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Abstract 17 
 18 
Mucins glycoproteins are the principal components of mucus which cover all the mucosal surfaces of the human 19 
body. The mucus and mucins are essential mediators of the innate immune system, however in the last decades 20 
mucins have been identified even as an important class of cancer biomarkers. Luminogenic materials with 21 
fluorescence turn-on behavior are becoming promising materials because of their advantages of label free, 22 
relatively inexpensive and simple to use properties for biological detection and imaging. Squaraines are luminogens 23 
characterized by high fluorescence in organic media but poor emission in aqueous environments due to their 24 
tendency to self-aggregate. Herein we investigate the interaction between porcine gastric mucin (PGM) and several 25 
squaraines in aqueous media. While squaraine dyes showed low fluorescence intensity and quantum yield in water, 26 
as a result of the formation of aggregates, an enhancement of fluorescence up to 45-fold was achieved when PGM 27 
was added. PGM was detected in a linear range of 10-300 µg/mL with a limit of detection of 800 ng/mL. The assay 28 
was used to quantify mucin in diluted human serum samples and recoveries of 94.9-116.2% were achieved. To the 29 
best of our knowledge, this is the easiest and convenient method for mucin detection in the reported literature.  30 
 31 
Keywords. Squaraines, turn-on, UV-Vis, fluorescence, porcine gastric mucin, kinetics 32 
 33 
 34 
 35 
1. Introduction 36 
 37 
Mucins are a family of long polymeric glycoconjugates having high molecular weight, produced by goblet cells in 38 
the gastrointestinal, respiratory, reproductive, pancreatic, hepatic and renal epithelium. Structurally, mucins are 39 
formed by a long peptide core at which glycans are linked (Figure 1 A). So far, two major classes of mucins have 40 
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been identified: secreted mucins, further divided as gel-forming and non-gel forming, and transmembrane 41 
mucins[1–3]. Gel-forming mucins assemble into polymers creating a complex network representing the skeleton 42 
around which mucus is formed [4]. The primary function of mucus is to protect the underlying surfaces from 43 
environmental stressors. Beside its protective function, in pathological conditions, mucus can become a concentrate 44 
of pathogens and cellular debris as well as a barrier for drug absorption as a result of its altered physico-chemical 45 
properties. Alterations or overexpression of mucus are associated with diseases like chronic obstructive pulmonary 46 
disease (COPD), asthma, cystic fibrosis and several types of cancer [5]. Particularly, in the last years, great attention 47 
was addressed to expression of mucins in various cancers such as pancreatic adenocarcinomas [6,7], colon and 48 
rectal cancer [8], breast cancer [9], ovarian cancer [10] and gastric carcinoma [11]. Maker et al. [12] found that high-49 
risk patients for intraductal papillary mucinous neoplasms of the pancreas have elevated cyst fluid concentrations 50 
of MUC2 and MUC4, and increased serum levels of MUC5AC. Significantly high serum levels of MUC2 were found 51 
also in patients with breast cancer. It is well known that the early diagnosis is a key factor for outcome, treatments, 52 
and healthcare. Thus, the identification and detection of specific and sensitive biomarkers have become extremely 53 
important in the last decades [12–16].  54 
Up until now, various methods for membrane-bound mucin MUC1 detection have been developed such as antibody-55 
based enzyme-linked immunosorbent assays and aptamer-based electrochemical and fluorescence techniques 56 
[17–20]. However, these methods often have limitations including relative instability, complex production, difficult 57 
purification processes, and time-consuming. Therefore, the search for better alternatives is still running. Among the 58 
above mentioned methods, fluorometric assays have received remarkable attention due to their convenience, 59 
unparalleled sensitivity, simplicity, rapid implementation, noninvasive monitoring capability and usability in biological 60 
samples [21]. Thus, the interest in developing new dyes that can non-covalently bind specific proteins for their 61 
detection is rising up. Fluorescent probes with absorption and emission in the near infrared (NIR) region (650-900 62 
nm) are useful for practical biological applications as NIR signal detection does not suffer of self-absorption and 63 
autofluorescence typical of biological matrices.  64 
Among promising biological fluorescent probes, polymethine dyes (cyanine and squaraines) are characterized by 65 
sharp and intense absorption and emission in the visible up to the NIR region. Squaraine dyes are produced by 66 
condensation reactions between squaric acid and electron-rich substrates. Squaraines were studied extensively 67 
and such research covered numerous areas ranging from photophysical to biological applications [22–24]. 68 
Moreover, we can easily design and modify their structure to get NIR molecules, perfectly matching the 69 
phototherapeutic window (650-850 nm), simply by tuning the lateral functional groups [25,26]. However, as most of 70 
fluorescent probes, in physiological conditions, squaraine dyes tend to form aggregates that lead to fluorescence 71 
quenching therefore limiting their wide applications. As reported in previous studies, squaraine dyes exhibit a 72 
fluorescence turn-on when bound to proteins which translate in an increase in fluorescence intensity, quantum yield 73 
and lifetime due to the changes in the surrounding environment [27–31].  74 
In the present paper we report our results about a spectroscopic, thermodynamic and kinetic study of the interaction 75 
between commercial porcine gastric mucin (PGM) and four squaraine dyes with different substitutions (Figure 1 B). 76 
The squaraines differ on the nature of the lateral moieties (i.e. indolenine vs benzoindolenine) and on the length of 77 
the alkyl chains (i.e. C2 vs C8). Interactions were carried out by means of UV-Vis, circular dichroism and 78 
fluorescence spectroscopies. Moreover, we evaluate the possibility of using these squaraine dyes as probes for 79 
mucin detection in serum samples. We report a new fluorometric “turn-on” detection of mucin based on the 80 
aggregation/deaggregation of squaraine dyes in different environments. As far as we know, no reports have been 81 
published to date on the application of squaraine dyes as fluorescent probes in testing mucin detection in human 82 
serum samples. 83 
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 85 
 86 
Figure 1. Molecular structures of PGM (A, adapted from Butnarasu et al. [32]) and the squaraine dyes (B). 87 
 88 
2. Experimental section 89 
 90 

2.1. Materials 91 
 92 
All reagents were of analytical reagent grade. Millipore grade water was obtained from an in-house Millipore system 93 
(resistivity: 18.2 M cm at 25 °C). Mucin from porcine stomach (PGM type III, bound sialic acid 0.5-1.5%, partially 94 
purified powder) was purchased from Sigma Aldrich. PGM solutions were prepared in water. Since PGM itself is a 95 
water insoluble material, in order to facilitate solubility in water and obtain homogeneous suspensions, dispersions 96 
of mucin were sonicated for two minutes at room temperature. Squaraine dyes were prepared as previously 97 
described [33]. Mother solutions of the dyes (500 µg/mL) were prepared in DMSO and dilutions for the experiments 98 
(in the µM range) were performed in water. 99 
 100 

2.2. Spectroscopic measurements 101 
 102 
UV-Vis absorption spectra were measured by a UH5300 Hitachi spectrophotometer at room temperature, using 1 103 
cm pathway length quartz cuvettes. The UV measurements were made in the range of 500-750 nm. Squaraine 104 
dyes concentration was kept constant (2 µM) and PGM changed over the range 0-300 µg/mL. 105 
Circular dichroism measurements were performed using a Jasco J-815 CD spectrophotometer. The spectra were 106 
collected in a range of 185-250 nm in a quartz cuvette with a 0.5 mm light path using a scan speed of 50 nm/min. 107 
Each spectrum is the average of three scans. 108 
Fluorescence emission spectra in steady state mode were acquired at room temperature using a Horiba Jobin Yvon 109 
Fluorolog 3 TCSPC fluorimeter equipped with a 450-W Xenon lamp and a Hamamatsu R928 photomultiplier.  110 
Fluorescence spectra were recorded in the range of 615-750 nm for S1, 625-800 nm for S3 and 645-800 nm for S2 111 
and S4. The excitation wavelength was fixed on the squaraine hypsochromic shoulder of absorbance: 595 nm for 112 
S1, 605 nm for S3 and 625 nm for S2 and S4. A constant concentration of squaraine dye (1 µM for S1 and S2, and 113 
0.1 µM for S3 and S4) was analysed by successive increasing the concentration of PGM.  114 
Fluorescence experiments were also performed in a time drive mode in order to check whether and when the 115 
solution reached the stability; fluorescence intensity of a constant concentration of squaraine and PGM was 116 
registered over time at specific time points. 117 
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The absolute quantum yield was determined by means of an integrating sphere combining Quanta-φ with Fluorolog 118 
3. The reported quantum yields are the average of the values obtained after three measurements using three 119 
different dye solutions.  120 
Fluorescence lifetimes were measured by the time correlated single photon counting method (Horiba Jobin Yvon) 121 
using a 636 nm Horiba Jobin Yvon NanoLED as excitation source and an impulse repetition frequency of 1 MHz 122 
positioned at 90° with respect to a TBX-04 detector. Lifetimes were calculated using DAS6 decay analysis software.  123 
 124 

2.3 Serum test 125 
 126 
To assess applicability for detecting PGM in complex matrices, we performed measurements in diluted human 127 
serum (HS). Serum samples were prepared as following. To a volume of HS, an equal volume of cold 50% w/v 128 
trichloroacetic acid (TCA) was added. The sample was vortexed for one minute and then stored at -20 °C for 15 129 
min. Next, the sample was centrifuged at 13.000 rpm for 15 min at 4 °C. The supernatant was collected and 130 
centrifuged again using the same settings. Eventually, the supernatant was collected, neutralized with NaOH 1 M 131 
and 1% diluted HS samples were prepared in water. Spiked samples were prepared by addition of different 132 
concentrations of PGM to the diluted HS. 133 
 134 
3. Results and Discussion 135 
 136 

3.1. Spectroscopic measurements 137 
 138 
The absorption and emission of squaraine dyes are strongly influenced by the environment [29]. First the UV/Vis 139 
absorption spectra of the four squaraines were recorded in different solvents (Figure 2). All the four squaraines are 140 
freely soluble in DMSO giving one principal band at 656, 684, 659 and 686 nm attributing it to the monomeric form 141 
of S1, S2, S3 and S4 respectively, and a slight shoulder at lower wavelengths. The absorption spectra of the four 142 
squaraines in water are blue-shifted with a decreased absorbance that is a consequence of the reduced solubility. 143 
This is particularly evident for S3 and S4 where the monomeric band is almost absent, and the absorption spectrum 144 
is characterized by the large H-aggregate band. Except for S1, the addition of surfactants (SDS or Pluronic F-127, 145 
0.05 wt %) to the aqueous solution leads to an increase in absorption of the band corresponding to the monomeric 146 
form. The major changes in absorption are achieved with the non-ionic surfactant (Pluronic F-127). Since the 147 
concentration of surfactants are below their critical micelle concentration (CMC), the surfactant molecules are 148 
expected to be not aggregated. As proposed by Y. Xu et al. [28] it is possible that the negative charge of SDS 149 
interacts with the positively charged (even if delocalized) nitrogen of the squaraines, making them more soluble in 150 
water thus less aggregated. Likewise, the hydrophobic poly(propylene)-oxide (PPO) segments of the amphiphilic 151 
surfactant (Pluronic F-127) may entangle with the indolenine or benzoindolenine moieties of the squaraine resulting 152 
in an increased water solubility. An increase in solubility, even if particularly evident only for S3, is achieved with 153 
phosphate buffer (2 mM, pH 7.4). At pH 7.4 the carboxylic groups on the lateral moieties of squaraines are 154 
completely deprotonated consequently resulting in an increased solubility in water. 155 
 156 
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 157 
 158 

Figure 2. UV/Vis absorption spectra of a 2 µM solution of S1 (A), S2 (B), S3 (C), S4 (D) recorded in different solvents. 159 
 160 
The interaction between each squaraine and PGM was firstly monitored by UV/Vis absorption spectroscopy keeping 161 
the squaraine concentration constant (1 µM) with a subsequent increase amount of PGM (Figure 3). Since mucin 162 
“solutions” are actually suspensions, with the increasing of the concentration of the protein we observe an increase 163 
of the absorption baseline which is the result of the suspended mucin strands. Addition of increasing amounts of 164 
PGM to the solutions of the short-chain squaraines, S1 and S2, results in an increased absorption (hyperchromism) 165 
of their bands at 636 and 663 nm respectively. The absorption spectra of the two squaraines with the longer chains, 166 
S3 and S4, are characterized by two large bands; the first band at shorter wavelength assignable to H-aggregates, 167 
while the second one at longer wavelength accountable to the monomeric form of the squaraine. In the case of S3, 168 
addition of PGM resulted in a gradually increase of the band at 639 nm and a decrease of the H-aggregate band at 169 
612 nm. A similar trend was observed also for S4. Here, not only the bands at 627 and 673 nm decreased and 170 
increased but were also 4 and 10 nm red-shifted respectively. Overall, these results suggest that in presence of 171 
PGM a lower amount of H-aggregates is present and probably the protein interacts with the monomeric form of the 172 
squaraine dye. However, the exact mechanism of interaction is not fully understood with only this technique. 173 
 174 
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 175 
 176 
Figure 3. UV/Vis absorption spectra of S1 (A), S2 (B), S3 (C) and S4 (D) alone (bold dashed line) and upon addition of porcine gastric mucin (PGM). 177 
The inset shows the absorbance response to PGM concentration. 178 
 179 
As reported also in our previous studies, all the herein studied squaraines have excellent emission properties in 180 
organic solvents which is gradually decreased, due to an aggregation quenching effect (AQE), upon addition of 181 
increasingly amount of water [22,27,34]. The loss of fluorescent features of squaraines as a result of the aggregation 182 
phenomenon is widely reported in literature [29,35–39]. When the concentration of PGM was increased in the test 183 
system, a gradual enhancement in the fluorescence intensity was observed (Figure 4). In fact, the emission intensity 184 
of S1 at about 642 nm increased about 3 times, while for S2 the fluorescence intensity increased about 4 times and 185 
the original emission peak at 670 nm was 7 nm red-shifted. Interestingly, the major turn-on of fluorescence was 186 
recorded for the complexes with the analogue squaraine dyes with longer alkyl chains (S3 and S4). Indeed, upon 187 
addition of PGM, the maximum emission wavelength of S3 shifted from 645 to 660 nm and the fluorescence intensity 188 
increased by almost 45-fold. Similarly, a red-shift from 676 to 687 nm with a 40-fold emission enhancement was 189 
observed for the S4/PGM complex. The PGM-induced increase of fluorescence is visible even by naked eye when 190 
the beam of the spectrofluorometer is passing the quartz cuvette (insets on Figure 4). 191 
 192 

500 550 600 650 700 750
0.0

0.1

0.2

0.3

0.4

Wavelength (nm)

A
bs

0 µg/mL PGM
20 µg/mL
40 µg/mL
80 µg/mL

120 µg/mL

200 µg/mL

300 µg/mL

636

500 550 600 650 700 750
0.0

0.1

0.2

Wavelength (nm)

A
bs

0 µg/mL PGM
20 µg/mL
40 µg/mL
80 µg/mL

120 µg/mL

200 µg/mL

300 µg/mL

612 639

500 550 600 650 700 750
0.0

0.1

0.2

0.3

Wavelength (nm)

A
bs

0 µg/mL PGM

20 µg/mL
40 µg/mL
80 µg/mL

120 µg/mL

200 µg/mL

300 µg/mL

663

500 550 600 650 700 750
0.0

0.1

0.2

Wavelength (nm)

A
bs

0 µg/mL PGM
20 µg/mL
40 µg/mL
80 µg/mL

120 µg/mL

200 µg/mL

300 µg/mL

627 673

A B

C D

0 100 200 300
0.20

0.25

0.30

0.35

0.40

0.45

[PGM] (µg/mL)

A
bs

 a
t 6

3
6 

nm

0 100 200 300
0.15

0.20

0.25

0.30

0.35

[PGM] (µg/mL)

A
bs

 a
t 6

6
3 

nm

0 100 200 300
0.12

0.14

0.16

0.18

0.20

0.22

[PGM] (µg/mL)

A
b

s

Abs (612 nm)
Abs (639 nm)

0 100 200 300
0.15

0.16

0.17

0.18

0.19

0.20

[PGM] (µg/mL)

A
bs

Abs (627 nm)
Abs (673 nm)



  7

 193 
 194 
Figure 4. Steady-state fluorescence intensity changes of S1 (A), S2 (B), S3 (C) and S4 (D) upon addition of PGM. The inset show the increase of 195 
emission visible on the surface of cuvette. 196 
 197 
The observed increase of fluorescence and the red-shift after the introduction of PGM indicated environmental 198 
changes surrounding the squaraine chromophore. Squaraine aggregates may entangle with the hydrophobic 199 
domains of mucin. Once the contact is established, single dye molecules could be released from the aggregate to 200 
freely interact with the protein (inset in Figure 10). As mentioned above, the emission spectra of the monomeric 201 
form of the squaraines can be registered in organic solvents like DMSO. In Figure 5 it can be seen that, except for 202 
S1, the emission profile of squaraines recorded in aqueous solutions of mucin are shifted toward the profile of 203 
squaraines registered in DMSO. Moreover, it is noteworthy to mention that the emission intensity of S3-PGM 204 
complex is almost intense (>80%) as the emission of S3 alone recorded in DMSO. These observations suggest 205 
that the emission turn-on may be attributed to an increase in the hydrophobicity of the environment surrounding the 206 
squaraine due to the hydrophobic domains of mucin. To test if the dye-protein interaction is somehow dependent 207 
by the hydrophobic domains of mucin we recorded the emission of squaraines in presence of PGM at pH 2. It is 208 
known that at acidic pH, the hydrophobic domains of mucin are involved in non-covalent crosslinks via hydrophobic 209 
associations [3,40]. As can be seen in Figure 5, at acidic pH the emission intensity of the squaraines in presence 210 
of mucin is reduced. These results indicate that the acidic-induced modification of the structure of mucin makes 211 
less effective the contact with squaraine aggregates, so giving a reduced turn-on of fluorescence. 212 
 213 
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 214 
 215 
Figure 5. Steady-state fluorescence intensity of S1 (A), S2 (B), S3 (C) and S4 (D) registered in DMSO, in water, in aqueous solutions of PGM and 216 
in aqueous solutions of PGM adjusted at pH 2. 217 
 218 
To further confirm the hypothesis that the nature of the binding forces involved in the interaction of squaraines with 219 
PGM are of hydrophobic nature, we performed a thermodynamic study. Squaraines with the major ratio of F/F0 (i.e. 220 
S3 and S4) were analyzed. A constant concentration of squaraine was titrated with mucin at different temperatures 221 
(288, 296, 310 K) and the fluorescence spectra were recorded. According to the values of enthalpy and entropy 222 
changes, the model of interaction between two chemical species can be summarized as: (i) H°>0 and S°>0 are 223 
indicative of binding guided by hydrophobic forces; (ii) H°<0 and S°<0 interactions through van der Waals 224 
interactions and hydrogen bonds; (iii) H°<0 and S°>0 are indicative of electrostatic interactions [32]. The various 225 
thermodynamic parameters, enthalpy change (H°), entropy change (S°) and Gibbs free energy change (G°) 226 
were calculated using the van’t Hoff equation (Eq. 1 and Eq. 2) as mentioned below: 227 
 228 

𝑙𝑛𝐾
ΔH°
𝑅𝑇

Δ𝑆°
𝑅

𝐸𝑞. 1  229 

 230 
Δ𝐺° Δ𝐻° 𝑇Δ𝑆° 𝑅𝑇𝑙𝑛𝐾 𝐸𝑞. 2  231 

 232 
where R is the universal gas constant (8.314 J K-1 mol-1), K corresponds to KA at specific temperatures and T is the 233 
absolute temperature. The results are presented in Figure 6 and Table 1. The negative G° value indicates that the 234 
binding processes of squaraine to mucin are spontaneous at the corresponding temperatures. The H° and S° 235 
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values are both positive demonstrating that hydrophobic forces play the major role in the interaction of squaraines 236 
with PGM. 237 
 238 

 239 
 240 
Figure 6. Stern-Volmer plots of S3- and S4- PGM complexes recorded at different temperatures. Van’t Hoff plots are reported as insets. 241 
 242 
Table 1. Thermodynamic parameters for S3- and S4-PGM complexes at various temperatures 243 
 244 

Compound T (K) G°(KJ mol-1) H° (KJ mol-1) S° (J K-1mol-1) 

S3 288 -40.7   

 296 -42.4 101.8 491.8 

 310 -51.2   

S4 288 -35.0   

 296 -37.1 89.1 429.2 

 310 -44.3   

 245 
As a result of the formation of aggregates, each squaraine exhibited very low fluorescence quantum yield in 246 
aqueous medium (QY 1-3%) however, after addition of PGM an increase of the QY was recorded (Table 2). As 247 
shown in Figure 7, the major increase in fluorescence QY was achieved by the squaraines with the longer alkyl 248 
chains. Among the four squaraines studied, S3 and S4 are the most lipophilic having logP 7.6 and 9.8 respectively 249 
(calculated with MarvinSketch, Chemaxon [41]). A high lipophilicity implies a scarce capacity to solubilize in water 250 
consequently we can assume that S3 and S4 are most prone to form aggregates in aqueous media.  251 
 252 
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 253 
 254 
Figure 7. The increase of fluorescence quantum yield of squaraines in water (2% DMSO) after addition of mucin. 255 
 256 
Table 2. Quantum yields (, expressed as percent) of the studied squaraines in water in absence and presence of PGM. Data are the mean of 257 
three measurements 258 
 259 

Dye   (+) PGM Increase of  

S1 3.1 3.6 1.2 

S2 3.4 4.1 1.2 

S3 1.5 9.8 6.7 

S4 0.2 2.8 12.2 

 260 
In order to characterize possible changes in the secondary structure of mucin caused by the interaction with the 261 
squaraines, we compared the circular dichroism spectra of mucin alone and after addition of the dyes. The CD 262 
spectrum of PGM presents a maximum at 190 nm and a minimum at 208 nm (Figure 8). This is characteristic of 263 
proteins with -helix,  strand and aperiodic secondary structure [42]. After addition of squaraines, it can be 264 
observed that there was a slight increase of both the band without any significant shifts. These observations imply 265 
that the interaction of squaraines with mucin causes a very small change in secondary structure of the protein. 266 
 267 
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 268 
 269 
Figure 8. Circular dichroism spectra of mucin alone and in the presence of S1 (A), S2 (B), S3 (C) and S4 (D) recorded in water.  270 
 271 

3.2. Binding and kinetic results of squaraines with PGM 272 
 273 
Conscious of the fact that the squaraine dyes exhibit different binding and interaction kinetics based on the 274 
complexity of their molecular structure [27,43], in order to investigate the interaction between PGM and the four 275 
squaraines we performed time-resolved and kinetics fluorescent studies.  276 
At first, binding constants were obtained by plotting the ratio of the maximum values of fluorescence intensity of the 277 
squaraine/PGM complex on the maximum of fluorescence of squaraine alone (F/F0), against the increasing PGM 278 
concentration (Figure 9). Data were fitted with a non-linear least-squares procedure, based on Eq. 3 [44].  279 
 280 
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where [Q] is the concentration of PGM, Fmax is the maximum increase of fluorescence achieved by the Sq-PGM 283 
complex formed at saturation and KD is the equilibrium dissociation constant. 284 
In order to reduce the inner filter effect, we used concentrations of mucin lower than 1 mg/mL; however, such a 285 
concentration is not enough for S3-PGM and S4-PGM to reach a complete plateau but enough to overtake the 286 
linear range. Emission spectra were recorded after waiting for the equilibration of the squaraine-protein complexes 287 
(almost 20 min for S2- and S3-PGM complexes and 6 h for S4-PGM complex). The monomeric form of mucin 288 
weights about 640 kDa however, the extraction and purification processes alter the final protein structure [45], thus 289 
the precise value of the molecular weight is mutable. For the molecular weight of porcine gastric mucin we referred 290 
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at the work of K. Jumel et al [46]. Values of association (KA) and dissociation (KD) constant are reported in Table 3. 291 
We observe a dependence between the binding and the molecular structure of the squaraine. It seems like the 292 
bulkier the molecular structure of the squaraine the lowest the affinity toward mucin. 293 
 294 

 295 
 296 
Figure 9. Intensity maxima obtained at various PGM concentration for the monitoring of the S1-PGM (A), S2-PGM (B), S3-PGM (C) and S4-PGM 297 
(D) complexes formation. The curve is the fitting to a hyperbole equation for the evaluation of the binding constant. Inset (in C) is the linear 298 
relationship between F/F0 and [PGM] ranging from 10 to 300 µg/mL. 299 
 300 
Table 3. Association (KA) and dissociation (KD) constants of the squaraine-PGM complexes. 301 
 302 

Compound KA (106 M-1) KD (10-7 M) 

S1 156 ( 64) 0.064 ( 0.026) 

S2 37.2 ( 15) 0.27 ( 0.11) 

S3 2.78 ( 0.26) 4.57 ( 0.54) 

S4 4.29 ( 0.81) 2.33 ( 0.44) 

 303 
The kinetics of the squaraine-protein complexes was then investigated by checking the variation of the emission 304 
intensity at the squaraine specific emission wavelength over time, during incubation with a constant concentration 305 
of mucin. We considered as achievement of fluorescence stability the time after which no more increase in emission 306 
intensity was observed (Figure 10). After one minute, fluorescence of S1-PGM complex was stable over time with 307 
no significant changes, while S2 and S3 required a longer time, 15 and 20 minutes respectively. Interestingly, a 308 
very long time was required for S4 which reached the plateau after 360 minutes. Based on these results, we can 309 
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assume that there is a relationship between the structure of the squaraine and the interaction with mucin, as 310 
previously found for the squaraine- bovine serum albumin interaction [27]. Evidently, the presence of short alkyl 311 
chains and indolenine groups (S1) allows a rapid kinetics. On the other hand, a slower kinetics is observed if the 312 
longer alkyl chains or the benzoindolenine groups are present (S2, S3), while the presence of both the structures 313 
on the same molecule (S4) involves a sum effect upon kinetics. It is also evident that the kinetic of the interaction 314 
has a great influence on the turn-on phenomenon: we observe a major increase of fluorescence with the long-315 
lasting interactions (i.e. S4) while it is less evident for squaraines with fast kinetic (i.e. S1). 316 
 317 

 318 
 319 
Figure 10. Time-dependent fluorescence intensity of squaraines in water solution in the presence of a constant concentration of mucin. The times 320 
reported are the time after which no more increase of emission was observed. Inset reports a cartoon of the interaction between squaraine 321 
aggregates and mucin. 322 
 323 
The complex formation between the squaraines with the major increase of quantum yield (i.e. S3 and S4) and mucin 324 
was further confirmed by analysis of lifetimes. Time-resolved fluorescence analysis indicated that S3 and S4 alone 325 
exhibits a biexponential decay in water (probably due to the presence of the dye alone and dye-aggregates), 326 
whereas triexponential decay (due to the formation of dye-protein aggregates) with significantly increased lifetime 327 
was observed in presence of PGM (Figure 11).  328 
 329 

 330 
 331 
Figure 11. Time-resolved fluorescence analysis of S3 (A) and S4 (B) alone and in presence of PGM. 332 
 333 
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3.3. Detection of S3 in diluted human serum samples 334 
 335 
As the S3-PGM complex has the major increase in fluorescence, we chose to use S3 as probe to detect mucin in 336 
serum samples. The increase of F/F0 upon increasing the PGM concentration has a linear relationship in the range 337 
10-300 µg/mL, where F represents the maximum of fluorescence intensity of the complex and F0 is the maximum 338 
of fluorescence intensity of S3 alone in water. We added different concentrations of PGM into the diluted serum 339 
samples and detected it again after an equilibration period time of 30 min. The concentration of PGM in diluted 340 
serum sample was calculated using the calibration curve (Figure 9, inset in C). The calculated limit of detection 341 
(LOD) was 800 ng/mL. LOD was calculated according to the IUPAC definition of three times the deviation of the 342 
blank signal on the slope of the calibration curve (LOD = 3 s-1). TCA was used to remove protein from the pure 343 
serum. The procedure of detection is illustrated in Figure 12 and results are presented in Table 3: the recovery 344 
rates of different concentrations of PGM in diluted serum were from 94.9 to 116.2%. These results indicate that the 345 
squaraine S3 could act as a fluorescent probe for an accurate mucin detection in biological samples and has a 346 
great potential as an effective detection method for mucin detection in diagnostic applications. 347 
 348 

 349 
 350 
Figure 12. Schematic illustration of serum samples preparation and detection. The square insets want to illustrate the emission enhancement visible 351 
on the surface of the cuvette when the beam of the spectrofluorometer passes through the cuvette without and with mucin.  352 
 353 
Table 3. Recovery of PGM from serum samples (n=3). Data are mean  standard deviation (SD) 354 
 355 

Added PGM (µg/mL) Detected (µg/mL) Recovery (%) SD (%, n=3) 

20 20.4 101.8 13.6 

40 46.5 116.2 3.1 

80 76.0 94.9 4.8 

 356 
4. Conclusions 357 
 358 
In summary, the interaction between porcine gastric mucin (PGM) and a series of squaraines with different 359 
substitutions was investigated. Thermodynamic and kinetic data were obtained. Squaraine dyes showed a 360 
structure-relationship influence upon the kinetic interaction with mucin, particularly the bulkier the molecular 361 
structure of squaraine, the slower the interaction. In addition, squaraine-mucin complexes displayed interesting 362 
emission characteristics since a fluorescence “turn-on” behavior was observed upon increasing additions of mucin 363 
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in aqueous medium with a good increase of fluorescence quantum yield. Hydrophobic interactions play an important 364 
role in the binding of squaraines with mucin. These results make the herein squaraines as potential biosensors for 365 
different biological applications. In particular, squaraine S3 showed interesting fluorescence turn-on properties for 366 
mucin detection. This novel mucin detection has several significant advantages as it is simple, robust, cost 367 
efficiency, and has an acceptable sensitivity for mucin type III. Moreover, the proposed method could be a 368 
straightforward method for in vitro monitoring of mucin in microscopy applications. Further studies could be 369 
conducted on this path in order to design and develop new and more efficient squaraines for the detection of 370 
biomolecules as mucins. 371 
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