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Highlights 

 

 Three squaraine cyanine dyes possessing in their structures moieties derived from 

barbituric acid was synthesized and fully characterized. 

 The potential as probes for HSA and BSA detection of the three squaraine cyanine 

dyes was studied.  

 The binding constants showed that the dyes have a strong interaction and high 

affinity for both proteins. 

 The Zeta potential values revealed that the dyes are quite stable in aqueous media.  
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Abstract 

Three indolenine-based barbiturate squaraine dyes were synthesized, characterized and 

subjected to photophysical studies, including their affinity with human serum albumin 

and bovine serum albumin as protein models in phosphate buffer solution. All dyes 

successfully interact with both proteins with high affinity binding constants. It was found 

that dyes with hydrophobic substituents had superior binding constants with both 

proteins. The fluorescence intensity of all dyes increased in the presence of both proteins 

which allowed the determination of detection and quantifications limits in the tens of 

nanomolar, using a protein concentration of 0 – 3.5 µM. Concerning to the study on the 

binding sites of the synthesized dyes using the warfarin and ibuprofen markers, the results 

of this study suggest that, one dye binds to both BSA binding sites while the two others 

dyes binds only to site I, and that all three dyes bind to both HSA binding sites. 

Keywords: Barbiturate, Squaraine dyes, Near-IR-emitting, Fluorescent probes, Serum 

albumins  

 

 

1. Introduction 

In the biomedical diagnosis area, the determination of serum albumin (SA) concentration 

is a fundamental parameter to assess the patient's health. It provides a secure prognosis 

for development of some diseases in both healthy and apparently healthy individuals [1]. 

SA like human serum albumin (HSA) and bovine serum albumin (BSA) are a family of 

water-soluble globular proteins, within which SA is the major protein in blood plasma. 

Over the years has been the most studied class of proteins due to their properties, such as 

stability and ability to bind and transport several ligands to specific sites [2, 3]. Albumins 

have an essential role in the maintenance of various metabolic processes, such as, 

determining plasma oncotic pressure, antagonizing the activity of toxins and controlling 

the anti-oxidant properties of plasma, among others [4-7]. Therefore, changes in albumin 

concentration can be used as early stage biomarker for several disorders, such as 

cardiovascular disease, liver injury, glomerular failure, diabetes, among others [8, 9]. 

Given its relevance in biological systems, its quantitative determination in fluids is of 

great importance in clinical diagnosis. Nowadays there are several detection methods in 

used, namely colorimetric techniques (Lowry and Bradford method), immunoassays, 
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Surface-Enhanced Raman Scattering (SERS), cyclic voltammetry and 

chemiluminescence. However, these techniques have several drawbacks, the main one 

being the need of specific equipment and specialized personnel, which increases the cost 

efficiency of the processes, along with difficult sample preparation protocols [10-12].  

The search for new methods that may overcome these disadvantages and allow rapid, 

low-cost and non-invasive assessment is a constantly developing area. One of the 

appealing alternatives is the fluorescence spectroscopy. This technique is a powerful tool 

that offers unique advantages, e.g, simplicity, excellent sensitivity and compatibility with 

both live cells and physiological assays and cost efficiency [13, 14]. Several fluorescence-

based methods are being developed especially in the clinical and biological research areas 

[15, 16]. 

Polymethine dyes are a class of compounds that have unique properties, namely, sharp 

and intense absorption in the red-near infrared (NIR) region, high extinction coefficient, 

intense fluorescence and moderate photoconductivity [17, 18]. These characteristics 

make them a target of interest for both technological and biological applications, 

particularly as organic solar cell sensitizers [19, 20], photoconductive materials [21, 22], 

photodynamic therapy photosensitizers [23, 24], as well as fluorescent probes and labels 

[25-28]. Some squaraine dyes features a two-photon excited fluorescence effect (TPEF), 

what makes them very appealing for use in bioimaging because it allows to obtain deeper 

and clearer images [29]. 

Here it is presented for the first time the synthesis of two innovative squaraine dyes with 

a barbiturate group that were successfully used for SA fluorescence detection. We also 

used the dye 8a previously reported by some of us [23], which had not yet been used in 

this type of tests. The binding mechanism that BSA and HSA have in the presence of 

increasing amounts of the three dyes were fully explored. Moreover, since the 

fluorescence enhancement provided by the formation of the dye-protein complex was 

linear and, as such, it was possible to determine the system detection limit (DL), 

quantification limit (QL) and sensitivity.  

 

2. Materials and Methods  

Chemicals and reagents (e.g. 2,3,3-trimethylindolenine (1), 3,4-dihydroxycyclobut-3-en-

1,2-dione, barbituric acid (6a), thiobarbituric acid (6b), BSA, HSA, warfarin and 

ibuprofen, were purchased from commercial suppliers and used without further 
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purification unless otherwise noted. 1-Hexyl-2,3,3-trimethylindolin-1-ium iodide (2) 

[30], 3,4-dibutoxycyclobut-3-en-1,2-dione (4) [31], 3-butoxy-4-[(1-hexyl-3,3-

dimethylindol-3H-ylidene)methyl]-cyclobut-3-en-1,2-dione (5) [23], 

1,3‑ diphenylthiourea (6c3) [32], 1,3-diphenyl-2-thiobarbituric acid (6c5) [32], 

triethylammonium 2-[(1-hexyl-3,3-dimethylindolin-2-ylidene)methyl]-4-oxo-3-(2,4,6-

trioxohexahydro-5-pyrimidinyliden)cyclobut-1-en-1-olate (7a) [23] and 4-[(1-hexyl-3,3-

dimethyl-3H-indol-1-ium-2-yl)methylidene]-2-[(1-hexyl-3,3-dimethylindolin-2-

ylidene)methyl]-3-(2,4,6-trioxohexahydro-5-pyrimidinyliden)cyclobut-1-en-1-olate (8a) 

[23] were prepared according to the literature procedure. 

All reactions were monitored by thin-layer chromatography (TLC) on aluminium plates 

with 0.25 mm of silica gel (Merck 60 F254). Melting points (m.p.) were measured in a 

hot plate binocular microscope apparatus (URA Technic, Portugal) and were uncorrected. 

Visible (Vis) spectra were obtained on a Perkin Elmer Lambda 25 instrument; max in 

nanometers (nm). The infrared (IR) spectra were recorded on a UNICAM Research Series 

FTIR spectrophotometer using KBr pellets; ʋmax in cm-1. The bands were described as s 

(strong), m (medium) or w (weak). Nuclear magnetic resonance of proton (1H NMR) and 

nuclear magnetic resonance of carbon-13 (13C NMR) spectra were obtained at 298.15 K 

on a NMR Brucker Avance III 400 spectrometer operating at 9.4 T, observing 1H at 

400.13 MHz and 13C at 100.62 MHz. The solutions were prepared in CDCl3 and the 

chemical shifts are expressed as δ (ppm) relative to tetramethylsilane (internal standard) 

or to residual solvent signals and the coupling constant (J) values are given in hertz (Hz). 

Splittings were described as s (singlet), d (doublet), t (triplet), qt (quintet) or combinations 

of the above or m (multiplet). Chemical shifts of 13C NMR spectra are presented to the 

hundredths because after rounding to the tenths the signals of some different carbons 

would appear to the same chemical shift. The assignments of the carbon were made based 

on Distortionless Enhancement by Polarization Transfer (DEPT 135) spectra. High 

resolution electrospray ionization time-of-flight mass spectra (HRESI-TOFMS) were 
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recorded using a microTOF (focus) Brucker Daltonics spectrometer (C.A.C.T.I. at the 

University of Vigo). 

2.1. Synthesis and characterization of precursors and squaraine dyes 

2.1.1. Synthesis of triethylammonium 2-[(1-hexyl-3,3-dimethylindolin-2-

ylidene)methyl]-4-oxo-3-(4,6-dioxo-2-thioxohexahydro-5-pyrimidinyliden)cyclobut-1-

en-1-olate (7b)  

The title compound was prepared by a similar method described by Tatarets et al. [33], 

from a reaction of the semisquaraine 5 (1.084 g, 2.74 mmol) and thiobarbituric acid (6b) 

(0.593 g, 4.11 mmol) in ethanol (20 mL) in the presence of triethylamine (0.380 mL, 2.74 

mmol). The mixture was stirred under reflux for 6 h and then was cooled on an ice bath 

to allow the product to precipitate by the addition of diethyl ether. The resulting residue 

was washed with heated diethyl ether, filtered under reduced pressure and used in the 

next step without further purification. 

 

2.1.2. Synthesis of triethylammonium 2-[(1-hexyl-3,3-dimethylindolin-2-ylidene)methyl]-

4-oxo-3-(4,6-dioxo-1,3-diphenyl-2-thioxotetrahydro-5-pyrimidinyliden)cyclobut-1-en-1-

olate (7c)  

The title compound was synthetized analogously to 7b, from a reaction of the 

semisquaraine 5 (0.585 g, 1.48 mmol) and compound 6c5 (0.657 g, 2.22 mmol) in ethanol 

(15 mL) in the presence of triethylamine (0.205 mL, 1.48 mmol). The mixture was stirred 

under reflux for 7 h and then was cooled on an ice bath to allow the product to precipitate 

by the addition of diethyl ether. The resulting residue was washed with heated diethyl 

ether, filtered under reduced pressure and used in the next step without further 

purification. 

 

2.1.3. Synthesis of 3-(4,6-dioxo-2-thioxotetrahydro-5-pyrimidinyliden)-4-[(1-hexyl-3,3-

dimethyl-3H-indol-1-ium-2-yl)methylidene]-2-[(1-hexyl-3,3-dimethylindolin-2-

ylidene)methyl]cyclobut-1-en-1-olate (8b) 

The title dye was prepared by reaction of the semisquaraine dye 7b (0.92 g, 1.62 mmol) 

with the ammonium quaternary salt 2 (0.60 g, 1.62 mmol) in a mixture (1:1 v/v) of n-

butanol/toluene (20 mL), stirred for 8 h at reflux in a Dean-Stark apparatus. The reaction 

mixture was quenched with cold distilled water, and the organic layer, after separation by 

decantation, dried with anhydrous Na2SO4 and the solvent removed under reduced 
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pressure. The obtained residue was purified by successive recrystallizations from CH2Cl2/ 

petroleum ether/ diethyl ether. Dark green crystals were recoiled and dried under reduced 

pressure. Yield: 5%; m.p.: 259-260 ºC; Vis max (DMF): 652 nm, log ε = 5.17; Vis max 

(PBS): 645 nm;  IR ʋmax (KBr): 3420 (w, NH), 3067 (w, ArCH), 2955 (m, CH), 2926 (m, 

CH), 2857 (m, CH), 1740 (m, C=O), 1597 (m, ArC=C), 1493 (s), 1454 (s), 1358 (m), 

1288 (s), 1236 (w), 1219 (w), 1175 (m), 1153 (m), 1109 (s), 1057 (m), 1018 (w), 980 (w), 

922 (m), 820 (w), 789 (w), 748 (w), 687 (w); 1H NMR (400.13 MHz, CDCl3) δ: 8.77 (2H, 

s, NH, exchange with D2O), 7.38-7.34 (4H, m, ArH), 7.22 (2H, t, J = 7.4, ArH), 7.07 (2H, 

d, J = 7.6, ArH), 6.29 (2H, s, CH=C), 4.00 (4H, t, J = 7.4, NCH2(CH2)4CH3), 1.82 (4H, 

qt, NCH2CH2(CH2)3CH3), 1.75 (12H, s, C(CH3)2), 1.43 (4H, qt, N(CH2)2CH2(CH2)2CH3), 

1.38-1.31 (8H, m, N(CH2)3(CH2)2CH3), 0.91 (6H, t, J = 6.8, N(CH2)5CH3); 
13C NMR 

(100.6 MHz, CDCl3) δ: 180.37, 174.91, 173.95, 173.01, 172.79, 160.62, 142.54, 141.86, 

128.04 (ArCH), 124.85 (ArCH), 122.26 (ArCH), 110.37 (ArCH), 93.73 (CH=C), 88.41, 

49.51 (C(CH3)2), 44.77 (NCH2), 31.30 (CH2), 26.86 (CH2), 26.63 (CH2), 26.42 

(C(CH3)2), 22.49 (CH2), 14.01 (CH3); HRESI-TOFMS m/z: 690.3598 [M]+ 

(C42H50N4O3S calc. 690.3606). 

 

2.1.4. Synthesis of 3-(4,6-dioxo-1,3-diphenyl-2-thioxotetrahydro-5-pyrimidinyliden)-4-

[(1-hexyl-3,3-dimethyl-3H-indol-1-ium-2-yl)methylidene]-2-[(1-hexyl-3,3-

dimethylindolin-2-ylidene)methyl]cyclobut-1-en-1-olate (8c) 

The title dye was prepared by the reaction of the semisquaraine dye 5c (0.240 g, 0.334 

mmol) with the ammonium quaternary salt 2 (0.126 g, 0.334 mmol) in a mixture (1:1 v/v) 

of n-butanol/toluene (10 mL), stirred for 2 h at reflux in a Dean-Stark apparatus. After 

work-up in the same way as barbiturate squaraine dye 8b, the obtained residue was 

purified by alumina column chromatography (CH2Cl2/MeOH, 2%). We obtained dark 

green crystals. Yield: 12%; M.p.: 250-251 ºC (dec.); Vis max (DMF): 647 nm, log ε = 

5.16; Vis max (PBS): 650 nm; IR ʋmax (KBr): 3057 (w, ArCH), 2957 (w, CH), 2927 (m, 

CH), 2860 (w, CH), 1741 (m, C=O), 1624 (m, ArC=C), 1491 (s), 1481 (s), 1454 (s), 1359 

(s), 1290 (s), 1223 (w), 1179 (w), 1154 (w), 1129 (w), 1103 (m), 1054 (w), 1021 (w), 978 

(w), 923 (w), 817 (w), 784 (w), 747 (w), 722 (w), 690 (w); 1H NMR (400.13 MHz, CDCl3) 

δ: 7.46 (4H, t, J = 7.4, ArH), 7.39-7.31 (10H, m, ArH), 7.19 (2H, t, J = 7.4, ArH), 7.0 (2H, 

d, J = 8.0, ArH), 6.32 (2H, s, CH=C), 3.86 (4H, t, J = 7.6, NCH2(CH2)4CH3), 1.73 (16H, 

br s,+ NCH2CH2(CH2)3CH3), 1.34-1.27 (12H, m, N(CH2)2(CH2)3CH3), 0.91 (6H, t, J = 
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6.6, N(CH2)5CH3); 
13C NMR (100.6 MHz, CDCl3) δ: 180.65, 180.41, 175.60, 173.66, 

172.69, 160.84, 142.86, 142.14, 141.86, 129.41 (ArCH), 129.22 (ArCH), 128.27 (ArCH), 

128.00 (ArCH), 124.98 (ArCH), 122.52 (ArCH), 110.45 (ArCH), 94.45 (CH=C), 90.27, 

49.63 (C(CH3)2), 45.03 (NCH2), 31.70 (CH2), 27.16 (CH2), 26.93 (CH2), 26.69 

(C(CH3)2), 22.73 (CH2), 14.38 (CH3); HRESI-TOFMS m/z: 843.4302 [M+H]+ 

(C54H59N4O3S calc. 843.4285).  

 

2.2. Preparation of dyes and protein solutions  

The solutions were prepared by dissolution of dyes in dimethylformamide (DMF) to 

obtain a stock solution with a concentration of 6.7×10-4M. The stock solutions of BSA 

and HSA with a concentration of 14 µM were prepared in PBS (0.05M, pH 7.2). In order 

to investigate protein/dye interactions, the DMF solutions of the dyes were diluted in PBS 

to have a concentration of 2 µM of each dye and then was added different volumes of 

BSA and HSA solutions to achieve the desired protein concentrations. All working 

solutions were prepared immediately before the assays. 

 

2.3. Spectroscopic measurements 

The absorption spectra of dyes were recorded on a Lambda 25 UV/Vis 

spectrophotometers (Perkin Elmer, USA) at room temperature (r.t.), using a spectral 

range between 500-900 nm. The emission spectra were obtained on a Varian Cary Eclipse 

fluorescence spectrophotometer (Agilent Technologies, USA). Spectroscopic 

measurements were performed in a standard quartz cell (1 cm path length).  

 

2.4. Determination of fluorescence quantum yield 

The fluorescence quantum yield was determined according to the equation 1 [34]: 

 

ɸdye= ɸref (
Graddye

Gradref
)  (

ηdye
2

ηref
2 )                                    (1) 

 

where the subscripts ref and dye denote reference and studied dyes respectively, Grad the 

gradient from the plot integrated fluorescence intensity vs absorbance and η the refractive 

index of the solvent (DMF). The reference used was zinc phthalocyanine (ɸF = 17% in 

DMF) [35]. The emission spectra were obtained with excitation wavelength exc= 600 

nm, excitation slit of 5 nm and emission slit of 10 nm.  
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2.5 Estimation of the dipole moments 

The estimation of the ratio between the ground state and the excited state dipole moments 

(µg and µe, respectively) was calculated using the solvatochromic method according to 

the equations 2 and 3 [36]. 

 

𝒗𝒂 − 𝒗𝒇 = 𝒎𝟏𝒇(𝜺, 𝒏) + 𝒄𝒐𝒏𝒔𝒕𝒂𝒏𝒕                                    (2) 

 

𝒗𝒂 + 𝒗𝒇 = −𝒎𝟐𝒇(𝜺, 𝒏) + 𝟐𝒈(𝒏) + 𝒄𝒐𝒏𝒔𝒕𝒂𝒏𝒕                           (3) 

 

where 𝒗𝒂 and 𝒗𝒇 represent the absorption and fluorescence band shifts in different 

solvents that have a specific permittivity (𝜺) and refractive index (𝒏). The parameter 

𝒈(𝒏)  is solvent dependent and can be calculated using the refractive index by the 

following equation. 

 

𝒈(𝒏) =
𝟑

𝟐
[

𝒏𝟒−𝟏

(𝒏𝟐+𝟐)𝟐
]                                                   (4) 

 

The use of these parameters allows the calculation of the ground state and the exited state 

dipole moments according to the following equation: 

𝝁𝒆

𝝁𝒈
=

𝒎𝟏+𝒎𝟐

𝒎𝟐−𝒎𝟏
                                                        (5) 

 

2.6 Determination of Zeta Potential 

The Zeta Potential measurements were performed in a Zeta PALS potential analyzer 

(Brookhaven, USA) with parallel-plate platinum black electrodes spaced 5 mm apart and 

a 10 mm path length rectangular organic glass cell. All the samples were measured using 

a sinusoidal voltage of 80 V with a frequency of 3 Hz. This measure was determined in 

solutions containing protein concentrations (BSA and HSA) in a range of 0-3.5 µM and 

a 2 µM concentration of each dye. For each sample, a total of three values were 

automatically given by the instrument, which were then averaged to give the final value 

and the standard deviation.  
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2.7 Protein assays 

In order to investigate protein-dye interactions the dye solutions were prepared in DMF 

(due to the high insolubility in aqueous medium) and then diluted in PBS buffer. To this 

solution, the protein stock solution was added and incubated for 1 hour under stirring, at 

r.t.. In these experiments the dyes concentrations were maintained (2 µM) and the proteins 

concentrations ranges from 0-3.5 µM. The fluorescence intensity of the final solutions 

was measured using a exc= 580 nm, excitation slit of 10 nm and emission slit of 20 nm.  

 

2.8. Binding parameters determination 

The dissociation (𝑲𝑫) and binding (𝑲𝑩) constant values can give an idea about the 

strength of binding and thereby throws some light on the mode of binding. The apparent 

dissociation constant (𝑲𝑫) and the Hill’s coefficient (𝒏) of protein/dye system can be 

estimated by Hill’s Plot using the data from fluorescence protein assays, by the following 

equation [37]: 

 

𝒍𝒐𝒈 (
𝑸

𝟏−𝑸
)  = 𝒍𝒐𝒈 𝑲𝑫 + 𝒏𝒍𝒐𝒈[𝑷]                                      (6) 

 

where 𝑸 =
𝑭

𝑭𝒎𝒂𝒙
 and [P] is the protein (BSA or HSA) concentration.  

The values of 𝑲𝑫 were obtained from the intercept of the plot of 𝒍𝒐𝒈 (
𝑸

𝟏−𝑸
) vs 𝒍𝒐𝒈[𝑷]. 

The binding constants can be obtained using the assays of protein/dye interaction data 

through the modified Benesi-Hildebrand equation 7 [38]: 

 

𝟏

𝑭𝒙−𝑭𝟎
 =  

𝟏

𝑭−𝑭𝟎
 +  

𝟏

𝑲𝑩(𝑭−𝑭𝟎)
 

𝟏

[𝑷]
                                        (7) 

 

where 𝑭𝟎 , 𝑭𝒙  and 𝑭  are the fluorescence intensity in the absence of protein, at an 

intermediate concentration of protein and at a concentration for complete interaction, 

respectively; 𝑲𝑩  is the binding constant and [𝑷]  is the protein (BSA or HSA) 

concentration. We obtained the value of binding constant plotting a graph of 
𝟏

𝑭𝒙−𝑭𝟎
  vs 

[𝑷]−𝟏. 

Jo
ur

na
l P

re
-p

ro
of



  

 

 

2.9. Determination of binding site 

The determination of the binding sites of the synthesized dyes to the tested proteins was 

performed using a method already described by Luo et al. [4]. Assays were carried out 

with the different synthesized dyes at a concentration of 2µM, with BSA and HSA at a 

concentration of 3 µM and with different concentrations of warfarin and ibuprofen (0-

100µM).  

 

2.10 Determination of detection limit (DL) and quantification limit (QL) 

The detection limit (DL) and the quantification limit (QL) are important parameters in 

the validation of the method. These parameters were calculated using a calibration curve 

obtained from the plot of maximum fluorescence intensity as a function of the protein 

concentration and then we applied the follow equation formulas: 

 

𝑫𝑳 =
𝟑.𝟑𝒙𝑺.𝑫.

𝒌
                                                       (8) 

𝑸𝑳 =
𝟏𝟎𝒙𝑺.𝑫.

𝒌
                                                        (9) 

where 𝑺. 𝑫. is the standard deviation of blank and 𝒌 is the slope of the curve equation 

[39]. 

 

2.11 Determination of complex dye-protein lifetimes 

Lifetime data were obtained using the maximum excitation and emission of each dye at 

room temperature using frequency domain interrogation. For each case an appropriate 

wavelength LED was used to excite the sample by direct irradiation. The luminescence 

emission was guided by a 600-m Y fiber coupler. Luminescence was collected by the 

same optical fiber and lead to detection by a variable gain amplified silicon photodetector 

(PDA36A from Thorlabs, Inc.) set at 30 dB amplification and 785 kHz bandwidth. The 

signal obtained by the detector was fed into a lock-in amplifier (SR844 from SRS) where 

it was compared with a reference signal from the modulation source. The lifetime study 

was performed for individual dyes and for the complex dye-proteins. For the last it was 

used the protein concentration ranged from 0-3.5 µM. When a two-exponential decay was 

obtained the medium lifetime was calculated using the following expression: 𝝉𝒎 =
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𝒇𝟏𝝉𝟏 + 𝒇𝟐𝝉𝟐  where 𝒇𝟏  and 𝒇𝟐  are the fractional intensities and 𝝉𝟏  and 𝝉𝟐  represent 

the obtained lifetimes [40]. 

 

3. Results and discussion 

3.1. Synthesis of squaraine dyes 

The synthesis of the squaraine dyes is presented in Scheme 1. As far as the author’s 

knowledge, synthesis and spectroscopic characterization of squaraine dyes 8b and 8c are 

being presented here for the first time. Indolenine-based barbiturate squaraine dyes with 

different barbituric acid derivatives, such as thiobarbituric acid (8b) and 1,3-diphenyl-2-

thiobarbituric acid (8c) positionated on the four-membered central ring were synthesized 

by a multistep reaction (Scheme 1). Dye 8a, although already reported in a recent work 

published by some of us [23], has never been evaluated for its potential use as a 

fluorescent probe for proteins detection. 

 

 

Scheme 1: Schematic representation of the barbiturate squaraine dyes 8a-c synthesis. Conditions: i) 

acetonitrile, reflux for 5 days; ii) n-butanol, reflux for 4h; iii) EtOH/Et3N, r.t., overnight; iv) CH2Cl2, r.t. 
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for 3h; v) acetyl chloride, 60°C, 1h; vi) EtOH/Et3N, reflux, vii) n-butanol/ toluene (1:1, v/v), Dean-Stark 

apparatus. 

 

The barbiturate dyes were synthetized using a similar procedure previously described 

[33], e.g., the squaric acid (3) was refluxed with n-butanol, resulting the dibutylsquarate 

(4), that reacted with the quaternary ammonium salt (2), which was obtained through the 

alkylation of 2,3,3-trimethylindolenine (1) with an excess of iodohexane, to afford the 

monosubstituted intermediate 5. Afterwards, the semisquaraines 7a-c were obtained upon 

reaction of the monosubstituted intermediate 5 with barbituric acid (6a) or a derivative 

thereof (6b or c), and were used in the next reaction without further purification. Finally, 

the desired barbiturate squaraine dyes 8a-c were obtained through a base-catalyzed 

condensation reaction between the respective semisquaraine intermediate 7a-c and the 

quaternary ammonium salt 2 in a n-butanol/toluene (1:1 v/v) mixture using a Dean-Stark 

apparatus. 

Although barbituric (6a) and thiobarbituric acid (6b) were used as commercially 

available, 1,3-diphenyl-2-thiobarbituric acid (6c) was obtained by a two-step 

methodology already described in the literature [32] (Scheme 1, highlighted box). This 

barbituric acid derivative was obtained by the reaction between the 1,3-diphenylthiourea 

(6c3), which was achieved by the reaction of phenylisothiocyanate (6c1) with aniline (6c2) 

in dichloromethane, and malonic acid (6c4), in the presence of acetyl chloride.  

The structures of synthetized dyes were confirmed by standard spectroscopy methods, 

namely 1H NMR, 13C NMR, IR and HRMS spectrometry. The carbon atoms attributions 

were based in DEPT 135 spectra (Fig S1-11 Supplementary Data), 

 
3.2. Photophysical properties of the synthetized dyes 

The photophysical properties were studied in organic solvents with different polarities 

(Table 1). The absorption and emission spectra for the three synthetized dyes in the 

different solvents are shown in Fig. 1 a-f. As it is possible to see from the figure analysis 

both absorbance and fluorescence emission are solvent sensitive. Moreover, the observed 

shift in each solvent is different according to the dye.  
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Table 1. Photophysical results from UV-VIS/NIR absorption and fluorescence emission of synthesized 

dyes (8a-c) in different solvents. 

Dyes Solvent λabs (nm) λem (nm)*  Ɛ (M -1. cm -1) Stokes shift (nm) ɸF (%) 

8a 

PBS 650 708 4.31 × 104 58 - 

MeOH 632 653 9.74 × 104 21 - 

DMF 658 681 1.35 × 105 23 4.8  

CHCl3 644 663 1.04 × 105 19 - 

8b 

PBS 645 700 5.76 × 104 55 - 

MeOH 630 654 1.30 × 105 24 - 

DMF 652 675 1.47 × 105 23 5.6 

CHCl3 641 661 1.54 × 106 20 - 

8c 

PBS 650 708 6.61 × 104 58 - 

MeOH 630 653 1.55 × 105 23 - 

DMF 647 673 1.46 × 105 26 8.1 

CHCl3 644 663 1.84 × 105 19 - 

* λexc 580 nm, excitation and emission slits 10 nm.   

 

 

 

Fig. 1. Absortion spectra (a-c, corresponding to compound 8a-c, respectively) and normalized emission 

spectra (d-f, corresponding to compound 8a-c, respectively) of synthetized dyes in four different solvents. 

The fluorescent intensities in PBS are practically not measurable (FI = 13 and 16 for dye 8a; FI = 14 for 

dye 8b and FI = 12 for dye 8c)  

 

It is possible to perform a deconvolution of the absorption peak and obtain two distinct 

spectral signals one at greater relative wavelength to the monomer band, and other that 

can be attributed to H-aggregates at a shorter wavelength [41, 42] (absorption band shifted 

hypsochromic) closely followed by the monomer band (Fig. S12, Supplementary Data). 

The monomer band is sharp and strong for all dyes, which is consistent to the typical 
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optical transitions associated with the high delocalization of the π-system [15]. The 

maximum emission wavelength shift observed in the different solvents is an indication 

that the dyes are solvatochromic. Each dye had a distinct behavior in the solvents that 

needs to be further analyzed according to their molecular structure. Both 8a and 8b have 

electron withdrawing ring substituents, the carbonyl and sulfur groups, nonetheless they 

exhibit some relevant optoelectronic differences since oxygen electronegativity is 

superior. Indeed, when considering the maximum wavelength shift between dyes 

absorption and emission in the different solvents it is possible to see that 8a has a more 

pronounced wavelength shift in the absorption peak from methanol to DMF (26 nm) than 

the emission (18 nm). On the other hand and, considering the same solvents, in 8b, even 

though it seems to have the same trend, the shifts are too close to be distinguished (22 nm 

and 21 nm, respectively), probably due to the stability that the ring substituents provide 

to the dye in the ground state. Indeed, when the absorption peak is more affected than the 

emission it is possible to say that the ground state energy distribution of the dye is affected 

by the solvents, and this is most probably related to the polar nature of the dye in this state 

[43]. On the other hand, 8c has an electron withdrawing sulfur group and a phenyl group, 

which in this case, should act as an electron donating substituent. The electron donating 

ability of the phenyl group is superior than the one obtained by hydrogen substituents (8a 

and b), in this sense the electrons π mobility in the excited state should be higher and the 

dye is less polar in the ground state. In this case the spectral shift in the absorption (17 

nm) is less to the emission (20 nm), which provides further evidence that the ground state 

energy is not particularly affected by the solvents. In order to confirm the influence that 

the absorbed photon has on the charge’s redistribution and its consequence on the 

conformational change of the excited state, the dipole moment of the ground and excited 

state were calculated according to the solvatochromic method described by Koutek [44]. 

This method is based on the dyes absorption and emission spectral shift in different 

polarity solvents. The reason between the dipole moments of the excited (μe) and ground-

state (μg) (Table S1, Supplementary Data) indicates that in all the synthetized dyes the 

dipole moment of the excited state is higher than in the ground state. Moreover, this 

reason has a descending trend from 8a to 8c (0.5; 0.19; 0.089, respectively). In such cases, 

the relaxed excited state S1 is energetically stabilized relative to the ground state S0 and a 

significant red shift of the fluorescence will be observed [36].  
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3.3 Zeta potential of the dyes in the presence of BSA and HSA 

It is fairly known that common squaraine dyes forms aggregates in water that quenches 

their fluorescence and act as a major shortcoming when it is intended the development of  

sensitive probes for biological molecules [15]. The dyes here described where chemically 

engineered with the intent to try to overcome this drawback. Before we start with 

interaction tests between dye and proteins and, in order to better access the stability of the 

compounds in PBS, a zeta potential assay was developed where each dye was diluted in 

PBS and then placed in contact with increasing amounts of the studied proteins: BSA and 

HSA.  

The results are present in Figure 2a, b and shows that even before the protein addition all 

dyes where stable in PBS presenting negative zeta potential values (-33 mV, -48 mV, -44 

mV, for 8a-c, respectively). It was expected that they all exhibit different zeta potential 

values in PBS, since they have distinct substituents that exert a unique effect on the 

molecule overall charge distribution. What is interesting to notice is that depict the PBS 

dissolution they are all far from the aggregation zone (close to 0 mV), thereby 

demonstrating a higher stability in this common biological buffer than the existing 

squaraine dyes reported in literature [43].  

 

3.4. Dye-protein association 

Fig. 2. Zeta potential profile of the three squaraine dyes (8a (black), 8b (red) and 8c (blue)) in the presence 

of BSA (a) and HSA (b) in a concentration range of 0-3.5 µM. (The blue dotted line was placed to highlight 

the aggregation point). 
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The non-fluorescent aggregates typical of the squaraine dyes in PBS solutions are often 

described in the literature [2, 6, 43, 45]. However, reports of their fluorescence in this 

medium are quite scarce [43]. The synthetized dyes here described also exhibit non-

fluorescent aggregates in PBS prior to protein addition (Fig. 3a-c). Upon the addition of 

BSA (Fig. 3a-c) or HSA (Fig. 4a-c) the complex dye-proteins emit at about 650nm and 

the emission intensity is directly proportional to the concentration of protein used. It is 

also interesting to notice that the new adduct dye/protein has a fluorescence intensity 35% 

higher with BSA than HSA. 

 

Fig. 3. Fluorescence emission spectra of compounds 8a (a), 8b (b) and 8c (c) in PBS with varied BSA 

concentrations (0-3.5 µM) for a fixed dye concentration of 2 µM. (d) Maximum fluorescence emission 

intensity of dyes (8a (black), 8b (red), 8c (blue)) as a function of BSA concentration in PBS.  
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Fig. 4. Fluorescence emission spectra of compounds 8a (a), 8b (b) and 8c (c) in PBS with varied HSA 

concentrations (0-3.5 µM) for a fixed dye concentration of 2 µM. (d) Maximum fluorescence emission 

intensity of dyes (8a (black), 8b (red), 8c (blue)) as a function of HSA concentration in PBS.  

 

In order to better understand the binding mechanism between the synthetized squaraine 

dyes and the proteins the Hill’s plot was analyzed (Fig. S13 a, b, Supplementary Data). 

Its possible to see that for BSA all dyes exhibit a linear trend, that allowed the 

determination of the Hills coefficient (𝑛) and the apparent dissociation constant (𝐾𝐷) 

(Table 2). According to the obtained results it is possible to say that the interaction 

between the dyes and BSA is governed by a cooperative mechanism, which is the most 

common process underlying a large range of biochemical and physiological processes 

[36, 46]. Moreover, the apparent dissociation constant values provide information on the 

dye concentration that saturates 50% of the protein binding sites. Considering the data on 

Table 2, the dye that saturates the protein binding sites at the lowest concentration is 8a. 

On the other hand it is possible to add a 55% higher concentration of 8c (compared to 8a) 

to obtain the same saturation of the protein binding sites. It is also interesting to notice 

that both 8a and 8c exhibit a positive cooperativity (n>1) and that 8b system has a 

negative cooperativity (n<1) [47], e.g, when dyes 8a and 8c bind to BSA in one of its 
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binding sites, the other binding site are affected by this change. This is also quite visible 

in the Zeta potential plot (Fig. 2 a, b), where there is a change in the protein conformation 

that affects the overall surface charge at a similar dye concentration (0.4 µM) for 8a and 

8c. This phenomenon is less pronounced for 8b, which is consistent with negative 

cooperativity where there is a decrease in the binding affinity once the dye bounds to one 

of the sites [47].  

 

Table 2- Parameters obtained from the Hill’s Plot. 

Dyes Hill’s Coefficient (n) KD (µM) R2 

8a 1.29±0.07 0.628±0.04 0.97374 

8b 0.892±0.06 0.827±0.04 0.95761 

8c 1.05±0.08 1.14±0.05 0.95284 

 

Even though the two studied proteins, BSA and HSA, are quite similar, indeed the main 

difference in their composition is that HSA has only one tryptophan residue, rather than 

BSA that has two [45, 47], their interaction with the synthetized dyes is quite different 

(Fig. S13 a,b, Supplementary Data). The Hill’s plots for the assays with HSA exhibits a 

polynomial fit with n=3. This deviation from the typical linear trend of this plot is 

consistent with the fact that for HSA the binding mechanism cannot be described as 

cooperative. This deviation from linearity has been described by Adair [47, 48] that 

hypothesized that cooperativity is dye saturation dependent and, as such, it is possible to 

have polynomial fits when the cooperativity is not 1:1 proportion. 

The binding constants values further supported the obtained data considering the binding 

mechanism between the dyes and the proteins. According to the obtained data (Fig. 5a, 

b) the binding constants are higher for HSA (KB=9.97x105 M; 7.32x105 M; 1.27x106 M 

for 8a-c, respectively) than BSA (KB=3.60x105 M; 6.21x105 M; 4.44x105 M, for 8a-c, 

respectively) which is an indication that the dyes have better chemical/structural affinity 

towards HSA than BSA. Nonetheless, with the exception of compound 8c with HSA, the 

binding constants are all on the same order of magnitude (≈105 M). This order of 

magnitude is consistent with an intercalative binding, that seems feasible considering the 

dyes π system [38]. Moreover, the parabolic fitting observed for both BSA and HSA with 

all dyes (Fig. 5a, b) which is an indication of a 1:2 complexation between the dye and the 

protein [6].  
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Fig. 5. Benesi-Hildebrand plots for the binding of squaraine dyes (8a (black),8b (red),8c (blue)) to BSA (a) 

and HSA (b). 

 

The comparison of the obtained binding constants in between dyes, makes it is possible 

to observe that 8c has more affinity towards HSA than the other two dyes. This maybe 

related to two different and concomitant factors. The phenyl substituent provides a 

molecular stucture more rigid than in the other dyes, but is also confers an hydrophobic 

nature that can better interact with the hidrophobic moety of both proteins [36]. 

In order to acquire insight knowledge of the binding site affinity of the dyes for the two 

proteins, displacement experiments were performed using warfarin and ibuprofen. It is 

known that warfarin has a high affinity towards binding site I of both proteins and 

ibuprofen to binding site II [49, 50]. Taking this into account an experiment was designed 

to understand to which binding site the dyes have preference for. The results demonstrate 

that the synthesized compounds behave differently depending on the protein used. In the 

case of BSA (Fig.6a-c), in warfarin assays, there is a gradual increase in the percentage 

of inhibition for compounds 8a and 8c, with a rate of 24% and 38% respectively for the 

100 µM concentration of warfarin. For compound 8b only when the highest concentration 

of warfarin is used, there is a slight increase in the rate of inhibition (8%). When ibuprofen 

is used, compound 8a has an increased inhibition rate, with the opposite effect for 

compounds 8b and 8c. These results suggest that compound 8a binds to both BSA sites 

while compound 8b and 8c binds only to site I. 
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In the assays with HSA (Fig. 6d-f) an increase in the % inhibition is observed for all the 

dyes, with the addition of warfarin and ibuprofen. Upon addition of 100 µM of warfarin 

the fluorescence of the complex dye-protein was inhibited by 39%, 26% and 32% for 8a, 

8b and 8c, respectively. For a concentration of 100 µM of ibuprofen the inhibition rate is 

57%, 38% and 45% for 8a, 8b and 8c, respectively. These results lead to the conclusion 

that all dyes bind to both HSA binding sites. Since the dyes demonstrated the ability to 

bind to both sites, an experiment was carried out, where there was a simultaneous 

blocking of the sites, using warfarin and ibuprofen at 50 µM. It is possible to observe that 

blocking the two sites leads to more pronounced decrease in the fluorescence intensity 

than when blocking only one binding site. For compound 8a, with HSA, there is an 

inhibition rate of 66%, for 8b 54% and for compound 8c 42%. It is interesting to notice 

that despite the use of both blocking agents in a concentration much higher (100 µM) than 

the one used for the dyes (2 µM), the fluorescence emission is still verified. This is an 

indication that not only the synthetized dyes can bind to both sites, but also that their 

binding affinity is higher than the inhibitors usually used to block the sites. 

 

Fig. 6. Inhibition rate of fluorescence intensity for the dye/BSA complex (a-c, corresponding respectively 

to compound 8a-c) and dye/HSA complex (d-f, corresponding respectively to compound 8a-c) by the 

addition of site-specific markers (warfarin and ibuprofen, 2-100 μM). 
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3.5. Dye-Protein Sensing System 

Despite the different affinities towards the two used proteins all dyes revealed a consistent 

linear trend between the protein concentration and the maximum fluorescence intensity 

(Fig. 3d and 4d) that allowed the development of an efficient sensing system in PBS. In 

Table 3 is possible to see that the DL and QL of both proteins changes with the dye. The 

dye that has the lowest sensing parameters is 8a, followed by 8c and the 8b. The values 

here determined are in agreement to the ones previously reported in the literature [43, 51]. 

Upon the determination of the DL and QL using the fluorescence intensity a similar 

procedure was performed using the fluorescence lifetime (Table 3). It was found that all 

the dyes had a mono-exponential decay, which is consistent with these organic dyes [25]. 

Moreover, 8c had the lowest lifetime (0.22 ns) when compared to 8a (0.42 ns) and 8b 

(0.34 ns) (Table S2, Supplementary Data), which was to be expected considering the 

previous calculus of the excited and ground-state dipole moment. On the other hand the 

complex dye-protein had a two-exponential lifetime decay profile for all dyes in both 

proteins. Interestingly when in contact with increasing amounts of BSA and HSA, the 

medium lifetime of all dyes exhibit a similar trend than the one previously observed for 

fluorescence intensity that could also be linearized in order to obtain the sensing 

parameters (Fig. 7, Table 3). The 8a binding to BSA and HSA resulted in a fluorescence 

lifetime increase of 60% and 54%, respectively. On the other hand, 8b had an increase of 

65% and 59% and 8c had a boost of 85% and 70%, respectively. This lifetime behavior 

is consistent to the one observed by Markova et al. (2013) [40], where squaraine dyes 

with different substituents had a distinct lifetime increase when binding to the HSA 

protein. The DL and QL obtained through the linearization of the lifetime with the protein 

concentration is slightly lower and has a better sensitivity. This was to be expected, since 

the fluorescence intensity measurements are more prone to fluctuations that can affect the 

method precision. Nonetheless they are in the same order of magnitude, further 

confirming that both techniques effectively reflect the relationship between the proteins 

concentration and the dyes and can be used indiscriminately.  

 

Table 3. Values of detection limit (DL), quantification limit (QL) and sensitivity of the sensitizing dyes 

(8a- c) with BSA and HSA, calculated using the fluorescence intensitya and the medium lifetimeb.  

 

BSA 

Dyes DLa QLa Sensitivitya DLb QLb Sensitivityb 
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8a 66 199 2.19x105 42 129 1.75x102 

8b 237 719 1.20x105 43 133 1.84x102 

8c 187 567 2.45x104 46 140 3.67x102 

HSA 

Dyes DLa QLa Sensitivitya DLb QLb Sensitivityb 

8a 62 199 1.46x105 52 157 1.42x102 

8b 156 474 7.77x104 34 104 1.44x102 

8c 152 461 1.11x104 42 126 1.50x102 

 

 

Fig. 7. Fluorescence lifetime of compounds 8a (black), 8b (red) and 8c (blue) in PBS with varied BSA (a) 

and HSA (b) concentrations (0-3.5 µM) for a fixed dye concentration of 2 µM. 

 

4. Conclusions 

Three squaraine dyes containing moieties derived from barbituric acid have been 

synthesized and their potential as probes for HSA and BSA detection was studied. The 

dyes have high absorption and emission efficiencies at wavelengths in the Vis/NIR region 

with high extinction coefficients with an order of magnitude of 105 M-1 cm-1. The Zeta 

potential values reveal that the compounds here presented, are quite stable in aqueous 

media, unlike what has been previously described for other squaraine dyes. The sensing 

ability of these new dyes was tested towards BSA and HSA proteins. According to the 

obtained data the synthesized compounds form a complex with the proteins that result in 

a fluorescence intensity enhancement with increasing protein amounts. Furthermore, the 
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dye-protein complex is responsible for an up rise of a new Gaussian band in a different 

wavelength of the dye. Furthermore, the binding constants show that the dyes have a 

strong interaction and high affinity for both proteins. Regarding the study on the binding 

sites of dyes to BSA and HSA proteins we can conclude that dye 8a binds to both BSA 

sites while dyes 8b and 8c binds only to site I, and that all dyes bind to both HSA binding 

sites. The fluorescence and lifetime behavior of all dyes in contact with the proteins could 

be linearized, which allowed the determination of DL and QL using both techniques. This 

feature makes these barbiturate dyes particularly appealing for bioimaging applications 

using the fluorescence lifetime and two-photon excited fluorescence techniques. 
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