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Abstract

:

Squaraine dye is a popular class of contrast near-infrared (NIR) dyes. Squaraine dyes have shown the ability to be modified with various heterocycles. The indole moiety is the most notable heterocycle incorporated in squaraine dyes. A tremendous amount of work has gone into developing indole-based squaraine dyes and determining their applications. The optical properties of squaraine dyes containing an indole moiety facilitate high quantum yields and molar absorptivity, but the absorbance maxima is capped near 700 nm. This is the major limitation of indole-based squaraine dyes. In comparison, other heterocycles with larger conjugated systems such as quinoline and perimidine have demonstrated promising optical properties and immense potential for modifications, albeit with limited development. Quinoline- and perimidine-based squaraine dyes have molar extinction coefficients over 100,000 M−1 cm−1 and absorbances over 800 nm. This report will look at indole-, quinoline-, and perimidine-based squaraine dyes. Due to the sheer number of reported dyes, the search for indole-based squaraine dyes has been limited to reports from the past five years (2018–2023). For quinoline- and perimidine-based squaraine dyes, a holistic search was performed to analyze the optical properties and applications, due to the abovementioned limitation. This report will evaluate the three different classes of squaraines: indole-, quinoline-, and perimidine-based, to evaluate their optical properties and applications, with the goal of encouraging the exploration of other heterocycles for use in squaraine dyes.
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1. Introduction


Small molecular organic dyes are a research hotspot. There have been various classes of dyes reported over the years. Squaraine dyes are one of the popular classes of near-infrared dyes that have been described. The unique characteristic that differentiates them from other dyes is the central linking unit; this unit is known a squaraine, where the name for these dyes is obtained. The core unit is composed of an unsaturated, four-membered ring [1,2,3]. This unique linking core unit provides the properties associated with squaraine dyes. Some of their other characteristics are sharp absorption bands, a high molar extinction coefficient, and photoconductivity abilities [4,5,6].



The squaraine core is composed of a four-membered ring that is electron-deficient when incorporated into the dye [7]. The electrons in the squaraine core are delocalized, allowing them to encompass the whole conjugated system. This squaraine core is capped with donor units, forming a donor-acceptor-donor system, allowing the dye to be stabilized by a π-conjugated system [1,7]. The squaraine core scaffold is zwitterionic and has multiple resonances, due to the delocalized electrons [8,9,10]. The zwitterionic nature is an essential part of the dye, as it facilitates electron movement through the scaffold [2,3]. The targeting specificity of the squaraine dyes can be improved through conjugation by synthesizing them with various possible functional groups. The overall optical characteristics of the compound may be affected by the addition of heterocycles and functional groups. Regardless of the varying functional groups and heterocycles, squaraine dyes benefit from excellent chemical and photophysical properties [2,3].



The use of near-infrared squaraine dyes aims to achieve absorbance and fluorescence in the near-infrared region (NIR), and this region ranges from 650 to 1700 nm [11,12]. This region is optimal for biomedical [11,12] and solar energy applications [13]. In terms of biomedical applications, the region enables a higher signal-to-noise ratio for bioimaging. This is due to the limited autofluorescence of biological molecules, resulting in reduced light scattering in this region [14]. Red shifting into the NIR range allows greater penetration of light into tissues, allowing for better spatial visualization [14,15]. Solar radiation is composed of about 50% near-infrared light [16]. To create an efficient solar cell, the light-absorbing materials need to absorb light in this region [17]. In addition, the lower-energy photons of NIR result in a higher short-circuit current density [18].



In recent years, the indole heterocycle has been a popular donor unit for squaraine dyes. There have been numerous applications in various fields reported for this class [4,19,20,21]. In comparison, when looking at other heterocycles, such as quinoline- and perimidine-based squaraine dyes, there are only a few scattered reported dyes and associated applications. This is the case even though they have exciting and notable optical properties that differ from indole-based squaraine dyes.



Herein, the review investigates the three donor units, heterocycles, for squaraine dyes. The three heterocycles are indole, quinoline, and perimidine. When incorporated into the dye, these heterocycles have fascinating reported applications and optical properties. The review looks at the applications and optical properties of notable indole-based squaraines synthesized in the past few years, while the analysis of squaraines containing quinoline and perimidine is explored at a more holistic level, with the ultimate goal of raising awareness of the other unique heterocycles containing squaraine dyes and their reported optical properties and applications.




2. Synthesis of Squaraine Dyes


There are two different classes of squaraine dyes: symmetrical and unsymmetrical. The symmetrical squaraine dyes contain identical donor units on each side, while the unsymmetrical, as the name suggests, contain two different donor groups. Typically, the donor units are bound to the first and third positions of the squaraine unit, due to their desirable, red-shifted optical properties compared to the 1,2 regioisomer [22]. For symmetrical squaraine dyes, the synthesis involves the condensation reaction in a single-pot reaction mixture [23], as utilized in Equation (1).


[image: Pharmaceuticals 16 01299 i001]



(1)




Equation (1): general synthesis of symmetrical squaraine dyes.



Symmetrical squaraine dyes use a standard synthetical process regardless of the heterocycle. The first accepted synthesis of squaraine dyes was reported by Treibs and Jacob in 1965 [24]. The synthesis utilized acetic anhydride as the solvent to form the dye, which is traditionally used for cyanine synthesis. In 1966, a new solvent system was introduced that used the azeotropic principle to produce the squaraine dye; the updated solvent system used an n-butanol–benzene mixture [23]. However, due to the carcinogenic properties of benzene, toluene was utilized instead for the synthesis [25]. This solvent system can azeotropically remove water residue from the reaction and allow a high-temperature system for the condensation reaction. The use of butanol and toluene or benzene (2:1 to 1:1) is the common solvent system for squaraine dye synthesis. In addition, bases such as TEA or quinolone can be incorporated to facilitate the reaction. Most synthetic yields for symmetrical squaraine dyes hover around 60% [26].



Symmetrical squaraine dyes are synthesized with the activation of squaric acid by the butanol or another alkyl alcohol group. This activates the central moiety for the nucleophilic attack by the electron-rich donor unit. This forms the semisquaraine intermediate, which is short-lived, as another nucleophilic attack from the other donor unit follows it [27]. This results in the formation of the dye and the release of water as a byproduct (Scheme 1) [27].



The first unsymmetrical squaraine dye was reported in 1968 by Treibs and Jacob, only a couple years after their initial reporting of symmetrical squaraine dye [28]. The synthesis of unsymmetrical squaraine dyes utilizes a different process than its symmetrical counterpart, but mechanistically, they are comparable. The synthesis for unsymmetrical squaraine dye is a multistep process that complicates the synthesis process [29]. For the synthesis, a modified squaric acid is utilized to reduce the reactivity and slow the reaction down. This allows the formation of the semisquaraine product in a higher yield. If the unmodified squaric acid is used, the semisquaraine would be produced in lower yields of the squaraine dye. Modifying the squaric acid includes capping the hydroxyl group with a short alkyl chain or replacing with hydroxyl group with halogens, usually chlorine [30].



The basic synthesis of unsymmetrical squaraine dye entails the formation of the semisquaraine followed by the condensation of the second donor unit with the semisquaraine to form the unsymmetrical squaraine dye (Scheme 2). However, before the second condensation occurs, the modified squaric acid needs to contain the hydroxyl group, allowing the semisquaraine to become more reactive for the condensation reaction. This process can be carried out using acid or base hydrolysis [30,31]. The overall yield depends on the donor units. The yield usually ranges from 49% to 20%, but it could be even lower [30]. The lower yields are due to the multiple purification processes needed at each step before proceeding to the next.



Squaraine dyes can have modified squaraine cores incorporated within them. Squaric acid can be modified with different groups such as methoxy, amines, dicyanomethylene, and others [32]. Additions of alkoxy or amino groups can be achieved after the dye has been synthesized [33]. This will result in the formation of the semisquaraine, which can be reacted with the other heterocycle [33].



In addition to forming the dyes using the traditional reaction method, the Dean–Stark apparatus, an alternative method of microwave irradiation, has been used to synthesize the dye. As is known, microwave heating significantly reduces the total reaction time [34]. Barbero et al. reported this to be true for synthesizing symmetrical and unsymmetrical squaraine dyes. In addition, the yield of symmetrical squaraine dyes is higher when the microwave method is used, and similar results are seen for unsymmetrical dyes [26]. The reaction time for unsymmetrical dyes drastically changes, due to acid or base hydrolysis not being needed for the reaction, as shown in Table 1. As seen in Table 1, there is a significant reduction in reaction time for all the dyes, with timing saving of over 300% on the lower end.




3. Indole-Based Squaraine Dyes


The indole heterocycle is one of the most common heterocycles used for squaraine dyes. This heterocycle is an aromatic system that consists of a benzene ring fused to a pyrrole ring. This system is an electron-rich heterocycle that contains delocalized electrons [36]. The synthesis of indole is achieved through Fisher indole synthesis. Through this synthesis pathway, a wide variety of indole derivates can be synthesized. In addition, the nitrogen can be alkylated to exponentially increase the total number of indoles synthesized, as presented in Scheme 3. When the alkylation of the nitrogen atom occurs, the nitrogen atom obtains a positive charge, forming a salt, iodolium. The positive charge on the nitrogen atom allows the acidic methyl group to react with the squaric acid under basic conditions. The iodolium reacts with squaric acid to form an indole-based squaraine dye (Scheme 3). The dye follows the proposed mechanism presented in Scheme 1.



3.1. Optical Properties of Indole-Based Dyes


The optical properties of selected indole-based squaraine dyes from the past few years show their diverse range of features. The properties depend on the structure of the molecule, i.e., if they are symmetrical or unsymmetrical squaraine dyes. Below are selected molecular structures of symmetrical dyes (Figure 1) and their listed optical properties (Table 2) from the past five years (2018–2022). The optical properties that will be considered are the absorbance maxima (λabs), emission maxima (λem), molar extinction coefficient (ε), quantum yield (φf), and Stokes shift.



When considering the structure of these symmetrical dyes, common locations of modifications are observed. The first region where modification is commonplace is the alkylation of the nitrogen atom on the heterocyclic ring. Based on Figure 1, there is a wide range of modifications from no alkylation—squaraines 5, 10, 12—or the addition the of a peptide, RGD, as seen in squaraine 16. N-alkylation can introduce new charges to the compounds, improving their water solubility, as in squaraines 1–4, 9, 11 [4,37]. Another common site for modification is the fifth position of the indole. There is an introduction of halogens, sulfonic acid, carboxylic acid, the benzene group or other substituents to the dye at this position. The modification at this position is another location in which to add charge(s) to the compound, which can be achieved by adding sulfonic acid and carboxylic acid groups. The central squaraine core can be modified, as seen in squaraines 9–13. For these dyes, the modification seen is with dicyanomethylene, barbituric acid or other groups [38,39,40].





 





Table 2. Optical properties of symmetrical dyes from Figure 1. A DMSO B PBS. C MeOH.






Table 2. Optical properties of symmetrical dyes from Figure 1. A DMSO B PBS. C MeOH.














	Dye
	λabs (nm)
	λem (nm)
	ε (M−1 cm−1)
	Stokes Shift (nm)
	φf (%)
	Solvent





	1 [4]
	624
	633
	168,600
	9
	-
	PBS



	2 [4]
	626
	637
	137,250
	11
	6
	PBS



	3 [4]
	633
	638
	157,300
	5
	9
	PBS



	4 [4]
	633
	638
	128,500
	5
	11
	PBS



	5 [38]
	636
	653
	149,000
	17
	32
	PBS



	6 [38]
	632
	642
	265,000
	10
	7
	PBS



	7 [41,42]
	656 A
	642 B
	295,000 [43] C
	8 [43] C
	12 [43] C
	



	8 [41,42]
	659 A
	644 B
	-
	-
	0.8 B
	



	9 [39]
	660
	685
	-
	25
	-
	DMSO



	10 [38]
	670
	693
	123,000
	23
	19
	PBS



	11 [38]
	667
	685
	188,000
	18
	7
	PBS



	12 [38]
	638
	666
	88,000
	28
	20
	PBS



	13 [38]
	627
	650
	150,000
	23
	5
	PBS



	14 [41,42]
	684 A
	669 B
	-
	-
	2.4 B
	



	15 [41,42]
	686 A
	676 B
	-
	-
	0.1 B
	



	16 [44]
	665
	680
	165,000
	15
	29.2
	PBS








The optical properties of the symmetrical squaraine dyes have shown a wide range of varying characteristics, due to the change in the indole heterocycle or the modification of the squaraine core, as shown in Table 2 and Figure 1. When looking at the trends of the halogen effect in squaraines 1–4 [4], there are minimal to no changes seen in the absorbance and emission wavelengths. The difference in the molar extinction coefficients is ~40,000 M−1 cm−1, but there is no clear trend. Squaraines 2 and 3 break the down period trend. This indicates that halogens have minimal effects on the optical properties of the dyes. With regard to the addition of another benzene ring to the indole at the fourth and fifth positions, as in squaraines 14–15 [42], there is a noticeable red shift of around 25 nm in absorbance and emission compared to squaraines 7–8 [41]. A similar red shift is observed for squaraine 16. The red shift in absorbance stems from the increased conjugation system of the dyes.



Another aspect of the indole heterocycle is that it can have modifications through N-alkylation. This modification brings changes to the molar extinction coefficient and the quantum yield of the dye. There are no considerable changes between absorbance and emission wavelength in norsquaraine dyes, with no alkyl substitution of the nitrogen atom of indole [41], as in squaraine dyes 5–6 and 10–13 [41]. There is a trend when considering the quantum yield of the same dyes: the molar extinction coefficient is higher for the dyes with N-alkylation, while the quantum yield is higher for the norsquaraine dyes when in phosphate-buffered saline (PBS). Additionally, the N-alkylation can be modified to include large groups such as the peptide, RGD (squaraine 16). These modifications aid in improving the other properties needed for specific applications.



Another modification to the dye structure is changing the squaraine core. These modifications present different optical characteristics. The modification changes the central functional group on the squaraine core between a ketone, dicyanomethylene (squaraines 9–11), and barbituric acid (squaraines 12–13). When observing the properties of dicyanomethylene squaraine dyes, there is a red shift observed, as seen in squaraines 5, 6, 10, and 11 [38]. The difference seen is around 35 nm. The red shift is observed due to the dicyanomethylene group fixing the dye into the cis conformation [45]. This reduces that bandgap, resulting in the red shift [46]. When looking at the effect of barbituric acid on the optical properties, there is little change seen in the absorbance maxima between the ketone and barbiturate squaraine dye. However, there is some red shift in emission maxima allowing for a larger Stokes shift, as seen in squaraines 5, 6, 12, and 13 [38]. Another change for the barbituric-acid-containing squaraine dye is in the molar extinction coefficient and quantum yield. The trend is a decrease in molar extinction coefficient and quantum yield when the barbituric acid modification is introduced.



The other class of squaraine dyes is unsymmetrical squaraine dyes. These dyes have unique properties compared to symmetrical dyes. Table 3 demonstrates the optical properties of these dye and Figure 2 shows the structure of these dyes.



Figure 2, as described previously, has similar changes observed to the dyes: modification to the N-alkylation of the indole heterocycle, changes of substituents at the fifth position of the indole, and modification to the squaraine core. The unique aspect seen for unsymmetrical indole-based squaraine dyes is the introduction of different indole or another heterocycle into the dyes. Adding another heterocycle or indole to the semisquaraine can introduce different properties, such as a new charged group, as in squaraines 19–24, or change the conjugated system, as in squaraines 25–27. These modifications allow fine-tuning of the properties of the dye.



Table 3 highlights the varying optical properties of unsymmetrical squaraine dyes. The data from Table 3 can be used to identify some trends. First, as mentioned earlier, the unsymmetrical squaraine dyes containing halogens, squaraines 19 and 21–23, have no effect on the absorbance, emission maxima, quantum yield, and molar extinction coefficient. Takeshi Fukuda et al. reported the optical properties of the same dyes using PBS with 5% BSA. However, the quantum yield reported is significantly higher, ranging between 57% to 80%, and the emission maxima is reported to be around 650 nm [47]. An example is squaraine 20, which has the most prominent quantum yield in Table 3. The dye contains water solubility modifications, which reduces the aggregate effect, and the addition of bovine serum albumin (BSA) can be attributed the low quantum yield. Considering the effect of different N-alkylated groups on unsymmetrical dyes, there is not much impact on the absorbance and emission maxima in squaraines 17, 18, 19, and 24.



Unsymmetrical squaraine dyes can have two different indole or other heterocycles. When examining the effect of adding an anilino group on at squaraine 25, a large Stokes shift and a high quantum yield are observed [48]. When comparing squaraines 26 and 27, with a larger heterocycle, the results show a larger increase in absorbance and emission maxima. Due to the varied abilities to donate electrons, the various donor groups in unsymmetrical dyes alter the optical properties. There is a decrease in the molar extinction coefficient of the unsymmetrical dyes compared to symmetrical dyes, with a slight blue shift in the maxima of absorbance and emission for the unsymmetrical dye. The quantum yield is comparable between the two scaffolds.




3.2. Applications of Indole-Based Dyes


Previous reports in literature have demonstrated the weak stability of the squaraine core. This is due to the reactivity of the squaraine core with the solvents and biological molecules, which results in the decomposition of the probe [50,51]. The biological nucleophiles, such as proteins, attack the squaraine core in vivo, which decreases the dyes biological usability. The squaraine core is attacked in vivo by biological nucleophiles, proteins that reduce the biological usability of dye. Attempts at improving stability have been made by adding external polymers [52], polymerization [53], and large macrocycles [50,51,54] to shield the core. The modifications reduce the yield and makes the synthetical process long and complicated. A new design of squaraines with quaternary ammonium cations on the alkyl chain was recently created by the Henary Group, the newly created structure has demonstrated the ability to stabilize the squaraine core. The stabilization is achieved by increasing the rigidity of the dye due to the electrostatic interactions between the negatively charged squaraine core and the ammonium cation. The stability of the probe is greater than a commercially available standard compound (Cy5) [4].



Based on the work from Henary’s group, it has been demonstrated that squaraine dyes with quaternary ammonium cations on the alkyl chain can be used for NIR fluorescence imaging [4]. Squaraine 21 (Figure 2) has shown the ability to image ovarian cancer. This dye can enter the tumor through an organic cation transporter mechanism (Figure 3E). The dye localizes in the lysosomes of the cell and has a high target-to-noise ratio and a long imaging window between 2 and 24 h post-injection [47]. The maximum signal-to-noise ratio is seen around 2.5 h after injection, as shown in Figure 3D. Figure 3A,B demonstrate the probe’s ability to identify more tumors that cannot be distinguished using color images.



Squaraine 25 (Figure 2) has shown the ability to image lipid droplets and endoplasmic reticulum in cells because of its lipophilic properties [48]. Lipid droplets have been reported to be linked with metabolic diseases and cancers [48,55]. Squaraine 25 initially stains the lipid droplet, and then the endoplasmic reticulum after 30 min, and the uptake into the cell occurs through diffusion [55]. The dye has a strong fluorescence signal in HeLa cancer cells.



Photoacoustic imaging is another method of bioimaging. Squaraine 16 (Figure 1) has shown a capacity for dual-imaging modalities: fluorescence imaging and photoacoustic imaging of tumors, as illustrated in Figure 4 [44]. The dye contains two groups of cyclic arginylglycylaspartic acid (cRGD), a known targeting agent for cancer, specifically angiogenic cells [44,52]. The cRGD group was added through a Cu(I)-catalyzed click reaction. The probe targets the αvβ3 integrin, which is overexpressed in cancer [56] and gives the strongest fluorescence intensity 6 h after injection. The strongest photoacoustic imaging signal was observed between 680 nm and 700 nm, and was stabilized 2 h after injection [46].



Indole-based squaraine dyes can also be used as sensors. Sensors detect the presence of the analyte in a system. The detection of a single analyte can be achieved through multiple designs. Xiaoquin Liu et al. and Yuanyuan He et al. synthesized two squaraine dyes that can detect trace amounts of iron (III) ions in a solution through colorimetric and spectroscopic methods, as represented in Figure 5A–E [19,57]. Xiaoquin Liu et al. incorporate thymine moiety as an ion acceptor and bind to Fe3+ in 1:1 stoichiometry. Iron (III) concentrations as low as 1 µM in a 20% acetic acid-water solution were detected using Squaraine 28. The dye, as well as utilized changes in absorbance, was used to determine the iron ion concentration; as the concentration increases, the absorbance intensity decreases at 635 nm [57]. The mode of action is a turn-off mechanism to determine the Fe (III) concentration in the solution, as shown in Figure 5B. Yuanyuan He et al. synthesized an unsymmetrical dye incorporating a fluorinated non-alkylated indole and a benzo[e]indole heterocycle. Squaraine 29 can be used to detect iron (III) and copper (II) ions through quantitative and colorimetric means (Figure 5E). The dye binds to both ions in a 2:1, dye: ion stoichiometry. The probe can be used to detect Fe (III) to approximately 3 µM and Cu (II) to 2.7 µM with a usable pH range between 2 and 8. The addition of iron (III) increases the fluorescence intensity but also results in a blue shift as concentration increases (Figure 5D) [19]. The mode of determining the concentration of copper is a turn-off absorbance mechanism; for iron, it is through a turn-on fluorescence mechanism (Figure 5C,D).



Guimei Wang et al. reported that squaraine 30 (Figure 6) can measure the concentration and image adenosine 5′-triphosphate, ATP, in cells [58]. The probe is a symmetrical, indole-based squaraine with a dicyanomethylene-modified squaraine core and is N-alkylated with phenylboronic acid. The dye forms a supramolecule in the solution that can be used to detect ATP. The boronic acid forms electrostatic interactions with ATP, allowing for qualitative and quantitative analysis. The mechanism is turn-on fluorescence; as ATP concentration rises, the fluorescence intensity also rises (Figure 6). The specificity of the probe is lacking, as there is a turn-on response for similar nucleotide structures: UTP, GTP, and CTP. The detection limit is 28 nM following 1:2, dye:ATP stoichiometry. Squaraine 30 can also be used to monitor ATP in a cell via fluorescence imaging [58]. The fluorophore can be used to investigate the functions and reactions of ATP and other energy molecules in response to outside influences like diseases or drugs.



Indole-based squaraine dyes have shown the ability to be used as protein sensors. Squaraine 13 (Figure 1) can bind to human serum albumin (HSA) and bovine serum albumin (BSA). Serum albumin concentration changes can be a biomarker for various diseases and disorders [59]. The probe has shown the ability to bind to all sites on HSA with a dissociation constant of 1.14 µM. The dye has a binding constant for HSA about three times higher than BSA, indicating a stronger binding affinity for HAS [60]. Once the fluorophore binds to serum albumin, fluorescence turns on, allowing for the quantification of the concentration [42,60].



Squaraines 7, 8, 14, and 15 (Figure 1) can be used to detect various classes of proteins: transferrin, fibrinogen, trypsin, pepsin, and protease. Most to all squaraine dyes form aggregates in aqueous media, causing fluorescence quenching [41,42]. When proteins are added to the aqueous solution, the fluorescence increases due to the disaggregation and formation of the monomeric dye [42]. The turn-on fluorescence enables the determinination of the association and dissociation constants [42,60]. Squaraines 7 and 14 increase in molecular brightness when all the tested proteins are added to the PBS solution. Squaraines 8 and 15 only show an increase in molecular brightness when transferrin or fibrinogen is added to the solution. The surface hydrophobicity of the protein plays a role in the turn-on fluorescence mechanism for shorter alkyl chains. For longer alkyl chains, surface hydrophobicity and electrostatic interactions play a role in achieving turn-on fluorescence [42].



Xiaoxue Jing et al. reported that squaraine 9 (Figure 1) can be used to determine diquat in an aqueous solution. Diquat is an herbicide that has harmful effects on humans and animals after being ingested from contaminated water or crops. The probe follows a turn-on fluorescence mechanism, which is selective for only diquat. It does not show a significant increase in fluorescence when other ions or pesticides are used (Figure 7A). Adding diquat to a solution, like a protein, allows the dye to disaggregate, allowing the fluorescence to return because the probe returns to the monomeric form (Figure 7B) [39,42]. The return of fluorescence enables a visualization, via fluorescence imaging, of whether diquat has been ingested [39].



Indole-based squaraine dyes can be used as therapeutic agents to treat various diseases. Squaraine 31 (Figure 8) has shown the ability to be used as an anticancer and antibacterial agent. This is achieved because the probe is an effective photosensitizer for photodynamic therapy. The probe can generate reactive oxygen species (ROS), a known tool for killing cancer cells [61,62]. An important point is to minimize cytotoxicity when added to healthy cells. The probe needs to generate ROS when exposed to light to be an effective photosensitizer. Squaraine 31 has shown the ability to kill cancer cells, as presented in Figure 8A. Over 80% of the cells are killed in the presence of light when 25 μM of dye is introduced. The increase in cell viability above 100% in dark conditions is attributed to tumor cell growth. This indicates that the dye does not show cytotoxic activity in dark conditions. In addition to being an antitumor agent, the probe is an effective antibacterial agent. The dye utilizes photodynamic therapy to generate ROS species to eliminate Methicillin-resistant Staphylococcus aureus (MRSA), a drug-resistant bacteria. Figure 8B demonstrates how the probe operates in light settings and demonstrates dose-based effectiveness [62].



Eurico Lima et al. have synthesized six squaraine dyes that effectively generate ROS faster than the commercially available FDA-approved standard methylene blue [61]. Indole-based squaraine dyes can produce ROS. However, to be an effective photosensitizer, the dye should not be cytotoxic when added to healthy cells and should effectively kill cancer cells.





4. Quinoline-Based Squaraine Dyes


Quinoline is another heterocycle that can be incorporated into squaraines. Quinolines are aromatic cyclic molecules composed of benzene and pyridine moieties [63]. The two forms of the heterocycles that can be integrated into the dye are 2-methylquinoline (quinaldine) and 4-methylquinoline (lepidine) [64]. These quinoline compounds can be synthesized using aniline, as illustrated in Scheme 4. Quinoline-based squaraine dyes are formed following the proposed mechanism shown in Scheme 1. Quinoline, like indoles, can undergo N-alkylation to form various salts, quinoliniums, that can be used to form squaraine dyes.



Quinolines have been incorporated into a wide range of NIR dyes. Quinolines are a common heterocycle for other NIR scaffolds such as cyanine dyes. Quinoline-based cyanine dyes have numerous synthesized dyes with lots of applications [64]. In contrast, there are fewer reported structures and related applications for quinoline-based squaraine dyes.



4.1. Optical Properties of Quinoline-Based Dyes


The optical properties of quinoline-based squaraine dyes show a wide range of features. These are dependent on the modification within the dye. Below are the reported quinoline-based dyes in Figure 9, and their optical properties are shown in Table 4. The optical properties that will be evaluated are the absorbance maxima (λabs), emission maxima (λem), molar extinction coefficient (ε), quantum yield (φf), and Stokes shift.



In addition to N-alkylation, modifications at the sixth or seventh positions of the heterocycle are common. Consequently, the modification can range from the addition of halogens (squaraines 32–35), biological molecules (squaraines 36–37 and 44), and other heterocyclic rings, as presented in Figure 9. These modifications introduce different structural elements into the dyes that can influence the optical properties or potential applications. In addition, quinaldine is a popular option compared to lepidine, used to form squaraine dye. Unsymmetrical dyes can be formed using two different quinoline heterocycles, squaraines 44 and 45, or different heterocycles altogether, squaraines 40–43 and 46–47.



In contrast to indole-based dyes, the majority of the absorbance maxima for quinoline-based squaraines are red-shifted. Squaraine 35 has the furthest red shift, it exhibits emission maxima at 992 nm and an absorption maximum at 900 nm. The probes with absorbance maxima at or near 900 nm are composed of lepidine and have a dicyanomethylene-modified squaraine core (squaraines 32–35) [67,68]. This is to be expected, as the lepidine increases the conjugated system compared to quinaldine, resulting in a red shift absorbance [67,68]. The dicyanomethylene modification is known to red shift due to its electron-withdrawing characteristics and fixates the probe into the cis conformation [45,73]. When considering the quinaldine version of the dyes without a modified squaraine core, the absorbance maxima are seen to be around the mid-700s region (squaraines 36–39). The quantum yield of these dyes is very low, even though organic solvents are used. This indicates that the absorbed energy is being relaxed by other pathways and fluorescence intensity is weak for these fluorophores based on the low quantum yield.



When different halogens are considered on the quinoline heterocycle, the modification causes the absorbance and emission spectra to red shift. Additionally, as shown in Table 4, the halogen modification causes the emission maxima to be red-shifted more significantly than the absorbance, with the largest effect being observed for the iodine-modified squaraine 35. This effect results in a larger Stokes shift for the probe with iodine. The quantum yield for squaraine 35 is slightly higher than the other halogen modifications, while the lowest is for the chlorine modification, in squaraine 33 [68]. The molar extinction of squaraines 32 and 35 is the largest for the quinoline-based dyes; these probes containin iodine and hydrogen modifications [67,68]. Squaraine 34, a probe modified with bromine, has the lowest molar extinction coefficient. The difference between the largest and the smallest molar extinction coefficient is 23,000 M−1 cm−1, which is not an extreme difference. The trend observed is that as atomic size of the halogen increases the absorbance and emission maxima, but the molar extinction coefficient and quantum yield remain about the same [68].



Squaraines 36 and 37 (Figure 9) incorporate biomolecules into the heterocycle with a significant difference in the molar extinction coefficient. When cholesterol is incorporated into the dye, the molar extinction coefficient increases compared to the glucose modification. A minor difference in the absorbance maxima, 6 nm, between the probes indicates that the modification has only a minor effect on the conjugated system. Jyothish Kuthanapillil et al. reported that fluorescence is above 765 nm for both structures due to the components contributing to the absorbance and the fluorescence being structurally similar [69]. Squaraine 44 differs from squaraine 37 in that quinoline is modified with an iodine group at the sixth position, creating an unsymmetrical structure. The modification resulted in the molar extinction coefficient being 70,000 M−1 cm−1 larger and the absorbance maxima, red shifted by 3 nm for squaraine 44 [69]. When altering the alkyl substituents on the nitrogen atom, as in squaraines 38 and 39, the trend seen is the molar extinction coefficient being greater for the shorter alkyl chains. However, the absorbance for the longer chain, in squaraine 39, exhibits a slight red shift [70].



Squaraines 40–43 are unsymmetrical dyes that use a benzothiazole heterocycle attached to the quinoline-based semi-squaraine dye with various modified squaraine cores. The modifications seen in the squaraine core involve various electron-donating groups. In comparison, squaraine 40, which has not undergone any modifications, is blue shifted compared to some other modifications, such as those of squaraines 42–43. The methylation of the oxygen in squaraine 41 resulted in the largest blue shift of 49 nm compared to an unmodified squaraine core dye. Additionally, the modification of the electron-donating group decreased the molar extinction coefficient. The probe with the amine modification, squaraine 42, has the smallest molar extinction coefficient, with the difference being approximately 34,000 M−1 cm−1. The modification of the methylamine on the squaraine core in squaraine 43, results in an increase in the singlet oxygen quantum yield compared to squaraine 40 [9,74].



Unsymmetrical dyes with distinctive structural configurations have been reported by Zhenxing Cong et al. [74] Squaraines 46 and 47 have heterocycles attached on the first and second positions of the cyclobutene ring. Usually, squaraine dyes have heterocycles attached to the first and third positions on the squaraine core. Squaraines 46 and 47 have the lowest absorbances and emission maxima from the set of dyes, which do not reach the NIR range. The absorbance and emission are seen in the visible region. In addition, the quantum yield is meager even though the optical properties were conducted in dichloromethane [72].



Many of the data on quinoline-based squaraine dyes’ optical properties are not published in the literature, indicating that the optical properties of this class of compounds need to be adequately assessed in future reported research. The reported optical properties are more thorough and easily accessible for indole-based squaraine dyes in the more recent works. Due to the limited data on quinoline-based squaraine dyes, there is a wide range of modifications available to develop a clearer picture of this class of dyes.




4.2. Applications of Quinoline-Based Dyes


The literature has explored the solar cell capabilities of these probes [13,71,75,76,77]. Quinoline-based squaraine dyes are optimal for dye-sensitized solar cell, as they have strong molar extinction coefficients [13,71,75,78], intense absorbance in the NIR range, and are stable [71,76]. These dyes transfer electrons from the high occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO), and to the conduction band. When the dye is in an excited state, the electrons are injected into the conductor band [71,76,77]. Squaraine 48 (Figure 10) shows the ability to act as sensitizer for dye-sensitized solar cells (DSSCs). The dye has an absorbance maximum of 742 nm in ethanol and has a broad signal that is able to cover a wide range of wavelengths from 650 nm to 800 nm on a TiO2 thin film. The thermodynamics of electron injection favor HOMO and LUMO energy. The dye formes aggregates but has an open circuit voltage of 0.26 V and a low conversion efficiency of 0.53%. Squaraine 48 has a large IPCE maxima of 31%, as depicted in Figure 10 [76].



Squaraine 45 (Figure 9) has shown the ability to be a sensitizer for DSSC. The probe has a unique structure composed of a carboxylic quinaldine group linked to an indenoquinaldine by the squaraine core. The indenoquinaldine group extends the conjugation. The dye is thermodynamically favorable for electron injection. When squaraine 45 and 3α,7α-dihydroxy-5β-cholanic acid (CDCA) are added, the open circuit voltage is 0.576 V, and the conversion efficiency is 4.15%. The IPCE maxima value is around 55% near 800 nm (Figure 11A). The short circuit current density is nearly doubled when CDCA is added [71]. The use of the CDCA promotes the disaggregation of the dye, improving the photovoltaic properties, as shown in Figure 11B [71,78,79].



Quinoline-based squaraine dyes have shown the ability to be used as therapeutic agents. Squaraines 40–43 (Figure 9) have shown the ability to act as photosensitizers. These dyes have shown moderate photostability. However, squaraine 41 has the fastest photodegradation of the set. The dye loses about 80% of its absorbance after 60 min of light exposure. In contrast, the other dyes have shown a about 50% loss in absorbance after 60 min. All the dyes in the set show dose-dependent toxicity toward the Hep G2 and Caco-2 cancer cell lines. Squaraine 40 shows the lowest dark toxicity for both cell lines and low IC50 values in light conditions. Squaraines 42 and 43 show the lowest IC50 values when in light conditions in both cancer cell lines. The probes show toxicity in dark conditions, especially for the Hep G2 cell line [9].



Palasseri Sujai et al. [80] have reported a three-prong theragnostic agent that utilizes a symmetrical quinoline-based squaraine dye to act as a photosensitizer and detect uptake via multiplex Raman scattering, as depicted in Figure 12. The team has synthesized a nano envelope targeting metastatic melanoma through photothermal therapy, photodynamic therapy, and chemotherapy [80]. Squaraine 49 (Figure 12) incorporates a quinoline heterocycle with a sulfobutyl N-alkylation to improve water solubility, and iodine to enhance ROS production through the heavy atom effect [9,74,80,81]. The absorbance maximum is 754 nm, and the emission is 777 nm in DMSO. Due to the surface anti-DR5 antibodies, the dye was taken up by the tumor when it was incorporated into the nano envelope. The dye shows ROS generation when incorporated into the nano envelope and shows a 2-fold increase in ROS generation after being irradiated in the cell. The increased amount of DNA fragments after exposure to light causes an increase in cancer cell deaths [80].



Squaraines 46 and 47 (Figure 9) have shown the ability to be used for bioimaging. These dyes have fluorescence properties and have shown strong quantum yields in crystal form; squaraine 47 has a quantum yield of 42.45% in crystal form. The dyes show emissions in the NIR range when in crystallized form: 688 nm for squaraine 46 and 676 nm for squaraine 47. Zhenxing Cong et al. have reported that these dyes are biocompatible and can be used to image cancer cells. The downside of these dyes is that the emissions are not in the NIR range in solution form [72]. This inhibits the dyes’ performance to obtain the region’s benefits: deeper tissue penetration and a strong signal-to-background for imaging [68,81,82].



Squaraine 50 (Figure 13) can be used to image using fluorescence and optoacoustic modalities to track and visualize lymphatic metastasis. The dye is unsymmetrical includes an indole and quinaldine heterocycle modified with a triarylamine containing a nitro group. In addition, the dye has a dicyanomethylene squaraine core. Squaraine 50 forms nanoprobe-aggregates in aqueous solution, enabling fluorescence and optoacoustic imaging [83]. As the probe contains a nitro group, it can react with nitroreductase (NTR), which is overexpressed in solid tumor hypoxia [83,84,85]. When the reaction between the probe and nitroreductase occurs, the nitro group is reduced to an amine group, as depicted in Figure 13. When this conversion occurs, the absorbance undergoes a blueshift from 740 to 690 nm (Figure 14A). The dye’s fluorescence and optoacoustic signal reemerge simultaneously, as shown in Figure 14B–D [85]. For optoacoustic imaging and fluorescence, the dye uses a turn-on mechanism.



The probe can image using optoacoustic mode through multispectral optoacoustic tomography (MSOT). This imaging method can be used to obtain 3D images by stacking the cross-sectional images from 2D optoacoustic images. Squaraine 50 was used to produced fluorescence imaging through aggregation-enhanced emission (AEE). This occurs when aggerated dye emits more intensely than in the monomeric form. The fluorescence and optoacoustic image were able to be visualized after 4 h and were present 48 h after injection (Figure 14E,F). Fluorescence imaging was used to determine that dye was excreted through the kidney, as presented in Figure 14F [83].



Bo Wu et al. [84] have reported a quinoline-based squaraine dye as a sensor to detect and image an enzyme: leucine aminopeptidase. Overexpression of leucine aminopeptidase (LAP) can indicate human diseases such as hepatitis [82], cholestasis [86], cirrhosis [87], and liver cancer [82]. Squaraine 51 (Figure 15) is an unsymmetrical dye that is composed of an indole that has a triethylene glycol chain to improve the water solubility and a quinoline that has a leucine amino acid group; these heterocycles are attached using an unmodified squaraine core. The leucine group on the quinoline heterocycle reacts with LAP, causing a cleavage at the amino group, as outlined in Figure 15A. When this cleavage occurs, the fluorescence of the probe increases at 710 nm and reaches maximum fluorescence after 30 min (Figure 15B,C). This probe is only selective for LAP and has a limit of detection of 0.61 ng/mL [82]. As there is an increase in fluorescence intensity, the mechanism of action the probe follows is a turn-on.



Squaraine 51 can be used to image LAP in vitro and in vivo. The probe can image the cancer cells, as LAP is overexpressed in cancers. When the dye is injected into tumor-bearing mice, the fluorescence gradually increases and becomes maximal after 30 min, as illustrated in Figure 15D. The probe has high intensity at the tumor site 4 h after injection. Due to the high concentration of LAP, the signal intensity is strong in liver tissue [82].





5. Perimidine-Based Squaraine Dye


Perimidine is a unique heterocycle due to its structure and electronic properties. It is a tricyclic system that contains two nitrogen atoms and has three six-member rings fused together [88,89]. It is comprised of a pyrimidine ring fused to a naphthalene group [88]. Due to its unique composition and connectivity, the heterocycle has a π-excessive and -deficient electron distribution [89]. This stems from the lone pair of electrons on the nitrogen atoms shifting the electron density towards the naphthalene group [89,90]. This allows the formation of a conjugated system and the unique properties of this class of dyes.



The synthesis of the perimidine heterocycle is achieved through many routes. The synthesis of perimidine can be performed quantitatively using green synthesis methods. The general reaction is achieved through a condensation reaction mixture with 1,8 diaminonaphthalene and a carbonyl derivate [89]. The two nitrogen groups on the heterocycle can be alkylated to further alter the heterocycle. (Scheme 5). The dye is formed following the proposed mechanism shown in Scheme 1 [37,91].



The perimidine heterocycle was first reported by de Aguiar in 1874, and since then, there has been lots of work regarding this heterocycle. There have been many applications regarding the uses of different perimidine variants in the biological field. The initial synthesis of perimidine-based squaraine dye was carried out by Griffiths et al. in 1993 [92]. Since then, a limited amount of work has been published regarding the application of these dyes. A greater amount work has gone into studying the structural properties of these dyes. This may be due to the patents on many dye derivatives, lack of knowledge of this class of squaraines, or a mistake by Griffiths et al. regarding the linkage of the heterocycle to the squaraine core [93].



5.1. Optical Properties of Perimidine-Based Dyes


This class of squaraine dyes shows a unique set of properties are not seen by other heterocycles. Below are selected dyes in the literature (Figure 16) and their optical properties (Table 5). The optical properties that will be evaluated are the absorbance maxima (λabs), emission maxima (λem), molar extinction coefficient (ε), quantum yield (φf), and Stokes shift.



A common modification of the perimidine heterocycle is having a long alkyl chain at the second position of the heterocycle. This is in contrast to the other classes of squaraines where the alkyl chain is seen from N-alkylation in heterocycles. Additionally, as there are four nitrogen atoms in the symmetrical dye as a result, there are four locations where N-alkylation can occur, as seen in squaraines 55–57. This class of squaraines can form symmetrical and unsymmetrical versions, as seen in Figure 16. For the unsymmetrical versions, an indole heterocycle is incorporated into the dye, as in squaraines 58–61.



Many dyes exhibit incomplete optical characterization of the vital optical properties shown in Table 5. This is due to the limited selection of literature regarding this class of squaraines. This is surprising even though there is a large redshift in absorbance compared to indole and quinaldine-based squaraine dyes. In addition, the reported probes have not explored the modified squaraine core that has been shown to red shift the absorbance and change the optical properties of the other classes of squaraines. When reflecting on the data of these dyes, there is a noticeable change in optical properties when the probes have N-alkylation. Squaraines 55 and 56 significantly increase in quantum yield compared to squaraine 52. The only difference between squaraines 52 and 55 is the methylation of the nitrogen groups [37,94]. The addition of the alkyl chain on the nitrogen atom increases the fluorescence properties of these probes, leading to a higher quantum yield. The non-alkylated dyes can absorb light. However, they release that energy via non-radiative pathways; the main pathway of relaxation is through hydrogen-bond-induced intersystem crossing [94]. Looking at the molar extinction coefficient between squaraines 52–56, there is an increase in the molar extinction coefficient when the N-alkylation is present [37,92,94]. The addition of alkyl chains on the nitrogen makes the fluorescence properties like that of indole- or quinoline-based squaraine dyes [9,44,47]. A downside of N-alkylation is a blue shift in the absorbance and fluorescence. There is a 65 nm blue shift in the absorbance between squaraines 52 and 55. However, the blueshift in absorbance is not as significant between squaraines 54 and 57 (14 nm). This indicates that other factors play a role in the degree of blueshift that is observed.



Squaraines 58–61 are unsymmetrical dyes with a perimidine, while containing an indole, and benzo[e]indole heterocyle linked with a squaraine core [95]. Compared to symmetrical dyes, the unsymmetrical dyes follow a trend wherein there is a blue shift observed for absorbance and fluorescence. The unsymmetrical dyes have larger Stokes shifts than the symmetrical version (squaraines 52, 55–56). Additionally, squaraines 58–61 have a lower molar extinction coefficient. These properties are ditinct from those observed with unsymmetrical indole- and quinoline-based squaraine dyes.



Contrary to expectations, the benzo[e]indole-based squaraine dyes exhibit a red shift in absorbance when compared to the indole-based squaraine dyes, which is due to an increase in conjugation from the benzo[e]indole heterocycle [41,42]. However, no significant change is seen in the absorbance maxima between squaraines 58 and 60, 59 and 61. Another surprise is that the quantum yield for these dyes is almost nonexistent; this indicates that the perimidine moiety influences the optical properties to a far greater extent than the indole and its derivative [95].



The full scope of the optical properties of perimidine-based squaraine dyes cannot be determined. However, some initial conclusion can be made from the small set of optical properties. The first conclusion is that the non-alkylated version has an absorbance maximum around 800 nm and a moderate molar extinction coefficient, but no definite conclusions regarding the fluorescence and quantum yields can be made [92,94]. Another conclusion is that when the perimidine moiety is alkylated, there is a blue shift in absorbance and fluorescence. However, there is a significant increase in quantum yield [37,94]. When perimidines are included in unsymmetrical dyes, the perimidine has a greater role in influencing the optical properties [95].




5.2. Applications of Perimidine-Based Dyes


To demonstrate the actual linkage of the perimidine-based squaraine dyes, Mistol et al. published a work in 2015 [93]. As mentioned above, the reported linkage when the dye was published initially shows the perimidine bound to the squaraine core at the sixth position [92]. However, in the early 2000s, there was a patent filed by Imation Corp. that reported the dye linkage to be different from the work of Griffiths et al. [92,96]. Again in 2008, a paper presented the linkage as originally reported by Griffiths et al. [92,97]. The linkage of the non-alkylated dyes was shown to be connected at the four positions; 2D NMR proved this. The signal generated from COSY and HBSC indicates that the linkage occurs at the four positions of the perimidine because of the observed hydrogen bonding signal. The dye can form at the sixth position of the perimidine, but this would be a minor product in the reaction [93].



Kim Sung-Hoon et al. demonstrated the stability of these dyes. The photostability of squaraines 53, 62, and 63 (Figure 16 and Figure 17) were compared, and the stability of the dye was determined to be 63 > 53 > 62 (Figure 17). The probes that underwent the greatest degradation still held 40% of their initial absorbance, namely, squaraine 62 after 200 min of exposure to light conditions. The hydroperimidine-containing dye, squaraine 63, has shown a red shift in absorbance, 858 nm, compared to the dihydroperimidine-containing probes, squaraines 53 and 63. Additionally, squaraine 63 has shown better stability compared to squaraines 53 and 63, losing about 20% of its original absorbance intensity. These probes show better photostability compared to other classes of dyes [98].



Perimidine-based squaraine dyes have shown the ability to be used as sensors. Squaraine 64 (Figure 18) shows the ability to be a single-time ammonia sensor. This dye has an absorbance maximum of 806 nm. The dye’s sensitivity to ammonia is solvent-dependent. When the probe is in ethanol and ammonia is introduced into the solution, there is no change in the absorption spectra. In contrast, when acetone and ammonia solution is used, the absorption peak decreases, as depicted in Figure 18. Attempt to regain the absorption peak have been made through adding HCl, but the peak was not generated, signifying that the sensing is irreversible. The dye undergoes a reaction with ammonia that leads to the decomposition of the dye and a decrease in the intensity of the peak. Additionally, the absorption peak decreases when only HCl is added to the dye. The inability to regain absorption is a downside of this dye in senssing ammonia [99].



Squaraine 57 (Figure 16) has shown a capacity for sensing bovine serum albumin (BSA). The probe contains four sulfonate groups, allowing the dye to be fully dissolved in a PBS buffer. When BSA is added, the fluorescence of the dye increases about 25-fold. The increase in fluorescence is due to the decrease in local hydrophilicity and the reduction of aggregate-induced quenching. The sensing mechanism is a turn-on fluorescence mechanism and can give an emission maximum above 800 nm. However, more information regarding the sensitivity and specificity of this probe, as seen for the other heterocycle-based dyes [37], is still needed.



Squaraine 53 (Figure 16) issued as an optical sensor. When stimulated by a chemical signal, this dye has been integrated into a PVC membrane to emit optical signals. Squaraine 53 has good solubility and stability, is clear on the PVC membrane, and can be protonated and deprotonated without a loss of optical signal. The downside is that the extraction of analytes on the membrane is not reversible, due to low basicity [100].



Squaraines 58–61 (Figure 16) have shown the ability to partition into the liposome bilayer. Once the dye is partitioned into the liposome membrane, the fluorescence turns on. Squaraines 59 and 61 have shown the strongest and fastest fluorescence after being introduced into the liposome environment. Squaraine 59 had the best performance in producing the most intense fluorescence signal after 30 min. Squaraines 58 and 60 were the fastest to reach maximum fluorescence, but the intensity was lower than that of other probes [95].



Squaraine 65 (Figure 19) shows the ability to be a tackifier. A tackifier is a substance used to improve the adhesion properties of another substance. The dye contains an abietic acid moiety; this group is utilized because it is a parent compound of a known tackifier, rosin acid. The absorbance for the probe is 810 nm in THF (Figure 19A). When the dye is added to different polymer films, the absorbance band broadens due to aggregation, as shown in Figure 19B [97]. The dye was able to act as an NIR hot-melt adhesive.



Perimidine-based squaraine dyes have been the subject of numerous patent applications over the years. The first patent was filed in 1993 by the 3M (Minnesota, mining and manufacturing) company, Saint Paul, MN, USA. This initial patent uses this class of squaraines for thermal imaging transfers. This patent is intended for use of the dyes as colorant donor elements. The dyes can convert light energy to thermal energy, which can heat the whole matrix or a localized section of it. This would enable the transfer of the color/image to occur in the designated area. Multiple perimidine-based squaraine dyes are claimed in the patent to be thermal imaging transfer agents [101].





6. Conclusions


Squaraine dyes are a popular class of NIR dyes with a wide range of optical properties and applications. Much work has gone into synthesizing squaraine dyes that utilize indole moieties. About half of the dyes reported include an indole moiety in their structure. The indole-based squaraine dyes have a high quantum yield and molar extinction coefficient, but their absorbances are capped near 700 nm. The indole-based squaraine dyes with absorbances above 700 nm contain various modifications, including a modified squaraine core and a large conjugated heterocycle. However, attempts to utilize indole-based squaraine dyes have been made in order to be used for various applications. In addition, in vivo stability has been improved by adding a quaternary ammonium cation group.



In comparison to indole, the other heterocycles, quinoline and perimidine, have fewer reported dyes. This is the case even though they have shown absorbance to be red-shifted to 900 nm. In addition, the quinoline- and perimidine-based squaraine dyes show strong molar extinction coefficients over 100,000 M−1 cm−1, and few dyes have shown a high quantum yield. Due to the limited exploration of these heterocycles, there are a limited number of dyes to analyze to determine how structural components impact the optical properties of these dyes. Based on this information, there are gaps in the understanding of how different structural components may lead to similar or different optical properties compared to indole-based dyes. As a result, assumptions about the limited number of dyes, regarding their optical properties, must be made.



Quinoline-based squaraine dyes have shown suitability for various applications. These applications are like those of indole-based squaraine dyes, with the added benefit of being red-shifted. Quinoline-based squaraine dyes are a great alternative to the indole variant, with much room for development.



The number of reported applications for perimidine-based squaraine dyes is nearly zero compared to the other heterocycles. This heterocycle is still a blank slate, with very few reported applications for biological and medical fields. The perimidine-based dyes have shown promising opportunities for the introduction of various modifications, and this could maximize their effectiveness in various applications. Hopefully, this report will foster the development of quinoline- and perimidine-based squaraine dyes.







Author Contributions


S.S. (Shahir Sarasiya), writing—reviewing and editing; S.S. (Sara Sarasiya), reviewing and editing; M.H., supervising, reviewing, editing, and proofreading the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


M.H. and S.S. (Shahir Sarasiya) wishes to thank the Center of Diagnostics and Therapeutics at Georgia State University for providing S.S. (Shahir Sarasiya) with the CDT fellowship. We acknowledge funding from the National Institutes of Health, under grant #R01EB034731 and R01CA205941. In addition, M.H. thanks the Brains and Behavior Seed Grant, and the Atlanta Clinical and Translational Science Institute for the Healthcare Innovation Program Grant, as well as the Georgia Research Alliance for the Ventures Phase 1 grant.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data sharing is not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations


h: hours; min: minutes; µM: micromolar; nm: nanometer; V: volt; mA: milliamp; ng/mL: nanogram per milliliter; MW: microwave; Trad. Rt: traditional reaction time.




References


	



Bacher, E.P. Shedding New Light on Squaraines: Utilizing Squaraine Dyes as Effective Tools in Organic Synthesis; University of Notre Dame: Notre Dame, IN, USA, 2020. [Google Scholar]

	



Sreejith, S.; Carol, P.; Chithra, P.; Ajayaghosh, A. Squaraine dyes: A mine of molecular materials. J. Mater. Chem. 2008, 18, 264–274. [Google Scholar] [CrossRef]

	



Ajayaghosh, A. Chemistry of squaraine-derived materials: Near-IR dyes, low band gap systems, and cation sensors. Acc. Chem. Res. 2005, 38, 449–459. [Google Scholar] [CrossRef]

	



Yadav, Y.; Owens, E.; Nomura, S.; Fukuda, T.; Baek, Y.; Kashiwagi, S.; Choi, H.S.; Henary, M. Ultrabright and Serum-Stable Squaraine Dyes. J. Med. Chem. 2020, 63, 9436–9445. [Google Scholar] [CrossRef]

	



Devi, D.G.; Cibin, T.; Ramaiah, D.; Abraham, A. Bis (3, 5-diiodo-2, 4, 6-trihydroxyphenyl) squaraine: A novel candidate in photodynamic therapy for skin cancer models in vivo. J. Photochem. Photobiol. B Biol. 2008, 92, 153–159. [Google Scholar] [CrossRef] [PubMed]

	



Park, J.; Barolo, C.; Sauvage, F.; Barbero, N.; Benzi, C.; Quagliotto, P.; Coluccia, S.; Di Censo, D.; Grätzel, M.; Nazeeruddin, M.K. Symmetric vs. asymmetric squaraines as photosensitisers in mesoscopic injection solar cells: A structure–property relationship study. Chem. Commun. 2012, 48, 2782–2784. [Google Scholar] [CrossRef] [PubMed]

	



Fan, J.; Wang, Z.; Zhu, H.; Fu, N. A fast response squaraine-based colorimetric probe for detection of thiols in physiological conditions. Sens. Actuators B Chem. 2013, 188, 886–893. [Google Scholar] [CrossRef]

	



Wang, Z.; Pradhan, A.; Kamarudin, M.A.; Pandey, M.; Pandey, S.S.; Zhang, P.; Ng, C.H.; Tripathi, A.S.; Ma, T.; Hayase, S. Passivation of grain boundary by squaraine zwitterions for defect passivation and efficient perovskite solar cells. ACS Appl. Mater. Interfaces 2019, 11, 10012–10020. [Google Scholar] [CrossRef]

	



Friães, S.; Lima, E.; Boto, R.E.; Ferreira, D.; Fernandes, J.R.; Ferreira, L.F.; Silva, A.M.; Reis, L.V. Photophysicochemical properties and in vitro phototherapeutic effects of iodoquinoline-and benzothiazole-derived unsymmetrical squaraine cyanine dyes. Appl. Sci. 2019, 9, 5414. [Google Scholar] [CrossRef]

	



Xiao, X.; Cheng, X.F.; Hou, X.; He, J.H.; Xu, Q.F.; Li, H.; Li, N.J.; Chen, D.Y.; Lu, J.M. Ion-in-conjugation: Squaraine as an ultrasensitive ammonia sensor material. Small 2017, 13, 1602190. [Google Scholar] [CrossRef]

	



Zhang, F.; Tang, B.Z. Near-infrared luminescent probes for bioimaging and biosensing. Chem. Sci. 2021, 12, 3377–3378. [Google Scholar] [CrossRef]

	



Shou, K.; Qu, C.; Sun, Y.; Chen, H.; Chen, S.; Zhang, L.; Xu, H.; Hong, X.; Yu, A.; Cheng, Z. Multifunctional biomedical imaging in physiological and pathological conditions using a NIR-II probe. Adv. Funct. Mater. 2017, 27, 1700995. [Google Scholar] [CrossRef]

	



Yan, Z.; Guang, S.; Su, X.; Xu, H. Near-infrared absorbing squaraine dyes for solar cells: Relationship between architecture and performance. J. Phys. Chem. C 2012, 116, 8894–8900. [Google Scholar] [CrossRef]

	



Escobedo, J.O.; Rusin, O.; Lim, S.; Strongin, R.M. NIR dyes for bioimaging applications. Curr. Opin. Chem. Biol. 2010, 14, 64–70. [Google Scholar] [CrossRef] [PubMed]

	



Wainwright, M. Therapeutic applications of near-infrared dyes. Color. Technol. 2010, 126, 115–126. [Google Scholar] [CrossRef]

	



Barolet, D.; Christiaens, F.; Hamblin, M.R. Infrared and skin: Friend or foe. J. Photochem. Photobiol. B Biol. 2016, 155, 78–85. [Google Scholar] [CrossRef] [PubMed]

	



Qin, C.; Wong, W.Y.; Han, L. Squaraine Dyes for Dye-Sensitized Solar Cells: Recent Advances and Future Challenges. Chem. –Asian J. 2013, 8, 1706–1719. [Google Scholar] [CrossRef]

	



Meng, D.; Zheng, R.; Zhao, Y.; Zhang, E.; Dou, L.; Yang, Y. Near-Infrared Materials: The Turning Point of Organic Photovoltaics. Adv. Mater. 2022, 34, 2107330. [Google Scholar] [CrossRef]

	



He, Y.; Mei, J.; Zhou, M.; Zhang, Y.; Liang, Q.; Xu, S.; Li, Z. Colorimetric and fluorescent probe for highly selective and sensitive recognition of Cu2+ and Fe3+ based on asymmetric squaraine dye. Inorg. Chem. Commun. 2022, 142, 109592. [Google Scholar] [CrossRef]

	



Jo, M.; Choi, S.; Jo, J.H.; Kim, S.-Y.; Kim, P.S.; Kim, C.H.; Son, H.-J.; Pac, C.; Kang, S.O. Utility of Squaraine Dyes for Dye-Sensitized Photocatalysis on Water or Carbon Dioxide Reduction. ACS Omega 2019, 4, 14272–14283. [Google Scholar] [CrossRef]

	



Beverina, L.; Salice, P. Squaraine compounds: Tailored design and synthesis towards a variety of material science applications. Eur. J. Org. Chem. 2010, 2010, 1207–1225. [Google Scholar] [CrossRef]

	



Lima, E.; Reis, L.V. ‘Lights, squaraines, action!’–the role of squaraine dyes in photodynamic therapy. Future Med. Chem. 2022, 14, 1375–1402. [Google Scholar] [CrossRef]

	



Ilina, K.; MacCuaig, W.M.; Laramie, M.; Jeouty, J.N.; McNally, L.R.; Henary, M. Squaraine dyes: Molecular design for different applications and remaining challenges. Bioconjugate Chem. 2019, 31, 194–213. [Google Scholar] [CrossRef]

	



Ronchi, E.; Ruffo, R.; Rizzato, S.; Albinati, A.; Beverina, L.; Pagani, G.A. Regioselective Synthesis of 1,2- vs 1,3-Squaraines. Org. Lett. 2011, 13, 3166–3169. [Google Scholar] [CrossRef]

	



Sprenger, H.-E.; Ziegenbein, W. Condensation Products of Squaric Acid and Tertiary Aromatic Amines. Angew. Chem. Int. Ed. Engl. 1966, 5, 894. [Google Scholar] [CrossRef] [PubMed]

	



Treibs, A.; Jacob, K. Cyclotrimethine Dyes Derived from Squaric Acid. Angew. Chem. Int. Ed. Engl. 1965, 4, 694. [Google Scholar] [CrossRef]

	



Law, K.-Y.; Bailey, F.C.; Bluett, L.J. Squaraine chemistry. On the anomalous mass spectra of bis(4-dimethylaminophenyl)squaraine and its derivatives. Can. J. Chem. 1986, 64, 1607–1619. [Google Scholar] [CrossRef]

	



Barbero, N.; Magistris, C.; Park, J.; Saccone, D.; Quagliotto, P.; Buscaino, R.; Medana, C.; Barolo, C.; Viscardi, G. Microwave-Assisted Synthesis of Near-Infrared Fluorescent Indole-Based Squaraines. Org. Lett. 2015, 17, 3306–3309. [Google Scholar] [CrossRef] [PubMed]

	



Sprenger, H.-E.; Ziegenbein, W. Cyclobutenediylium Dyes. Angew. Chem. Int. Ed. Engl. 1968, 7, 530–535. [Google Scholar] [CrossRef]

	



Treibs, A.; Jacob, K. Cyclobutenderivate der Pyrrolreihe, II1) Über Vierring-trimethin-Farbstoffe. Justus Liebigs Ann. Der Chem. 1968, 712, 123–137. [Google Scholar] [CrossRef]

	



Law, K.-Y.; Bailey, F.C. Squaraine chemistry. A new approach to symmetrical and unsymmetrical photoconductive squaraines. Characterization and solid state properties of these materials. Can. J. Chem. 1993, 71, 494–505. [Google Scholar] [CrossRef]

	



Keil, D.; Hartmann, H. Synthesis and characterization of a new class of unsymmetrical squaraine dyes. Dyes Pigment. 2001, 49, 161–179. [Google Scholar] [CrossRef]

	



Terpetschnig, E.; Lakowicz, J.R. Synthesis and characterization of unsymmetrical squaraines: A new class of cyanine dyes. Dyes Pigment. 1993, 21, 227–234. [Google Scholar] [CrossRef]

	



Cohen, S.; Cohen, S.G. Preparation and Reactions of Derivatives of Squaric Acid. Alkoxy-, Hydroxy-, and Aminocyclobutenediones1. J. Am. Chem. Soc. 1966, 88, 1533–1536. [Google Scholar] [CrossRef]

	



Tatarets, A.L.; Fedyunyaeva, I.A.; Terpetschnig, E.; Patsenker, L.D. Synthesis of novel squaraine dyes and their intermediates. Dyes Pigment. 2005, 64, 125–134. [Google Scholar] [CrossRef]

	



Owens, E.A.; Bruschi, N.; Tawney, J.G.; Henary, M. A microwave-assisted and environmentally benign approach to the synthesis of near-infrared fluorescent pentamethine cyanine dyes. Dyes Pigment. 2015, 113, 27–37. [Google Scholar] [CrossRef]

	



Sundberg, R.J. Indoles; Elsevier: Amsterdam, The Netherlands, 1996. [Google Scholar]

	



Umezawa, K.; Citterio, D.; Suzuki, K. Water-soluble NIR fluorescent probes based on squaraine and their application for protein labeling. Anal. Sci. 2008, 24, 213–217. [Google Scholar] [CrossRef] [PubMed]

	



Hovor, I.V.; Kolosova, O.S.; Sanin, E.V.; Obukhova, O.M.; Tatarets, A.L.; Terpetschnig, E.A.; Patsenker, L.D. Water-soluble norsquaraine dyes for protein labeling and pH-sensing applications. Dyes Pigment. 2019, 170, 107567. [Google Scholar] [CrossRef]

	



Butnarasu, C.; Barbero, N.; Barolo, C.; Visentin, S. Squaraine dyes as fluorescent turn-on sensors for the detection of porcine gastric mucin: A spectroscopic and kinetic study. J. Photochem. Photobiol. B Biol. 2020, 205, 111838. [Google Scholar] [CrossRef] [PubMed]

	



Butnarasu, C.; Barbero, N.; Barolo, C.; Visentin, S. Interaction of squaraine dyes with proteins: Looking for more efficient fluorescent turn-on probes. Dyes Pigment. 2021, 184, 108873. [Google Scholar] [CrossRef]

	



Alberto, G.; Barbero, N.; Divieto, C.; Rebba, E.; Sassi, M.P.; Viscardi, G.; Martra, G. Solid silica nanoparticles as carriers of fluorescent squaraine dyes in aqueous media: Toward a molecular engineering approach. Colloids Surf. A Physicochem. Eng. Asp. 2019, 568, 123–130. [Google Scholar] [CrossRef]

	



Jiang, X.; Rong, L.; Cao, J.; Fu, N. Near-infrared fluorescent probe for tracing diquat in aqueous solutions and bioimaging in vivo. Dyes Pigment. 2021, 191, 109375. [Google Scholar] [CrossRef]

	



Park, Y.D.; Park, J.-E.; Kim, H.S.; Choi, S.-H.; Park, J.E.; Jeon, J.; Park, S.-H. Development of a Squaraine-Based Molecular Probe for Dual-Modal in Vivo Fluorescence and Photoacoustic Imaging. Bioconjugate Chem. 2020, 31, 2607–2617. [Google Scholar] [CrossRef] [PubMed]

	



Casa, S.; Ersoy Ozmen, G.; Henary, M. (Z)-3-(Dicyanomethylene)-4-((5-fluoro-3,3-dimethyl-1-(3-phenylpropyl)-3H-indol-1-ium-2-yl) methylene)-2-(((E)-5-fluoro-3,3-dimethyl-1-(3-phenylpropyl)indolin-2-ylidene)methyl) cyclobut-1-en-1-olate. Molbank 2023, 2023, M1576. [Google Scholar] [CrossRef]

	



Qin, C.; Numata, Y.; Zhang, S.; Yang, X.; Islam, A.; Zhang, K.; Chen, H.; Han, L. Novel Near-Infrared Squaraine Sensitizers for Stable and Efficient Dye-Sensitized Solar Cells. Adv. Funct. Mater. 2014, 24, 3059–3066. [Google Scholar] [CrossRef]

	



Fukuda, T.; Yokomizo, S.; Casa, S.; Monaco, H.; Manganiello, S.; Wang, H.; Lv, X.; Ulumben, A.D.; Yang, C.; Kang, M.W. Fast and Durable Intraoperative Near-infrared Imaging of Ovarian Cancer Using Ultrabright Squaraine Fluorophores. Angew. Chem. 2022, 134, e202117330. [Google Scholar] [CrossRef]

	



Ferdinandus; Tan, J.R.; Lim, J.H.; Arai, S.; Sou, K.; Lee, C.-L.K. Squaraine probes for the bimodal staining of lipid droplets and endoplasmic reticulum imaging in live cells. Analyst 2022, 147, 3570–3577. [Google Scholar] [CrossRef]

	



Jachak, M.; Khopkar, S.; Mehta, V.; Bhise, R.; Shankarling, G. Synthesis of A2-D2-A1-D1 type red-emitting unsymmetrical squaraine dye: Influence of additional pyridine moiety on photophysical, electrochemical, photo and thermal stability. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2022, 273, 121019. [Google Scholar] [CrossRef]

	



Gassensmith, J.J.; Matthys, S.; Lee, J.J.; Wojcik, A.; Kamat, P.V.; Smith, B.D. Squaraine rotaxane as a reversible optical chloride sensor. Chem.–A Eur. J. 2010, 16, 2916–2921. [Google Scholar] [CrossRef]

	



Johnson, J.R.; Fu, N.; Arunkumar, E.; Leevy, W.M.; Gammon, S.T.; Piwnica-Worms, D.; Smith, B.D. Squaraine rotaxanes: Superior substitutes for Cy-5 in molecular probes for near-infrared fluorescence cell imaging. Angew. Chem. Int. Ed. Engl. 2007, 46, 5528–5531. [Google Scholar] [CrossRef]

	



Völker, S.F.; Dellermann, T.; Ceymann, H.; Holzapfel, M.; Lambert, C. Synthesis, electrochemical, and optical properties of low band gap homo-and copolymers based on squaraine dyes. J. Polym. Sci. Part A Polym. Chem. 2014, 52, 890–911. [Google Scholar] [CrossRef]

	



Völker, S.F.; Uemura, S.; Limpinsel, M.; Mingebach, M.; Deibel, C.; Dyakonov, V.; Lambert, C. Polymeric squaraine dyes as electron donors in bulk heterojunction solar cells. Macromol. Chem. Phys. 2010, 211, 1098–1108. [Google Scholar] [CrossRef]

	



Schreiber, C.L.; Zhai, C.; Dempsey, J.M.; McGarraugh, H.H.; Matthews, B.P.; Christmann, C.R.; Smith, B.D. Paired agent fluorescence imaging of cancer in a living mouse using preassembled squaraine molecular probes with emission wavelengths of 690 and 830 nm. Bioconjugate Chem. 2019, 31, 214–223. [Google Scholar] [CrossRef] [PubMed]

	



Li, Z.; Liu, H.; Luo, X. Lipid droplet and its implication in cancer progression. Am. J. Cancer Res. 2020, 10, 4112. [Google Scholar]

	



Liu, Z.; Wang, F.; Chen, X. Integrin alpha(v)beta(3)-Targeted Cancer Therapy. Drug Dev. Res. 2008, 69, 329–339. [Google Scholar] [CrossRef]

	



Liu, X.; Li, N.; Xu, M.-M.; Wang, J.; Jiang, C.; Song, G.; Wang, Y. Specific colorimetric detection of Fe 3+ ions in aqueous solution by squaraine-based chemosensor. RSC Adv. 2018, 8, 34860–34866. [Google Scholar] [CrossRef] [PubMed]

	



Wang, G.; Jiang, X.; Fu, N. Near-infrared squaraine fluorescent probe for imaging adenosine 5′-triphosphate in live cells. Dyes Pigment. 2019, 171, 107698. [Google Scholar] [CrossRef]

	



Tabata, F.; Wada, Y.; Kawakami, S.; Miyaji, K. Serum Albumin Redox States: More Than Oxidative Stress Biomarker. Antioxidants 2021, 10, 503. [Google Scholar] [CrossRef]

	



Gomes, V.S.; Gonçalves, H.M.; Boto, R.E.; Almeida, P.; Reis, L.V. Barbiturate squaraine dyes as fluorescent probes for serum albumins detection. J. Photochem. Photobiol. A Chem. 2020, 400, 112710. [Google Scholar] [CrossRef]

	



Lima, E.; Ferreira, O.; Gomes, V.S.D.; Santos, A.O.; Boto, R.E.; Fernandes, J.R.; Almeida, P.; Silvestre, S.M.; Reis, L.V. Synthesis and in vitro evaluation of the antitumoral phototherapeutic potential of squaraine cyanine dyes derived from indolenine. Dyes Pigment. 2019, 167, 98–108. [Google Scholar] [CrossRef]

	



Toksoy, A.; Sonkaya, Ö.; Erkan, D.S.; Gulen, R.B.; Algi, M.P.; Algi, F. Norsquaraine endowed with anticancer and antibacterial activities. Photodiagnosis Photodyn. Ther. 2022, 40, 103110. [Google Scholar] [CrossRef]

	



Jain, S.; Chandra, V.; Kumar Jain, P.; Pathak, K.; Pathak, D.; Vaidya, A. Comprehensive review on current developments of quinoline-based anticancer agents. Arab. J. Chem. 2019, 12, 4920–4946. [Google Scholar] [CrossRef]

	



Ilina, K.; Henary, M. Cyanine Dyes Containing Quinoline Moieties: History, Synthesis, Optical Properties, and Applications. Chem.–A Eur. J. 2021, 27, 4230–4248. [Google Scholar] [CrossRef]

	



Leir, C.M. An improvement in the Doebner-Miller synthesis of quinaldines. J. Org. Chem. 1977, 42, 911–913. [Google Scholar] [CrossRef]

	



Ram, V.J.; Sethi, A.; Nath, M.; Pratap, R. The Chemistry of Heterocycles: Nomenclature and Chemistry of Three to Five Membered Heterocycles; Elsevier: Amsterdam, The Netherlands, 2019. [Google Scholar]

	



Shen, C.-A.; Stolte, M.; Kim, J.H.; Rausch, A.; Würthner, F. Double J-Coupling Strategy for Near Infrared Emitters. J. Am. Chem. Soc. 2021, 143, 11946–11950. [Google Scholar] [CrossRef] [PubMed]

	



Mayerhöffer, U.; Fimmel, B.; Würthner, F. Bright Near-Infrared Fluorophores Based on Squaraines by Unexpected Halogen Effects. Angew. Chem. Int. Ed. 2012, 51, 164–167. [Google Scholar] [CrossRef] [PubMed]

	



Jyothish, K.; Avirah, R.R.; Ramaiah, D. Synthesis of new cholesterol-and sugar-anchored squaraine dyes: Further evidence of how electronic factors influence dye formation. Org. Lett. 2006, 8, 111–114. [Google Scholar] [CrossRef]

	



Piechowski, A.; Bird, G.; Morel, D.; Stogryn, E. Desirable properties of photovoltaic dyes. J. Phys. Chem. 1984, 88, 934–950. [Google Scholar] [CrossRef]

	



Bisht, R.; Mele Kavungathodi, M.F.; Nithyanandhan, J. Indenoquinaldine-Based Unsymmetrical Squaraine Dyes for Near-Infrared Absorption: Investigating the Steric and Electronic Effects in Dye-Sensitized Solar Cells. Chem.–A Eur. J. 2018, 24, 16368–16378. [Google Scholar] [CrossRef]

	



Cong, Z.; Li, Y.; Xia, G.; Shen, S.; Sun, J.; Xu, K.; Jiang, Z.; Jiang, L.; Chen, Y.; Yu, Q. Highly efficient crystal red fluorescent 1, 2-squaraine dyes with excellent biocompatibility and bioimaging. Dyes Pigment. 2019, 162, 654–661. [Google Scholar] [CrossRef]

	



Chen, Y.; Li, Y.; Gao, X.; Cui, M. Squaraine dye based prostate-specific membrane antigen probes for near-infrared fluorescence imaging of prostate cancer. Dyes Pigment. 2022, 208, 110822. [Google Scholar] [CrossRef]

	



Friães, S.; Silva, A.M.; Boto, R.E.; Ferreira, D.; Fernandes, J.R.; Souto, E.B.; Almeida, P.; Ferreira, L.F.V.; Reis, L.V. Synthesis, spectroscopic characterization and biological evaluation of unsymmetrical aminosquarylium cyanine dyes. Bioorganic Med. Chem. 2017, 25, 3803–3814. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.-Y.; Chen, C.-Y.; Ho, W.-C.; Chen, S.-H.; Wu, C.-G. Unsymmetrical squaraines incorporating quinoline for near infrared responsive dye-sensitized solar cells. Org. Lett. 2012, 14, 5420–5423. [Google Scholar] [CrossRef] [PubMed]

	



Maeda, T.; Shima, N.; Tsukamoto, T.; Yagi, S.; Nakazumi, H. Unsymmetrical squarylium dyes with π-extended heterocyclic components and their application to organic dye-sensitized solar cells. Synth. Met. 2011, 161, 2481–2487. [Google Scholar] [CrossRef]

	



El-Shishtawy, R.M.; Elroby, S.A.; Asiri, A.M.; Müllen, K. Optical absorption spectra and electronic properties of symmetric and asymmetric squaraine dyes for use in DSSC solar cells: DFT and TD-DFT studies. Int. J. Mol. Sci. 2016, 17, 487. [Google Scholar] [CrossRef] [PubMed]

	



Bisht, R.; Sudhakar, V.; Mele Kavungathodi, M.F.; Karjule, N.; Nithyanandhan, J. Fused fluorenylindolenine-donor-based unsymmetrical squaraine dyes for dye-sensitized solar cells. ACS Appl. Mater. Interfaces 2018, 10, 26335–26347. [Google Scholar] [CrossRef]

	



Saccone, D.; Galliano, S.; Barbero, N.; Quagliotto, P.; Viscardi, G.; Barolo, C. Polymethine dyes in hybrid photovoltaics: Structure–properties relationships. Eur. J. Org. Chem. 2016, 2016, 2244–2259. [Google Scholar] [CrossRef]

	



Sujai, P.T.; Joseph, M.M.; Karunakaran, V.; Saranya, G.; Adukkadan, R.N.; Shamjith, S.; Thomas, R.; Nair, J.B.; Swathi, R.S.; Maiti, K.K. Biogenic cluster-encased gold nanorods as a targeted three-in-one theranostic nanoenvelope for SERS-guided photochemotherapy against metastatic melanoma. ACS Appl. Bio Mater. 2018, 2, 588–600. [Google Scholar] [CrossRef]

	



Yano, S.; Hirohara, S.; Obata, M.; Hagiya, Y.; Ogura, S.-i.; Ikeda, A.; Kataoka, H.; Tanaka, M.; Joh, T. Current states and future views in photodynamic therapy. J. Photochem. Photobiol. C Photochem. Rev. 2011, 12, 46–67. [Google Scholar] [CrossRef]

	



Wu, B.; Lin, Y.; Li, B.; Zhan, C.; Zeng, F.; Wu, S. Oligo (ethylene glycol)-functionalized squaraine fluorophore as a near-infrared-fluorescent probe for the in vivo detection of diagnostic enzymes. Anal. Chem. 2018, 90, 9359–9365. [Google Scholar] [CrossRef]

	



Lin, Y.; Sun, L.; Zeng, F.; Wu, S. An Unsymmetrical Squaraine-Based Activatable Probe for Imaging Lymphatic Metastasis by Responding to Tumor Hypoxia with MSOT and Aggregation-Enhanced Fluorescent Imaging. Chem.–A Eur. J. 2019, 25, 16740–16747. [Google Scholar] [CrossRef]

	



Zhu, D.; Xue, L.; Li, G.; Jiang, H. A highly sensitive near-infrared ratiometric fluorescent probe for detecting nitroreductase and cellular imaging. Sens. Actuators B Chem. 2016, 222, 419–424. [Google Scholar] [CrossRef]

	



Chevalier, A.; Zhang, Y.; Khdour, O.M.; Kaye, J.B.; Hecht, S.M. Mitochondrial nitroreductase activity enables selective imaging and therapeutic targeting. J. Am. Chem. Soc. 2016, 138, 12009–12012. [Google Scholar] [CrossRef] [PubMed]

	



Kawai, M.; Otake, Y.; Hara, Y. High-molecular-mass isoform of aminopeptidase N/CD13 in serum from cholestatic patients. Clin. Chim. Acta 2003, 330, 141–149. [Google Scholar] [CrossRef] [PubMed]

	



Phillips, R.W.; Manildi, E.R. Isoenzymes of Serum Leucine Aminopeptidase (LAP)—Pattern in Hepatic Cirrhosis. Lab. Med. 1973, 4, 28–30. [Google Scholar] [CrossRef]

	



Undheim, K.; Benneche, T. 6.02—Pyrimidines and their Benzo Derivatives. In Comprehensive Heterocyclic Chemistry II; Katritzky, A.R., Rees, C.W., Scriven, E.F.V., Eds.; Pergamon: Oxford, UK, 1996; pp. 93–231. [Google Scholar] [CrossRef]

	



Sahiba, N.; Agarwal, S. Recent Advances in the Synthesis of Perimidines and their Applications. Top. Curr. Chem. 2020, 378, 44. [Google Scholar] [CrossRef]

	



Anga, S.; Biswas, S.; Kottalanka, R.K.; Mallik, B.S.; Panda, T.K. Structural and mechanistic insights of substituted perimidine-experimental and computational studies. Can. Chem. Trans. 2014, 2, 72–82. [Google Scholar]

	



Ernst, S.; Mistol, J.; Senns, B.; Hennig, L.; Keil, D. Synthesis and characterization of a new class of unsymmetrical squaraines with 2, 3-dihydro-1H-perimidine terminal groups. Dyes Pigment. 2018, 154, 216–228. [Google Scholar] [CrossRef]

	



Bello, K.A.; Corns, S.N.; Griffiths, J. Near-infrared-absorbing squaraine dyes containing 2, 3-dihydroperimidine terminal groups. J. Chem. Soc. Chem. Commun. 1993, 5, 452–454. [Google Scholar] [CrossRef]

	



Mistol, J.; Ernst, S.; Keil, D.; Hennig, L. Structural studies of squaraines containing 2, 3-dihydro-1H-perimidine terminal groups. Dyes Pigment. 2015, 118, 58–63. [Google Scholar] [CrossRef]

	



Umezawa, K.; Citterio, D.; Suzuki, K. A squaraine-based near-infrared dye with bright fluorescence and solvatochromic property. Chem. Lett. 2007, 36, 1424–1425. [Google Scholar] [CrossRef]

	



Renno, G.; Giordano, M.; Barbero, N.; Quagliotto, P.; Cravotto, G.; Viscardi, G.; Fin, A. NIR squaraine dyes for cell bilayer bioimaging: A structure-activity investigation. In Proceedings of the XXVII CONGRESSO NAZIONALE SCI, Online, 14–23 September 2021; p. IND-PO029. [Google Scholar]

	



Busman, S.C.; Ellis, R.J.; Haubrich, J.E.; Ramsden, W.D.; Van Thien, T.; Cuny, G.D. Composition Comprising Photochemical Acid Progenitor and Specific Squarylium Dye. U.S. Patent Application 09/512,423, 16 September 2003. [Google Scholar]

	



Chong, K.C.; Winnik, M.A.; Gong, L.-z.; Nowicki, J. The synthesis of a near infrared-sensitive tackifier. Dyes Pigment. 2008, 79, 200–204. [Google Scholar] [CrossRef]

	



Kim, S.-H.; Kim, J.-H.; Cui, J.-Z.; Gal, Y.-S.; Jin, S.-H.; Koh, K. Absorption spectra, aggregation and photofading behaviour of near-infrared absorbing squarylium dyes containing perimidine moiety. Dyes Pigment. 2002, 55, 1–7. [Google Scholar] [CrossRef]

	



Šimon, P.; Sekretar, S.; MacCraith, B.; Kvasnik, F. Near-infrared reagents for fibre-optic ammonia sensors. Sens. Actuators B Chem. 1997, 39, 252–255. [Google Scholar] [CrossRef]

	



Citterio, D.; Rásonyi, S.; Spichiger, U.E. Development of new dyes for use in integrated optical sensors. Fresenius’ J. Anal. Chem. 1996, 354, 836–840. [Google Scholar] [CrossRef]

	



Thien, T.V.; Patel, R.C. Thermal Dye Transfer. U.S. Patent 5360694A, 1 November 1994. [Google Scholar]








[image: Pharmaceuticals 16 01299 sch001] 





Scheme 1. Proposed mechanism for synthesis of squaraine dyes [27]. 
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Scheme 2. General synthesis of unsymmetrical squaraine dyes. 
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Scheme 3. General synthesis of indole salt, iodolium, and indole-based squaraine dyes. 
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Figure 1. Selected structures of symmetrical indole-based squaraine dyes. 
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Figure 2. Selected structures of unsymmetrical indole-based squaraine dyes. 
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Figure 3. Application of squaraine 21 for ovarian cancer imaging. (A). The image of the cancer in NIR and color. (B). The number of tumors detected using color and NIR imaging. * p < 0.05 by two-way ANOVA followed by Tukey’s multiple comparisons test. (C). Dual-channel imaging of the tumor using squaraine 21 and background ureteral signal using ZW800-PEG. (D). Signal-to-background ratio over the course of three hours. (E). Summary of the process for uptake into the cancer [47]. 
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Figure 4. The bimodal nature of squaraine 16 to image using fluorescence and photoacoustic modes. Copyright 2023 American Chemical Society [44]. 
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Figure 5. Structure of squaraine 28 (top). (A). Colorimetric assay of different metal ions in 20% AcOH-H2O solution. (B). Absorbance spectra comparing responses of metal ions in 20% AcOH-H2O [57]. Structure of squaraine 29 (middle). (C). The absorbance titration of cupric ion in deionized water–ethanol solution. (D). Fluorescence titration with varying concentration of iron (III) ions. (E). Colorimetric assay using different metal ions in EtOH- H2O solution [19]. 
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Figure 6. Structure of squaraine 30 (left); fluorescence titration of ATP and the associated response in PBS solution (right) [58]. 
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Figure 7. (A). Changes in fluorescence intensity at 685 nm when different analytes are added to the solution of squaraine 9. (B). The DLS analysis of the diameter of the aggregate of squaraine 9 before and after the addition of diquat in solution [39]. 
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Figure 8. Structure of squaraine 31 (top). (A). The cell viability of Hep G2 cells in dark and light conditions at different concentrations. **** p < 0.0001 (n = 6). (B). The bacterial viability of Methicillin-resistant Staphylococcus aureus (MRSA) in dark and light conditions at varying concentrations [62]. 
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Scheme 4. General synthesis of quinaldine [64,65] and lepidine [64,66] salts and the dye. 
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Figure 9. Structures of quinoline-based squaraine dyes. 
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Figure 10. Structure of squaraine 48 (left); the energy level diagram and the photovoltaic performance of the dye [76]. 
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Figure 11. (A). The IPCE spectra for squaraine 45. (B). When dye is loaded without CDCA and when in the presence of CDCA and its impact on aggregation [71]. 
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Figure 12. Structure of squaraine 49 (top) and nanoenvelope schematic and synthesis [80]. 
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Figure 13. Structure of squaraine 50 (top). The enzymatic conversion of the probe and associated response. The gray ellipse is the nanoprobe form before reacting with the enzyme and the red ellipse is the probe after the nitroreductase reaction [83]. 
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Figure 14. Optical and optoacoustic response and the response in a tumor of squaraine 50. (A). The absorption spectra at various concentrations of NTR. (B). The fluorescence spectra as the concentration of NTR is increased. (C). The fluorescence–time response when probe and NTR added. (D). The optoacoustic relationship between the probe and NTR. Inset: the optoacoustic image of phantom. (E). The fluorescence imaging of mice containing the tumor at different time intervals. (F). 3D maximum intensity projection MSOT imaging observing the tumor at various time frames [83]. 
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Figure 15. Structure of squaraine 51 (top). (A). The enzymatic reaction of the dye and LAP. (B). The fluorescence spectra response as concentration of LAP is increased. Inset: Fluorescence intensity at 710 nm as concentration of LAP is changed. (C). The time-dependent fluorescence response. Inset: The fluorescence intensity response as time incubated is changed. (D). Fluorescence imaging of mouse model containing advanced-stage tumor. Copyright 2023 American Chemical Society [82]. 
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Scheme 5. General synthesis of perimidine [89], N-alkylation [37,91], and dye [91]. 
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Figure 16. Selected structures of perimidine-based squaraine dyes. 
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Figure 17. Squaraines 62 and 63 (top) and the photofading graph of squaraines 53, 62, and 63 [98]. 
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Figure 18. Squaraine 64 (left); absorbance spectra in acetone before and after the addition of ammonia [99]. 
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Figure 19. Squaraine 65 (left). (A) Absorbance spectrum of squaraine 65 in THF. (B) Absorbance spectra in various polymer films: (i) 5 wt% in EVA, Elvax 210; (ii) 5 wt% in Elvacite 2901; (iii) 5 wt% in polyurethane [97]. 
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Table 1. Comparison of the reaction time and yield between traditional method and microwave method. The reaction time accounts for the complete synthesis of symmetrical dyes, whereas the reaction time for unsymmetrical dye is from the semisquaraine group containing ethyl ether(-OEt) [28].
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R1

	
Y1

	
R2

	
Y2

	
Trad. Rt (min)

	
MW Rt (min)

	
Trad. Yield (%)

	
MW Yield (%)






	
Sym.

	
-C8H17

	
-COOH

	
-C8H17

	
-COOH

	
1080

	
25

	
46

	
73




	
-C10H21

	
-COOH

	
-C10H21

	
-COOH

	
360

	
20

	
54

	
63




	
-C2H5

	
-Br

	
-C2H5

	
-Br

	
1440 [35]

	
30

	
84 [35]

	
82




	
-C2H5

	
-COOH

	
-C2H5

	
-COOH

	
1080

	
20

	
58

	
99




	
Unsym.

	
-C8H17

	
-COOH

	
-C2H5

	
Benzo-[c,d]indole

	
180

	
60

	
10

	
15











 





Table 3. Optical properties of unsymmetrical squaraine dyes from Figure 2.
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	Dye
	λabs (nm)
	λem (nm)
	ε (M−1 cm−1)
	Stokes Shift (nm)
	φf (%)
	Solvent





	17 [43]
	635
	645
	245,500
	10
	15
	MeOH



	18 [43]
	631
	639
	32,360
	8
	2.3
	H2O



	19 [4]
	622
	630
	84,700
	8
	9
	PBS



	20 [47]
	636
	650
	99,800
	14
	65.07
	PBS w/5% BSA



	21 [4]
	621
	632
	75,050
	11
	10
	PBS



	22 [4]
	624
	632
	111,200
	13
	4
	PBS



	23 [4]
	624
	634
	107,100
	10
	4
	PBS



	24 [4]
	625
	636
	58,050
	11
	3
	PBS



	25 [48]
	631
	661
	101,000
	30
	45.5
	Octanol



	26 [49]
	676
	683
	191,870
	7
	14.1
	DMSO



	27 [49]
	659
	670
	190,100
	11
	9.9
	DMSO










 





Table 4. Optical properties of the dyes from Figure 9. A Singlet oxygen quantum yield.
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	Dye
	λabs (nm)
	λem (nm)
	ε (M−1 cm−1)
	Stokes Shift (nm)
	φf (%)
	Solvent





	32 [67]
	875
	885
	274,000
	10
	1.3
	CHCl3



	33 [68]
	885
	913
	258,000
	28
	1.1
	CH2Cl2



	34 [68]
	891
	916
	251,000
	25
	1.2
	CH2Cl2



	35 [68]
	900
	992
	274,000
	92
	1.7
	CH2Cl2



	36 [69]
	746
	>765
	170,000
	>19
	-
	CHCl3



	37 [69]
	740
	>765
	210,000
	>25
	-
	CHCl3



	38 [70]
	742
	-
	176,000
	-
	-
	Pyridine



	39 [70]
	745
	-
	132,000
	-
	-
	Pyridine



	40 [9]
	726
	-
	182,000
	-
	3 A
	DMSO



	41 [9]
	677
	-
	178,000
	-
	-
	DMSO



	42 [9]
	705
	-
	148,000
	-
	3 A
	DMSO



	43 [9]
	715
	-
	151,000
	-
	5 A
	DMSO



	44 [69]
	743
	-
	280,000
	-
	-
	CHCl3



	45 [71]
	754
	781
	135,000
	27
	-
	CH2Cl2



	46 [72]
	509
	588
	-
	79
	0.1
	CH2Cl2



	47 [72]
	511
	586
	-
	75
	0.1
	CH2Cl2










 





Table 5. Optical properties unsymmetrical squaraine dyes from Figure 16.
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	Dye
	λabs (nm)
	λem (nm)
	ε (M−1 cm−1)
	Stokes Shift (nm)
	φf (%)
	Solvent





	52 [94]
	802
	811
	140,000
	9
	6.7
	Cyclohexane



	53 [92]
	808
	-
	155,000
	-
	-
	CH2Cl2



	54 [92]
	800
	-
	189,000
	-
	-
	CH2Cl2



	55 [94]
	737
	751
	200,000
	14
	56
	Cyclohexane



	56 [37]
	>750
	776
	210,000
	<26
	44
	Toluene



	57 [37]
	786
	817
	-
	31
	-
	PBS



	58 [95]
	746
	778
	109,635
	32
	0.97
	Ethanol



	59 [95]
	745
	777
	107,712
	32
	1.14
	Ethanol



	60 [95]
	749
	783
	103,029
	34
	1.43
	Ethanol



	61 [95]
	749
	783
	103,793
	34
	1.66
	Ethanol
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