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Abstract 

Copper is one of the most important transition metals in many organisms where it catalyzes a manifold of different 

processes. As a result of copper’s redox-activity, organisms have to avoid unbound ions, and a dysfunctional copper 

homeostasis may lead to multifarious pathological processes in cells with very severe ramifications for the affected 

organisms. In many neurodegenerative diseases, however, the exact role of copper ions is still not completely 

clarified.  In this work, a high affinity and highly selective copper probe molecule, based on the naturally 

occurring tetrapeptide DAHK is synthesized. The sensor (logKD = -12.8±0.1) is tagged with a fluorescent BODIPY 

dye whose fluorescence lifetime distinctly decreases from 5.8±0.2 ns to 0.4±0.1 ns on binding to copper(II)-cations.. 

It is shown by using fluorescence lifetime correlation spectroscopy, that the concentration of both probe and probe-

copper-complex can be simultaneously measured even at nanomolar concentration levels. This work presents a 

possible starting point for a new type of probe and method for future in-vivo studies to further reveal the exact role 

of copper-ions in organisms.  
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Introduction 

As an essential trace element, copper ions play an import role in the metabolism of mammalian cells[1]. Recent 

studies even suggest, that copper is an important messenger in signaling pathways[2]. This late transition metal is 

known for its ability to cycle between Cu+ and Cu2+ and to produce reactive oxygen species (ROS) through Fenton 

like reactions [3]. For these reasons, cells need to strictly regulate its concentration and, thus, no free copper pools 

exist inside cells [4]. A dysfunctional copper homeostasis on the other hand may lead to accumulation of copper and 

copper induced pathological processes, entailing diseases with serious neurological ramifications like Parkinson’s 

[5, 6], Alzheimer’s [7–9], Menke’s [10, 11], Wilson’s disease [12, 13] and amyotrophic lateral sclerosis (ALS) [14, 

15]. It is therefore essential to understand the molecular mechanisms of copper ions in these processes. A multitude 

of analytical techniques, available for probing copper levels in cells [16], suffer from serious side effects such as 

cytotoxictiy, or only determine the total copper concentration and, consequently, do not distinguish between coppers 

redox states. To circumvent these drawbacks we based this work on a series of fluorescent probes which change 

their fluorescent properties by either complexing cuprous [17–19] and cupric [20–23] ions. Most of the mentioned 

probe molecules respond by forming either fluorescent or non-fluorescent complexes, and only few examples use 

other read-out signals [24]. There are nonetheless probes that change their fluorescence properties based on 

fluorescence energy transfer (FRET) [25–28]. This mechanism results in a change of the probe’s fluorescence 

lifetime, which offers the advantage over purely intensity based probes that its signal is independent of dye 

concentration. To really delve into the concentration regime of Cu2+ levels in live cells, development of a probe with 

a high affinity towards copper(II) ions is required. Though there are studies on high affinity probe for cuprous [21, 

23] ions, those for copper(II) ions remain scarce and are based on fluorescent proteins [17, 25–27] or enzymes 

stripped of their prosthetic group [29]. 

An approach to synthesize high affinity copper(II) complexes is based on the so-called ATCUN motif [3, 30]. This 

amino terminal copper and nickel motif of human serum albumin consist of an amino acid sequence containing 

histidine on its third position and is able to form copper(II) complexes with high stability. Coupled to a suitable 

fluorescent dye with a long fluorescence lifetime and high quantum yield, a highly fluorescent and stable copper(II) 

probe can be assembled. In this paper we used this strategy to create a copper(II) probe by coupling a tetramethyl 

BODIPY (TMBB) dye to the terminal lysine residue of the ATCUN-motif tetrapeptide DAHK in continuation of 

our previous work with fluorescent proteins [25, 26, 28]. The DAHK tetrapeptide was chosen because it forms 1:1 

high-affinity complexes (KD=137fM) [31] with copper(II) ions. As these complexes absorb light in the green part of 

the visible spectrum [32], they can act as a FRET acceptor for the BODIPY dyes. The higher affinity of the probe 

molecule, together with the non-overabundant natural Cu-levels, demand for sensitive fluorescence lifetime 

measurements for a reliable [Cu2+] quantitation. 

Fluorescence lifetime information can be used to enable fluorescence lifetime correlation spectroscopy (FLCS) 

measurements [33–35]. This is a rather new single-molecule technique combining fluorescence correlation 

spectroscopy (FCS) and time-correlated single photon counting (TCSPC). FLCS offers some advantages over 

regular FCS. With FLCS, species-specific correlation functions can be generated from spectrally similar fluorescent 



species as long as their fluorescence lifetimes differ. With the lifetime information gained through TCSPC for every 

fluorescent species statistical filters are generated. These filters attribute a statistical weight to every detected photon 

stemming from one of the fluorescent species. The lifetime information can be used to correct for parasitic signals 

and artifacts like background, scattering and detector afterpulsing which may mask weak fluorescence signals [36]. 

Up to now, FLCS has been used to study many systems [35, 37, 38] for example the condensation of plasmid DNA 

in presence of spermine [39] or in the study of amyloidogenic oligomerization[40], but has not been used as an 

analytical tool for analyte quantification. Hence, in this work we demonstrate that a high affinity copper(II) probe 

based on DAHK-TMBB together with FLCS can be used to distinguish and simultaneously measure the free probe 

and the complexed species on a single- or few molecule level.  

In the following, we will describe the synthesis and structural characterization of the probe before we examine the 

selectivity and sensitivity of the complex formation. Finally, application of FLCS to titrations is shown and 

discussed for the first time. 

  

  



Experimental 

Chemicals and reagents 

The fluorescent dye 1,3,5,7-tetramethyl-8-(N-hydroxy-succinimidyl butyric ester)difluoroboradiaza-s-indacene 

(TMBB-Su) was synthesized in our laboratory according to existing recipes.[41] Chemicals for the synthesis of 

TMBB-Su were purchased from Sigma-Aldrich (Steinheim, Germany) and were used without further purification. 

Buffer substances were purchased from Carl Roth (Karlsruhe, Germany) metal salts as well as nitrilotriacetic acid 

and nitrilotriacetic acid trisodium salt were purchased from Sigma-Aldrich (Steinheim, Germany). The peptide 

Fmoc-DAHK was purchased from Genecust Europe (Ellange, Luxemburg) and was of >98% purity by HPLC.  

Apparatus 

Spectrometer 

UV/VIS- and Fluorescence-Spectra were recorded with a Jasco V650 and Jasco FP-6500 (Jasco Deutschland GmbH, 

Pfungstadt, Germany) respectively. Quantum yields were measured on a Hamamatsu Quantaurus-QY (Hamamatsu 

Photonics Deutschland GmbH, Herrsching am Ammersee, Germany). 

Time Correlated Single Photon Counting (TCSPC) 

Fluorescence Lifetimes were measured on a home built setup. Samples were excited by a pulsed diode laser 

(LDH-P-C-470B, PicoQuant GmbH, Berlin, Germany) operating at 470 nm, 20 MHz repetition rate and a laser 

power of 40 µW controlled by a laser driver (PDL-808 Sepia, PicoQuant GmbH, Berlin, Germany). Laser intensity 

was adjusted so that the detector count rate was 1% or less of the repetition rate of the laser to prevent pile-up 

effects.[42] This was achieved through a neutral density filter wheel to keep the temporal shape of the laser pulse. 

Emission light was collected in a 90° geometry under magic angle conditions and collected through a band-pass 

emission filter (HQ525/50, AHF Analystechnik) before being focused on a SPAD-detector (PDM-Series, MPD 

Micro Photon Devices S.r.l., Bolzano, Italy). Fluorescence and timing signals were recorded on TCSPC electronics 

with 65536 time bins with 16 ps resolution (Picoharp 300, PicoQuant GmbH, Berlin, Germany). Data acquisition 

and analysis was done with the PicoQuant SymPhoTime 64 software. A biexponential re-convolution model 

embedded in the SymPhTime 64 software was used to fit the experimental data. The instrument response function 

(IRF) was measured with a solution of Erythrosine B quenched by 5.66 M of potassium iodide to correct for color 

effects of the detector.[43] 

Fluorescence Lifetime Correlation Spectroscopy (FLCS) 

For the FLCS experiment the above mentioned laser beam was expanded to achieve an underfilling fraction [44] of 

β=1.68 before being reflected by a dichroitic mirror (z405/470rpc XT, AHF Analysentechnik AG, Tuebingen, 

Germany) into the back aperture of a water immersion objective (C-Apochromat 63x/1.2 NA, Carl Zeiss 

Microscopy GmbH, Jena, Germany) mounted on an inverted microscope (Axiovert 200, Carl Zeiss Microscopy 

GmbH, Jena, Germany). Fluorescence was collected through the same objective and focused on a 50µm diameter 

pinhole. Passing the HQ525/50 band pass filter fluorescence is collected by a SPAD-detector (SPCM-AQR-14, 

Perkin Elmer Germany GmbH, Rodgau, Germany). Signal collection and processing was done by the same 



hardware as mentioned above.  A 3D free diffusion model for FCS using an effective volume of Veff=0.26±0.03 fL 

and κ=4.5±0.5 was used to describe the FLCS results. The values for Veff and κ were the results of a rigorous 

calibration of the set up with Rhodamine 110 with D=(4.7±0.4)x10-6cm2s-1 at a temperature of T=298K.[45] 

Synthesis of the DAHK-TMBB Probe 

To a solution of 66.6 mg Fmoc-DAHK (96 µmol, 1 eq) and 62.3 mg TMBB-Su (144 µmol, 1.5 eq) in 2 mL dry THF 

65.3 µL of DIPEA (384 µmol, 4 eq) was added. The resulting orange colored dispersion was stirred in the dark at 

room temperature for 24 h. After removal of THF in vacuo, the resulting solid was dissolved in 5 mL of 20% 

piperidine in DMF to remove the Fmoc protecting group. The solution was stirred for 20 min until no further 

production of CO2 was observed. The solution was quenched with deionized water and lyophilized. Purification was 

done by preparative HPLC, characterization was done by NMR and high resolution mass spectrometry as described 

in the supporting information. The overall yield of compound DAHK-TMBB was 7 mg (8.9 µmol, 9.3% yield; 

>95 % purity). 

General procedure  

All measurements were performed in 9 mM PBS-buffer with ionic strength set to I=154 mM (NaCl) and pH=7.54. 

The pH-dependent measurements were performed using suiteable non-complexing Good’s buffers.[46, 47] The 

concentration of a DAHK-TMBB stock solution was determined by absorption spectroscopy with 

ε495 nm=(85±8)103 M-1cm-1 and was diluted to concentrations between 10nM and 1µM depending on the experiment 

with a relative error of 10% in each case. Free copper(II) concentrations were adjusted using nitrilotriacetic acid 

(NTA3- and CuNTA-) as a metal ion buffer at a total buffer concentration of 0.1 mM with the help of the so-called α-

coefficient method [48] 

Fluorescence titration model 

We verified by a Job’s plot (see SI Fig. S 13) the known 1:1 stoichiometry for the complex [32]. Reaction (1) 

describes the formation of the DAHK-TMBB copper(II) complex.  

 𝐷𝐴𝐻𝐾 − 𝑇𝑀𝐵𝐵 + 𝐶𝑢2+⇌𝐶𝑢𝐼𝐼𝐷𝐴𝐻𝐾−𝑇𝑀𝐵𝐵 (1) 

 𝑤𝑖𝑡ℎ𝐾𝐷 = [𝐷𝐴𝐻𝐾 − 𝑇𝑀𝐵𝐵] (2) 

From equation (2) the Hill equation (3) can be derived. By fitting (3) to the experimental data the KD can be 

determined. 

 𝜃𝑏 = [𝐶𝑢𝐼𝐼𝐷𝐴𝐻𝐾 − 𝑇𝑀𝐵𝐵][𝐶𝑢𝐼𝐼𝐷𝐴𝐻𝐾 − 𝑇𝑀𝐵𝐵] + [𝐷𝐴𝐻𝐾 − 𝑇𝑀𝐵𝐵] = 
(3) 

However, the occupancy 𝜃𝑏 can be converted to a more accessible experimental quantity. In this work we will look 

into to the measured quantities, i.e. the fluorescence intensity IFl, the average fluorescence lifetime τav and the 

number of particles N. For a measured variable X substituting IFl, τav, and N the occupancy 𝜃𝑏 can be described as 

follows. [30] 



 𝜃𝑏 = [𝐶𝑢𝐼𝐼𝐷𝐴𝐻𝐾 − 𝑇𝑀𝐵𝐵][𝐶𝑢𝐼𝐼𝐷𝐴𝐻𝐾 − 𝑇𝑀𝐵𝐵] + [𝐷𝐴𝐻𝐾 − 𝑇𝑀𝐵𝐵] = 𝑋𝑓𝑟𝑒𝑒 − 𝑋𝑋 − 𝑋𝑏𝑜𝑢𝑛𝑑 
(4) 

Here Xfree, Xbound, and X denotes the variable when the probe binds 0 eq, 1 eq and between 0 eq and 1 eq of Cu2+ 

respectively. By combining equation , (3)(4) and (4) (2)the following equation is obtained which can be used 

directly as a model to describe the experimental data by substituting X with the desired measured parameter. 

 𝑋 = 𝑋0 − (5) 

Eq. (5) applies to all conditions where ligands are not significantly changing the total [Cu2+]tot, but not in systems 

with extremely high affinity like [DAHK-TMBB].[45]. Such lacking equilibrium conditions are overcome through 

the use of metal ion buffers.[46] More precisely, the pH dependent conditional dissociation constant KD of the Cu2+ 

complex with DAHK-TMBB is accessible by nitrilotriacetic acid as buffer for Cu2+ ions. In unbuffered systems, we 

keep the relationship in mind that  

  (6) 

 

 [𝐷𝐴𝐻𝐾 − 𝑇𝑀𝐵𝐵]𝑡𝑜𝑡 = [𝐶𝑢𝐼𝐼𝐷𝐴𝐻𝐾 − 𝑇𝑀𝐵𝐵] + [𝐷𝐴𝐻𝐾 − 𝑇𝑀𝐵𝐵] (7) 

 

and 

 

𝜃𝑏 + 𝜃𝑓 = [𝐶𝑢𝐼𝐼𝐷𝐴𝐻𝐾 − 𝑇𝑀𝐵𝐵][𝐶𝑢𝐼𝐼𝐷𝐴𝐻𝐾 − 𝑇𝑀𝐵𝐵] + [𝐷𝐴𝐻𝐾 − 𝑇𝑀𝐵𝐵]+ [𝐷𝐴𝐻𝐾 − 𝑇𝑀𝐵𝐵][𝐶𝑢𝐼𝐼𝐷𝐴𝐻𝐾 − 𝑇𝑀𝐵𝐵] + [𝐷𝐴𝐻𝐾 − 𝑇𝑀𝐵𝐵] = 1 

(8) 

The unknown concentration of the free aqueous copper(II) ion  in equation (5) can be rewritten to be only dependent 

on the total known copper(II) concentration  

 𝑋 = 𝑋0 − (9) 

  



Results and discussion 

Spectral properties of DAHK-TMBB  

Mass spectra with significant fragments, evidencing the sequential cleavage of the lysine-tagged tetrapeptide, and 

NMR spectroscopy verify the successful preparation of DAHK-TMBB (see SI Fig. S 4-10). The spectral properties 

of the probe DAHK-TMBB are mainly governed by the properties of the TMBB dye. The absorption spectra shows 

a peak at λ=495 nm with a molar absorptivity of ε495 nm = (85±8)x103 M-1cm-1. Excitation leads to fluorescence at 

λmax = 507nm with Φ=75±2%. TCSPC measurements revealed a mono-exponential decay with a fluorescence 

lifetime of τ=5.8±0.2ns. The spectral properties of the probe remain nearly constant over the wide pH-range of 

2 < pH < 13 (s. Fig. S 11 in the ESI).  

 

Fig 1 Normalized absorption and fluorescence spectrum of the DAHK-TMBB in pH = 7.41 PBS buffer. The figure shows the 
absorption (black) and fluorescence emission (red) spectrum of the probe with a maximum at λ = 495 nm for absorption and λ = 
507 nm for emission, respectively. 

The selectivity of DAHK-TMBB for copper(II) Ions 

We have investigated the behavior of DAHK-TMBB in the presence of different metal ions. For that purpose, we 

added 100 eq of the respective Mx+ metal ion to a DAHK-TMBB solution (c = 1 µM) in PBS buffer and measured 

the fluorescence response. The results are depicted in Fig. 2 a) and show for copper and nickel ions a significant 

decrease of fluorescence intensity (grey bars). Adding 1 eq of copper to all other metal ion solutions results in a 



drastic decrease of fluorescence intensity by 90%. Even in the case of nickel a further decrease is noticed 

suggesting, that copper is able to displace nickel from the DAHK-TMBB-nickel complex. Fluorescence quenching 

by nickel is not surprising as the ATCUN motif is named after its capability to bind nickel as well. Even though the 

resulting nickel complex acts as acceptor for the BODIPY emission (see Fig. S 12 in the SI), no interference from 

nickel in presence of copper ions is expected because the ability of DAHK to bind copper is about 105 times higher 

than to bind nickel [49]. Please note that in systems with large excess of Ni2+ compared to Cu2+ cations, e.g. in 

geology or electrochemistry, fluorescence quenching might be ambiguous. Nonetheless, this should not be a major 

problem in most biological systems with little or no Ni2+ present. 

 

Fig 2 a) The fluorescence response of the DAHK-TMBB probe to the presence of 100 eq of metal ions (grey) and to the addition 
of 1 eq Cu2+ to said solutions (red) as well as the fluorescence recovery after adding EDTA (blue). b) The fluorescence decay of 
DAHK-TMBB (black) and its response to the addition of 1 eq Cu2+ (blue). The IRF of the system is shown in grey. c) The pH 
dependent evolution of the DAHK-Cu2+ complex absorption spectra and d) as well as e) the pH dependence of the average 
fluorescence lifetime and fluorescence intensity of the DAHK-TMBB-Cu complex, respectively. 

The quantum yield of the complex was measured to be Φ=3±4% which corresponds well to the decrease in intensity. 

Fig 2 b) shows the biexponential decay with a long lifetime species with τFl,long=5.8±0.2 ns (Along=6.5%) and a short 

lifetime with τFl,short=0.4±0.1 ns (Ashort=93.5%) which results here in an amplitude weighted average lifetime for the 

DAHK-TMBB-Cu complex of τav, amp=0.7±0.1 ns. This decrease in intensity, quantum yield and lifetime is the direct 

consequence of DAHK-TMBB forming a quadratic-planar complex with copper(II) ions. Due to the high ligand 

field splitting, induced by the nitrogen ligands, the complex absorbs with a maximum at λ=525 nm (ε525nm=120 M-

1cm-1). From the spectral overlap with the TMBB emission spectrum, we propose  energy transfer as quenching 



mechanism, although presumably different from typical dipole-dipole coupling in FRET. From the long and short 

lifetime component a quenching efficiency . is calculated 

At pH > 6 the complex shows high energy transfer effiencies concomitantly with a good spectral overlap.. Below pH 

6, the spectral red shift of the complex absorption spectrum is accompanied by an abrupt recovery of the 

fluorescence lifetime, the intensity and by a decline of energy transfer efficiency (Fig. 2c, d, e)). This correlated 

behavior presumably results from the ionization, that is protonation at pH < 6, of the imidazole residue of the 

histidine side-chain (pKa = 6.27) and underpins its role in forming the highly stable DAHK-TMBB-Cu complex 

with its characteristic absorption spectrum. Quadratic coordination of the central ion is realized with the amino-

terminal, the first and second peptide-bond and, finally, the heterocyclic nitrogen atom of the imidazole ring [31, 32] 

The experimental spectral changes and change in stability upon protonation agree with the documented properties of 

peptide-copper complexes [50].  

Fluorescence titrations 

The fluorescence titration experiments were carried out in two different variants. At first, we directly titrated the 

probe with increasing concentrations of CuSO4 without the use of metal-ion buffer. The titration model described by 

equation (9) was fitted to the resulting data. Fig. 3 a) and b) shows the decrease in fluorescence emission intensity IFl 

versus total copper(II) ion concentration. The titration curve shows a significant drop when [Cu2+]tot≈[DAHK-

TMBB]tot (Fig. 3 b)). This is a consequence of the extremely high affinity of the DAHK-TMBB probe towards 

copper(II). The same behavior can be observed when [DAHK-TMBB]tot is decreased from 1 µM (Fig 3 b; red line) 

to 10 nM (Fig 3 b; dashed red line). This situation resembles classical pH-titrations with strong bases and acids. 

Consequently, fitting the data to equation (9) delivers unreasonable values for the dissociation constant (i.e. 

basically 0), but delivers [DAHK-TMBB]tot. The model from equation (9) is actually only useful for cases, where 

the probe concentration is in the same range as the dissociation constant, and experimental conditions fulfilling the 

requirements of equation (9) for the determination of KD in the femtomolar range are hardly established in a 

straightforward strategy.   

In a second approach, the titration was performed where the free copper ion concentration was controlled by the 

CuNTA-/NTA3- metal ion buffer system (Fig. 3c, d)).  From the gradual decrease in fluorescence intensity, 

corresponding to the gradual increase in free copper(II) ions, a value of KD,em = 105±18 fM (logKD=-12.98±0.07) is 

found on the basis of equation (5) which is in good agreement to previously published dissociation constants for the 

unsubstituted DAHK tetrapeptide (logKD=-13.6 [30] and logKD=-13.8. [31]). The comparison indicates that the 

introduction of the TMBB dye by modifying the Lys-residue has little influence on the complex formation and its 

equilibrium constant.  



 

Fig 3 a) Decrease of fluorescence intensity with an increasing total copper(II) concentration. The grey area describes the 
variations in signal intensity due to dilution or read out noise at [Cu2+] < 10-10 M. A steep decrease of intensity is seen as soon as 
a certain total copper(II) concentration is reached. The plot of the emission maxima vs. increasing total copper(II) concentration 
is shown in b) for two different concentrations of the probe (i.e. [DAHK-TMBBB] = 1 µM black squares and [DAHK-TMBB] = 
10 nM open squares) as well as the resulting fit (red line resp. dashed red line) by equation (9). Panel c) shows the continuous 
decrease of fluorescence intensity of the probe with increasing amounts of free copper(II) ions) and d) the plot of emission 
maxima vs. increasing free copper(II) concentration. The red line is the resulting fit with equation (5). Each data point is 
averaged over five measurements and displayed with their standard deviation.   



  

Fluorescence lifetime and Fluorescence lifetime correlation spectroscopy 

After establishing the spectral response and binding model for the DAHK-TMBB probe towards copper(II) ions we 

expanded the experiment to fluorescent lifetime measurements in the time domain using TCSPC. The huge 

advantage of analysing the fluorescence lifetime is its robustness against environmental influences e.g. fluctuations 

in concentration. Fig. 4 a) and b) show the response of the amplitude weighed average fluorescence lifetime of a 

300 nM solution of DAHK-TMBB titrated with increasing total copper(II) concentrations. Again similar to the case 

of the spectra the fluorescence lifetime experiences a sharp drop approaching the critical concentration condition 

where [DAHK-TMBB]=[Cu2+]tot. As before, this type of titration gives unreasonable values for the dissociation 

constant but can be used to quantify [DAHK-TMBB]. 

Fluorescence lifetime titration of a 15 nM DAHK-TMBB solution with a buffered solution results in the 

fluorescence decays shown in Fig. 4 c) and d). A biexponential model describes the fluorescence decays. In this 

model the amplitude associated with the short fluorescence lifetime (i.e. the DAHK-TMBB-Cu complex) gradually 

increases in the same amount as the amplitude associated with the long fluorescence lifetime (i.e. the free DAHK-

TMBB probe) decreases. This behavior is best shown in Fig. 4 d) where the average fluorescence lifetime is plotted 

versus increasing free copper(II) concentrations. Fitting of these data results in a dissociation constant of 

KD=137±11 fM (logKD=-12.86±0.04), which is in very good agreement to the previous experiment. Interestingly, at 

low concentrations of free copper(II) ions the average fluorescence lifetime of the probe is lower than the 

fluorescence lifetime of the free probe. This finding results from a short lifetime component with an amplitude of 

12% in the biexponential fluorescence decay, indicating a certain amount of complex even at extremely low levels 

of free copper(II) . The reason for the discrepancy to the data in Fig. 4a, b) probably is the similar dissociation 

constant of the metal ion buffer complex CuNTA-, used in large excess, and the DAHK-TMBB probe, which 

enables some complex formation. 



 

Fig 4 a) The fluorescence decay of DAHK-TMBB in presence of increasing total copper(II) ions. The total ion concentrations 
increase from violet to brown showing a significant biexponential behavior at concentrations > 50 nM of [Cu2+]tot (orange curve). 
At concentrations [Cu2+]tot = 1 µM the amplitudes of the biexponential decay do not change anymore and remain constant with 
Ashort = 98% for the DAHK-TMBB-Cu complex and Along = 2% for the free DAHK-TMBB probe. Panel b) shows the plot of the 
amplitude weighted average fluorescence lifetime versus the increasing total copper(II) ion concentration. There is a sharp 
decrease at [Cu2+]tot = [DAHK-TMBB]. Fig 4 c) depicts the fluorescence decay of DAHK-TMBB in presence of increasing free 
copper(II) ions controlled by the NTA3-/CuNTA- metal ion buffer. Starting at the orange curve there is a significant biexponential 
behavior which gradually intensifies up to the brown curve with an amplitude of Ashort = 95% for the short lifetime component 
and Along = 5% for the long lifetime component. This behavior can be better seen in panel d) where the amplitude weighted 
average fluorescence lifetime is plotted against the free copper(II) concentrations. Each data point is the average of five different 
measurements and is depicted with its standard deviation. 

In a FLCS experiment, two kinds of information are used. The classical correlation of fluorescence fluctuations as in 

FCS experiments results in an autocorrelation curve describing the diffusional behavior and concentration of a 

fluorescent species. Together with the fluorescence lifetime information from the simultaneous TCSPC 

measurement of the sample, FLCS is able to generate species specific autocorrelation curves for each fluorescent 

species with distinguishable fluorescence lifetimes. FLCS measurements were performed on a solution containing 

[DAHK-TMBB] = 15 nM. As before, free copper(II) levels were adjusted by the CuNTA-/NTA3- metal ion buffer 

system. To explain the principle of the FLCS measurement the classical FCS curve of the system for the data point 

with [Cu2+]free = 22 pM is shown in Fig. 5 c) (black curve). The apparent concentration resulting from the unfiltered 

FCS curve gives [DAHK-TMBB]= 4.8±0.4 nM which is much lower than the adjusted probe concentration. This 

mismatch is a direct consequence from the different quantum yields of probe (Φ = 75%) and copper(II) complex (Φ 



= 3%) and results in an apparently lower concentration when performing FCS measurements on a mixture of 

species[51].By fitting a biexponential model to the associated fluorescence decay (Fig 5 a))  we created the so-called 

filter functions for FLCS (Fig. 5 b)). These are used to extract the species-specific autocorrelation functions (ACF) 

from the classical FCS curve. The resulting curves are shown in Fig 5 c) in green for the DAHK-TMBB-Cu 

complex and in blue for the free DAHK-TMBB probe. FLCS gives independent concentration values for probe and 

its copper(II) complex and thus the real concentration for the total [DAHK-TMBB]tot= 11.1±2.8 nM . 

 

Fig. 5 Obtaining the species specific ACFs with the help of FLCS. Panel a) shows the biexponential fluorescence  decay (black) 
as well as its biexponential re-convolution fit (red) of DAHK-TMBB at an exemplary free copper(II) ion concentration, [Cu2+] = 
22 pM. The grey curve is the IRF of the system. Fig 5b) depicts the filter functions f calculated from the biexponential fit (red) 
from panel a). The blue curve is the filter function for the DAHK-TMBB-Cu complex, green is the filter function for the free 
DAHK-TMBB probe and the grey curve is the filter function generated from background and scattering. In panel c) the result of 
applying the filter functions on the ACF (black, already corrected for afterpulsing) of the probe is shown. The filter functions 
generate the species specific ACF for the DAHK-TMBB-Cu-complex (blue) and the free DAHK-TMBB probe (green). All ACF 
were fitted by applying a simple three-dimensional diffusion model. The grey area displays the standard deviation of the ACF. 
The last panel d) depicts the resulting ACF of applying the described procedure to every data point in a titration series. The upper 
panel shows the ACF for the free DAHK-TMBB probe and the lower panel for the DAHK-TMBB-Cu-complex. 

Consequently, this analysis by FLCS results in the two different autocorrelation curves, one for the free probe 

DAHK-TMBB and one for the complex DAHK-TMBB-Cu, for each data point. The fit functions of the resulting 

ACF are depicted in Fig. 5 d). The amplitude of the autocorrelation function of DAHK-TMBB is increasing (upper 

panel Fig 5 d)) as simultaneously the amplitude of the DAHK-TMBB-Cu complex autocorrelation functions is 

decreasing (lower panel Fig 5 d)). Plotting the inverse of the ACF amplitudes, i.e. the number of molecules in the 



detection volume, versus the free copper concentration deliver independent molecule numbers (Fig. 6 a, b)), and, 

subsequently, the total concentration of [DAHK-TMBB] as the sum (Fig. 6 c)). The latter value yields, on average, 

[DAHK-TMBB] = 13.4±2.2 nM for a large range of free [Cu2+]. Fitting the individual titration plots (Fig. 6 a, b)) to 

equation (5), we compute dissociation constants of KD= 102±23 fM (logKD=-12.99±0.10) for the free DAHK-

TMBB probe and KD = 600±123 fM (logKD=-12.22±0.09) for the DAHK-TMBB-Cu complex, respectively. While 

the first of these values coincides with the other determined values, the difference of the second value is a direct 

consequence of the quality of the autocorrelation function and thus the quality of the fit. Especially for the case of 

the low fluorescent DAHK-TMBB-Cu complex the quality of the autocorrelation function, i.e. the number of 

photons stemming from DAHK-TMBB-Cu and used for the correlation is rather low, and separation from the 

background signals may not properly work anymore. Nonetheless, it turns out that with the help of FLCS the 

concentration of free probe and complex can be determined in a single measurement on a single-molecule level.  

 

Fig. 6 a) Number of molecules N derived from the amplitude of the ACF for the free DAHK-TMBB probe. While increasing the 
free copper(II) concentration the number of molecules decreases. The resulting data points were fitted with eq. (5) the resulting 
function is displayed in red. Part b) depicts the number of molecules N for the DAHK-TMBB-Cu complex. The amount of probe-
copper complex increases while the free copper(II) concentration increases. Again, the data points are fitted with eq. (5). All 
measurements were performed five times and the data points displayed as the average of the measurements together with their 
standard deviations. The last panel c) shows the sum of the data points in panel a) and b) i.e. the total number of molecules Ntot at 
every measuring point. The solid and dashed red lines are the average over of all measurements and the standard deviation, 
respectively, resulting in a mean value of Ntot=2.09±0.34, which is in good accordance to the total probe concentration used in 
this experiment. 



Conclusion 

We have synthesized a high affinity copper(II) probe based on the coupling of the short natural peptide DAHK to a 

tetramethyl BODIPY (TMBB). In the presence of copper(II)-ions the probe forms a highly stable, violet colored 

complex which is able to act as a acceptor for the TMBB emission, hence quenching its fluorescence intensity and 

lifetime. Using fluorescence lifetime measurements we can accurately determine the dissociation constant of the 

complex, which is hardly affected by the fluorescent tag. Moreover, by combining the lifetime information with 

fluorescence correlation spectroscopy in fluorescence lifetime correlation spectroscopy, the simultaneous 

quantification of both free probe and complex becomes possible on a single to few molecule level. This probe 

concentration range is beneficial for in-vivo [Cu2+] determination as interference with natural [Cu2+] pools can 

widely be ignored. We are confident that probes and FLCS measurements, further evolved from the presented 

approach, will complement already established copper(II)-probes and may provide detailed insights on disease 

mechanisms and signaling pathways in which copper(II) plays a role. The unbuffered situation, which is 

encountered in other system than living organism [28], may find implementation in quantification assays similar to 

classical pH-titrations: The concentration of any molecule, labelled with a fluorescent, strong complex precursor, 

can be sized by progressively increasing amounts of quencher. We foresee an application in miniaturized volumes or 

other situations where fluorescence methods are superior to classical titration experiments. 
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