 was observed, compared to the unbound probe. In 
summary, conjugation to the S100A9-targeting 2-amino ben-
zimidazole-based lead structure in Cy5.5-SST110 did not 
significantly affect the photophysical properties of Cy5.5 in 
aqueous solution and physiological buffer, as seen from the 
comparison of the conjugate with the dye-azide precursor. 
However, the drop of ΦF in the presence of murine S100A9 
deterred us from further protein interaction studies and is 
also a constrain for potential NIR imaging studies.

3.4  Determination of KD of 6‑FAM‑SST177 
at mS100A9

The dissociation equilibrium constant KD of 6-FAM-
SST177 from murine S100A9 was determined in fluoro-
metric measurements on a multi-well plate reader. As it 
was mentioned in the previous section, the fluorescence of 
6-FAM-SST177 is dramatically quenched to ΦF = 0.07 in 
HPS buffer (pH = 7.4). Surprisingly, upon binding to the 
murine S100A9, the quantum yield rises to ΦF = 0.24, which 

Fig. 3  Room-temperature absorption spectra of Cy5.5-azide and S100A9-targeting Cy5.5-SST110 (left) in water and HPS buffer at pH = 7.4 
(cprobe ≈ 10 µM), as well as in the presence of murine S100A9 (right, cprobe = 1 µM, cprotein = 3.5 µM)
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corresponds to an approximately three-fold increase. This 
boost in fluorescence intensity upon binding of 6-FAM-
SST177 provides the read-out signal for the KD determina-
tion. Samples with a fixed concentration of 6-FAM-SST177 
(25 nM) and increasing concentrations of murine S100A9 
from 40 nM to 10 µM in HPS (pH = 7.4) were prepared 
as duplicates. The measurements were performed on three 
independent experiments. Fluorescence intensities were 
measured and plotted as protein-background-corrected and 
blank-normalized intensities against the concentration of 
murine S100A9. This resulted in the saturation binding-
curves shown in Fig. 4. The approximately three to five-fold 

fluorescence intensity increase from blank (25 nM 6-FAM-
SST177 in HPS without protein) to binding saturation con-
ditions at 10 µM murine S100A9 is in line with the rise of 
ΦF. From these curves, the dissociation equilibrium constant 
was calculated as KD = 324 nm (95 nM SEM average over 
n = 3, equations in S5), applying a non-linear regression in 
a “one-site specific binding model” (equations shown in the 
SI). As negative control experiments, non-binding 6-FAM-
azide vs. murine S100A9 as well as 6-FAM-SST177 vs. 
murine S100A8 (Fig. S57) were evaluated under the same 
conditions. In both cases, no effects of increasing protein 
concentration on the fluorescence intensity were observed.

In summary, the determined KD of approximately 300 nM 
confirms that the underlying 2-amino benzimidazole-based 
lead structure is eligible for in vitro S100A9 binding assays. 
Furthermore, Slatter et al. reported the development of a 
fluorescence intensity assay for the mitotic serine/threonine 
protein kinase Aurora-A using an Aurora-A-binding 6-FAM-
derivative, applying a quenching phenomenon analog to our 
findings [50]. This additionally supports the use of 6-FAM-
SST177 in future in vitro binding assays.

4  Conclusion

In our study, we demonstrated that a full photophysical 
characterization of fluorescent dye conjugates is crucial 
to assess the suitability of dye labels, and we found that 
only one particular S100A9-targeting conjugate turned 
out to be eligible for biological applications without any 
constrains (despite using four excellent and well-estab-
lished organic fluorophores, namely 6-FAM, BODIPY-
TMR, BODIPY-TR and Cy5.5). The fluorescein derivative 
6-FAM-SST177 showed quenching in aqueous media upon 

Table 3  ΦF, τF, radiative (kr) and non-radiative decay (knr)  constants of Cy5.5-azide and S100A9-targeting Cy5.5-SST110 in  H2O and HPS 
buffer at pH = 7.4, as well as in the presence of murine S100A9

For multiexponential decays, the amplitude-weighted average lifetimes (τav_amp) are given along with the different decay components and the cor-
responding relative amplitudes as percentages
The raw data can be observed in Fig. S48–S53
Average radiative and radiationless deactivation rate constants as well as their uncertainties were obtained as described in the SI
In case of multiexponential decays, kr and knr were calculated using the τav_amp [38]

Sample ΦF ± 0.02 τF [ns] kr  [105s−1] knr  [105s−1]

Cy5.5-Azide  H2O 0.22 τ = 0.937 ± 0.002 2.3 ± 0.2 8.3 ± 0.4
Cy5.5-Azide HPS pH = 7.4 0.22 τ = 0.947 ± 0.005 2.3 ± 0.2 8.2 ± 0.4
Cy5.5-SST110  H2O 0.21 τ = 1.217 ± 0.005 1.7 ± 0.2 6.5 ± 0.3
Cy5.5-SST110 pH = 7.4 0.22 τ = 1.22 ± 0.02 1.8 ± 0.2 6.4 ± 0.3
Cy5.5-azide with mS100A9 in HPS pH = 7.4 0.29 τ = 0.897 ± 0.006 3.3 ± 0.04 8.1 ± 0.9
Cy5.5-SST110 with mS100A9 in HPS pH = 7.4 0.05 τ1 = 1.77 ± 0.06 (49%) 0.4 ± 0.2 7.5 ± 0.4

τ2 = 0.80 ± 0.08 (51%)
τav_amp = 1.27 ± 0.04

Fig. 4  Plot of protein background-corrected and blank-normalized 
fluorescence intensity of 6-FAM-SST177 versus concentration of 
murine S100A9, resulting in a saturation binding curve. The inde-
pendent experiments were repeated on three different days (black, 
red, blue; the numbers indicate the corresponding dates). The dissoci-
ation equilibrium constant KD was calculated as 324 nM (95 nM SEM 
average over n = 3) applying non-linear regression in a “one-site—
specific binding” model
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conjugation with the targeting unit, which resulted in a low 
quantum yield and fast non-radiative decay compared to its 
azide precursor. Presumably, the interaction between the 
fluorophore and the targeting moiety open up non-radia-
tive pathways, which are less pronounced upon binding to 
murine S100A9. Hence, the determination of its protein- 
dissociation equilibrium constant in the 300 nM range was 
possible and the increased fluorescence intensities upon 
binding to murine S100A9. This serves as an outlook for 
future applications of 6-FAM-SST177 for in vitro assays. 
In contrast, the conjugate Cy5.5-SST110 showed excellent 
photophysical properties in  H2O and in buffers, but its 
fourfold drop of ΦF in the presence of protein represents a 
major constraint towards in vitro and in vivo applications. 
Furthermore, both BODIPY-conjugates, which were ini-
tially considered for fluorescence polarization/anisotropy 
assays due to their relatively long fluorescence lifetimes, 
suffered from significant quenching and aggregation phe-
nomena in aqueous media. This is attributed to their poor 
solubility and they had to be excluded from in vitro nor 
in vivo studies as well. In general, it appears abundantly 
clear that solubility, aggregation and quenching phenom-
ena (before and after conjugation with a targeting moiety 
as well as upon binding to a biological target) need to 
be seriously assessed and considered while developing a 
fluorescent bioimaging agent. In conclusion, in the present 
study we have overcome the intrinsic limitations towards a 
binding assay involving an inflammation marker.
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