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Abstract: 

Squaraine Figure Eight (SF8) dyes are a unique class of deep-red fluorescent dyes with self-

threaded molecular architecture that provides structural rigidity while simultaneously encapsulating and 

protecting the emissive fluorochrome. Previous cell microscopy and bulk phase studies of SF8 dyes 

indicated order of magnitude enhancements in photostability over conventional pentamethine cyanine dyes 

such as Cy5. Studies conducted at the single molecule level now reveal that these ensemble level 

enhancements carry over to the single molecule level in terms of enhanced emission quantum yields, longer 

times to photobleaching, and enhanced total photon yields. When compared to Cy5, the SF8-based dye 

SF8(D4)2 possesses a three-fold larger single molecule emission quantum yield, exhibits order of magnitude 

longer average times before photobleaching, and exhibits twenty times larger photon yields. Additional 

features such as water solubility, fluorochrome encapsulation to protect it against nucleophilic attack, and 

selective biomarker targeting capability make SF8-based dyes promising candidates for biological labeling 

and microscopy applications and single molecule tracking. 

 

1. Introduction 

The ongoing development of high-performance fluorescent dyes is driven by the increasing number 

of ways that microscopy and imaging are deployed within the life sciences.[1, 2, 3, 4, 5, 6, 7] In particular, 

many microscopy and imaging methods are more informative if they employ bright and durable fluorescent 

dyes with high photon outputs. Efforts to enhance dye fluorescent signals have led to modified experimental 

protocols that use chemical additives such as reducing agents or oxygen scavengers to increase the 

photostability and photon-count of a fluorescent dye during image acquisition.[8, 9, 10, 11] While this 

approach can be helpful in specific circumstances, incorporating added chemicals is potentially problematic 
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as it complicates experimental procedures and may induce undesired experimental artifacts.[12] The need 

for chemical additives is attenuated or perhaps even eliminated if a fluorescent dye possesses very high 

brightness and photochemical stability. This need is especially pressing for dyes that absorb and emit deep-

red or near-infrared light (wavelength >640 nm), wavelengths known to penetrate more deeply through 

opaque media and undergo less scattering.[12, 13] Unfortunately, extended chemical chromophores with 

conjugated π-electrons and small HOMO-LUMO energy difference - properties inherent to long wavelength 

organic dyes - are chemically reactive and often quite hydrophobic. The rational design of bright and stable, 

long wavelength organic fluorescent dyes thus represents a challenging problem in fluorescent molecular 

probe design, given the simultaneous need to satisfy multiple spectral, physical, and chemical criteria.[13, 

14, 15] 

Squaraine dyes were discovered in the 1960’s and have been investigated extensively for many 

applications in different technical fields such as coatings, visual media, and biomedicine.[16] Squaraines 

exhibit narrow and intense deep-red absorption/fluorescence bands along with high emission quantum 

yields (QYs) in organic solvents. The photophysics of squaraine dyes in bulk solution have been extensively 

investigated.[17, 18, 19] One drawback that has diminished their impact in biomedical technology is the 

propensity of many squaraine dyes to degrade in the presence of nucleophiles.[20] In 2005, we showed how 

squaraine dyes could be synthetically encapsulated inside tetralactam macrocycles to produce squaraine 

rotaxanes.[21, 22] The steric protection provided by the encapsulation greatly enhances the squaraine 

chemical stability and also improves squaraine fluorescence brightness in biological media. Squaraine 

rotaxanes have near identical spectral properties as the pentamethine cyanine dye, Cy5, a standard 

benchmark fluorophore often used for deep-red fluorescence imaging and microscopy. Several direct 

comparisons have consistently shown that squaraine rotaxanes are more photostable than Cy5 and perform 

better as fluorescent molecular probes in cell microscopy experiments that require high levels of 

photoresistance.[23, 24, 25, 26] Of particular note is the emerging use of conjugatable squaraine rotaxane 

dyes as bright and long-lived fluorescent labels for informative antibody single molecule tracking 

studies.[27, 28, 29, 30, 31, 32, 33, 34] The commercial availability of squaraine rotaxane dyes has also 

enabled single molecule studies of fundamental photophysical phenomena such as fluorescence 

blinking[35] and switching.[36]  

The increased utilization of squaraine rotaxanes for single molecule imaging has prompted us to 

pursue structural variations that have similarly high photophysical performance but with alternative 

biological targeting mechanisms. Our prior work has revealed that squaraine rotaxanes undergo a set of 

related intramolecular motions such as rotaxane shuttling or pirouetting.[22] This dynamic behavior could 

limit performance as a fluorescent molecular probe by providing a potential excited state relaxation pathway 
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that can diminish fluorescence brightness.[37, 38, 39] To decrease structural flexibility, we have developed 

a synthetic method that covalently connects the two interlocked components of a squaraine rotaxane to 

create a single, rigidified molecule with a self-threaded architecture and topology reminiscent of a 

molecular eight.[40] Moreover, we have recently reported a series of Squaraine Figure Eight (SF8) 

structures with two peptidyl loops and shown that they exhibit outstanding performance in different types 

of cell microscopy and in vivo imaging experiments. Notably, the conformationally constrained peptidyl 

loops within SF8 dyes provide superior fluorescent probe targeting properties compared to homologous 

squaraine rotaxanes with the same peptidyl sequence. Moreover, cell microscopy studies have demonstrated 

that the SF8 peptidyl sequence can be optimized to produce selective affinity for specific cell types (e.g., 

cancer cells that overexpress integrin receptors)[41] or specific organelles with cells (e.g., 

mitochondria).[42] 

The focus of this present study is SF8(D4)2 a water-soluble SF8-based dye with four aspartate 

residues within each identical peptidyl loop (Scheme 1). Previous studies have revealed that SF8(D4)2 is 

unusually stable in two ways; (a) the surrounding macrocyclic component (colored red) sterically protects 

the encapsulated squaraine fluorochrome (colored blue) and blocks chemical attack of the dye by 

nucleophiles, and (b) the constrained peptidyl loops (colored green) resist degradation by protease enzymes 

compared to a homologous squaraine rotaxane with the same peptidyl sequence.[40] The polyanionic 

charge of SF8(D4)2
 prevents cell permeation, but the tetra-aspartate loops promote selective targeting to the 

mineral matrix within bone tissue, enabling selective fluorescence imaging of bone in complex biological 

media, including histology sections and living mice.[40]  

The high promise of these fluorescence cell microscopy and in vivo imaging results has prompted 

us to conduct additional experiments that compare the photophysical properties of SF8(D4)2 to Cy5 with 

an emphasis on factors that determine their performance in single molecule tracking experiments. The most 

important of these properties are fluorescence brightness (i.e. emission quantum yield), dye lifetime before 

photobleaching, and total photon yield for a single molecule. It is important to emphasize that all 

measurements in this study were made under ambient laboratory atmosphere with no attempt to enhance 

fluorescence properties by using chemical additives. 
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Scheme 1. Structures of the deep-red fluorescent dyes, SF8(D4)2 and Cy5. 

 

2. Results and Discussion 

Spectra in Figure 1 show that SF8(D4)2 and Cy5 possess similar absorption and fluorescence 

maximum wavelengths and associated peak widths. At low micromolar concentration in water, both dyes 

disperse as monomeric species. We observe no evidence of static quenching due to dye self-association.[43] 

Listed in Table 1 are peak molar extinction coefficients (εpeak), molar extinction coefficients at 641 nm (ε641 

nm), corresponding absorption cross sections at 641 nm (σ641 nm), excited state lifetimes (τ) (Figure S1), and 

fluorescence QYs (φf) in H2O and D2O. The latter have been measured using methylene blue as a QY 

reference.  

Comparison of measured cross sections reveals that both dyes possess near identical photophysical 

responses at the ensemble level. Molar extinction coefficients and absorption cross sections differ by ~20-

30%. Cy5’s quantum yield in H2O (20 ± 2 %), however, is lower than its value in D2O (27 ± 2 %) by an 

amount consistent with literature reports.[12, 44, 45] In contrast, SF8(D4)2’s QY in H2O (19 ± 2 %) is 

statistically identical to that in D2O (17 ± 2 %). The absence of a “heavy water effect” is due to spatial 

isolation of the encapsulated squaraine fluorochrome within SF8(D4)2, which diminishes excited state 

deactivation by the surrounding hydration shell. More specifically, steric protection of the encapsulated 

squaraine reduces the likelihood of hydrogen-bond-assisted relaxation. Encapsulation also attenuates 
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quenching caused by dipole-dipole resonant energy transfer whose efficiency decays as the sixth power of 

the donor/acceptor distance.[46, 47] 

 
Figure 1. Molar extinction (a) and fluorescence (b) spectra of SF8(D4)2 and Cy5 in H2O. Emission spectra acquired 
by exciting specimens at 595 nm. 

 

Table 1. Spectral properties of SF8(D4)2 and Cy5. 

 

Dye 

λabs (nm) 

(FWHM) a 

λem (nm) 

(FWHM) a 

Logεpeak Logε641,nm σ641 nm (cm2) τ (ns) φf (H2O) b φf (D2O)b 

SF8(D4)2 660 (40) 677 (34) 5.44 5.23 6.5×10-16 1.60 19 ± 2 % 17 ± 2 % 

Cy5 646 (40) 664 (38) 5.32 5.29 7.5×10-16     0.77 20 ± 2 % 27 ± 2 % 
a FWHM is full width at half maximum. 

b φf is fluorescence quantum yield relative to methylene blue in water (φf = 0.02) at room temperature. 

 

Prior work has shown that a solution of SF8(D4)2 is approximately ten times more photostable than 

an equivalent solution of Cy5.[40] There is good evidence that photobleaching of squaraine and cyanine 

dyes is predominantly due to dye reaction with photogenerated singlet oxygen.[48, 49] In principle, two 

independent factors determine dye photostability in an air-saturated solvent. One is the quantum yield for 

oxygen photosensitization. The other is the dye’s reactivity with singlet oxygen. To elucidate the primary 

reason for the enhanced photostability of SF8(D4)2 compared to Cy5, we measured each dye’s relative 

quantum yield for oxygen photosensitization by conducting a series of classic singlet oxygen trapping 

experiments.[49, 50] These experiments entail irradiating separate aqueous solutions with broadband light, 

filtered to allow wavelengths > 520 nm. Each solution contains a binary mixture of deep-red dye and an 
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excess of 1,3-diphenylisobenzofuran (DPBF). DPBF absorbs at 415 nm and is not excited by the incident 

light. However, it reacts with singlet oxygen (photogenerated by the deep-red dye) to produce a bleached 

product. Initial rates of DPBF consumption, shown in Figures 2a and 2b, are proportional to the 

photogenerated singlet oxygen concentration and indicate relative dye quantum yields for oxygen 

photosensitization.[50] 

 

Figure 2. Change in normalized absorption spectra during broadband lamp irradiation (λ > 520 nm) at room 
temperature and exposed to air for separate solutions (THF:water, 1:4) that contain a binary mixture of (a) DPBF (75 
µM) and SF8(D4)2 (6 µM), or (b) DPBF (75 µM) and Cy5 (6 µM). (c) Plots of decrease in DPBF absorbance at 415 
nm over time due to DPBF reaction with photogenerated singlet oxygen. 

 

Plots of DPBF consumption in Figure 2c show that an aqueous solution of SF8(D4)2 

photogenerates a ten times higher singlet oxygen flux than Cy5 under the same irradiation conditions. 

SF8(D4)2 possesses an oxygen photosensitization efficiency comparable to a non-encapsulated squaraine 

dye[51, 52] and both are lower than that of the benchmark photosensitizer Rose Bengal (Figure 2c). Of 

note is that the data in Figures 2a and 2b confirm that photobleaching of SF8(D4)2 and Cy5 is primarily 

due to dye reaction with singlet oxygen. In both cases, there is negligible dye photobleaching because added 

DPBF acts as singlet oxygen scavenger to protect the two from photobleaching.[51, 52] 

Even though SF8(D4)2 photogenerates ten times more singlet oxygen than Cy5, the previously 

measured rate of SF8(D4)2 photobleaching in bulk-solution is about ten times slower than Cy5.[40] There 

are two major reasons for this dramatic difference in dye reactivity. One is the difference in π-electron 

energy states; π-electrons in SF8(D4)2
 occupy relatively low energy aromatic orbitals and are less reactive 
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with electrophilic singlet oxygen than Cy5’s π-electrons, which occupy relatively high energy polymethine 

orbitals. A second reason is the steric protection provided by SF8(D4)2; that is, encapsulation of the 

squaraine’s strained and relatively reactive C4O2 cyclic core inhibits any putative bimolecular reaction with 

singlet oxygen. 

Next, we compare the photophysical properties of SF8(D4)2 and Cy5 at the single-molecule level 

using widefield microscopy. A 641 nm continuous wave (CW) laser was used as the excitation source with 

laser light guided to the specimen through an inverted microscope (Scheme S1, Supplementary Data, SD). 

Widefield illumination was achieved by focusing the excitation onto the back focal plane of a 100x, 1.45 

Numerical Aperture (NA) oil immersion objective to obtain a ~50×50 µm2 widefield excitation area. 

Samples consisted of separate solutions of SF8(D4)2 or Cy5, diluted to a concentration of 100 nM in 

deionized water and spin-coated onto cleaned coverslips at 2000 RPM for 60 seconds. CW excitation 

intensities (Iexc) ranged from Iexc=20-200 W cm-2 with resulting emission collected through the same 

objective using an electron-multiplying charge-coupled device (EMCCD) camera. See Experimental for 

more details 

 

Figure 3. Single-molecule fluorescence images of spin-coated samples of (a) SF8(D4)2 or (b) Cy5 (Iexc=200 W cm-2) 
acquired at the outset and after 100 seconds of CW 641 nm irradiation. (c,d) Representative 1 second integration Iem 
trajectories of individual (c) SF8(D4)2 or (d) Cy5 molecules. 
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Figures 3a and 3b show two representative frames from separate SF8(D4)2 and Cy5 fluorescence 

movies acquired at Iexc=200 W cm-2. Complete video files have been provided as Supplementary Data. A 

visual comparison of images reveals SF8(D4)2 to be brighter than the Cy5 and less photobleached after 100 

seconds of continuous irradiation. More quantitative comparisons are possible by extracting the emission 

intensities of individual molecules in the acquired movies. Figures 3c and 3d show representative Iexc=200 

W cm-2 SF8(D4)2 and Cy5 emission intensity (Iem) trajectories. All exhibit emissive “on” periods with 

intermittent intensity fluctuations that go beyond shot noise and that are characteristic of fluorescence 

intermittency.[53, 54] All trajectories end with single-step drops in brightness (i.e., complete disappearance 

of fluorescence), indicating single molecule photobleaching. Figure S2 shows representative single 

molecule SF8(D4)2 Iem trajectories acquired at other Iexc-values. 

Average SF8(D4)2 and Cy5 emission rates (<Iem>) during Iexc=200 W cm-2 trajectory “on” periods 

are 〈𝐼𝐼em〉SF8(D4)2= 664 ± 418 cps and 〈𝐼𝐼em〉Cy5= 212 ± 146 cps. Figure S3 shows that SF8(D4)2 <Iem>-

values scale linearly with Iexc and suggests that employed excitation intensities are in the linear regime. 

Based on the photophysical parameters summarized in Table 1, corresponding SF8(D4)2 and Cy5 saturation 

intensities (𝐼𝐼sat = ℎ𝜈𝜈641 nm
2𝜎𝜎641 nm𝜏𝜏

)[55] in a two-level system limit are Isat~150 kW cm-2 and Isat~270 kW cm-2, 

respectively. Different Isat-values predominantly originate from Cy5’s shorter excited state lifetime. 

 

Figure 4. (a) Histograms of measured average SF8(D4)2 and Cy5 single molecule <Iem>-values during emissive 
periods of trajectories. Dashed lines are long-normal fits to the data. (b) SF8(D4)2 and Cy5 τbleach eCCDF functions at 
Iexc=200 W cm-2. Dashed lines are exponential decay fits with corresponding SF8(D4)2 and Cy5 time constants of 
<τbleach>~161 seconds and <τbleach>~17 seconds, respectively. 

 

The data make evident that SF8(D4)2 is brighter than Cy5, a conclusion made more quantitative by 

generating histograms of observed <Iem>-values. Figure 4a summarizes resulting single molecule SF8(D4)2 

and Cy5 <Iem> histograms, which are related to corresponding emission QY distributions. Histograms can 
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be fit with log-normal functions (dashed red and blue lines) to obtain corresponding QY probability 

densities, i.e. 𝑝𝑝QY(QY) = 1
QY𝜎𝜎√2𝜋𝜋

exp �− (ln QY−𝜇𝜇)2

2𝜎𝜎2
� with 𝜇𝜇 the mean value of ln QY and 𝜎𝜎 a standard 

deviation.  

Distributed QYs point to a heterogeneity of local environments at the single molecule level that 

alter the efficiency of non-radiative relaxation following excitation. Offset SF8(D4)2 and Cy5 distributions 

indicate that they possess different emission QYs at the single molecule level with SF8(D4)2 being 

approximately three times brighter than Cy5. Offset distributions further suggest that Cy5’s emission QYs 

are suppressed when immobilized onto substrates. This stems from near identical (starting) emission QYs 

between dyes reported in Table 1. We speculate that QY suppression originates from Cy5’s chromophore 

being exposed to local environmental effects. In contrast, SF8(D4)2’s squaraine fluorochrome is 

encapsulated and protected. The data thus suggest SF8(D4)2 is intrinsically brighter than Cy5 and less prone 

to environmental perturbations when studied at the single molecule level. 

Obtained emission trajectories simultaneously point to SF8(D4)2 as significantly more robust to 

irreversible photobleaching than Cy5. Enhanced photostability can be quantified by extracting 

photobleaching lifetimes (τbleach) from individual SF8(D4)2 and Cy5 single molecule trajectories using an 

unsupervised Hidden Markov Model (HMM) with combined Silhouette analysis.[56] Resulting τbleach 

histograms at a given Iexc are then converted into empirical Complementary Cumulative Distribution 

Functions (eCCDFs)[57] via 

eCCDF(𝑡𝑡) = 1
𝑁𝑁
∑ 𝜃𝜃�𝜏𝜏bleach,𝑖𝑖 − 𝑡𝑡�𝑁𝑁
𝑖𝑖=1                                                (1) 

where N is the total single molecule trajectory sample size and 𝜃𝜃�𝜏𝜏bleach,𝑖𝑖 − 𝑡𝑡� is the Heavyside function. 

Resulting functions, plotted in Figure 4b, reflect survival probabilities for unwanted dye photochemistry. 

They show exponential SF8(D4)2 and Cy5 eCCDFs from where linear fits on a semilogarithmic scale yield 

1/e (average) decay constants (<τbleach>) that represent characteristic photobleaching lifetimes for a given 

Iexc. Resulting <τbleach>-values for SF8(D4)2 and Cy5 at Iexc=200 W cm-2 are 〈𝜏𝜏bleach,SF8(D4)2〉~161 seconds 

and 〈𝜏𝜏bleach,Cy5〉~17 seconds. This illustrates an order of magnitude (temporal) difference in SF8(D4)2 

photochemical robustness. Figure S4 provides visual details of the above eCCDF analysis. From this, we 

establish that observed photobleaching chemistries follow first order kinetics with associated 

photobleaching probability densities that are exponentially distributed, i.e. 𝑝𝑝bleach(𝑡𝑡) = 1
〈𝜏𝜏bleach〉

𝑒𝑒
− 𝑡𝑡
〈𝜏𝜏bleach〉. 
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Figures 5a and 5b show single molecule <Iem> and τbleach correlation plots for SF8(D4)2 or Cy5. 

Each point on the plots reflects the emissive (<Iem> and τbleach) behavior of an individual single molecule 

SF8(D4)2 or Cy5 fluorescence trajectory. The data reveal an empirical inverse relationship between these 

two photophysical parameters. This is evident from data clustering at the bottom right corner of the plots, 

accompanied by overall sparseness of very bright and very long-lived individual molecules. In short, most 

SF8(D4)2 or Cy5 molecules are (relatively speaking) dim and short-lived.; few are bright and long-lived. 

We posit that this inverse relationship arises from the combined effects of abovementioned independent QY 

and τbleach distributions (Figure 4). What results is a statistical favoring of dim and short-lived molecules 

over corresponding bright and long-lived species. 

 

Figure 5. Iexc=200 W cm-2 <Iem> and τbleach correlation plot for (a) SF8(D4)2 and (b) Cy5. Corresponding (c) SF8(D4)2 
and (d) Cy5 histograms of total, single molecule emitted photons prior to photobleaching. Dashed lines in (c) and (d) 
are numerical evaluations of Equation 3. 

 

The observed inverse correlation is made more evident by plotting the total number of photons 

emitted by a single molecule before photobleaching (Psingle). These are illustrated using histograms of 
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individual SF8(D4)2 and Cy5 Psingle-values in Figures 5c and 5d. The data show that rather than exhibiting 

uniform or even peaked distributions, SF8(D4)2 and Cy5 histograms fall off with increasing Psingle-value. 

Decaying Psingle histograms can be rationalized since Psingle is the product of individual, single 

molecule <Iem> and τbleach values, i.e. 

 

𝑃𝑃single = 𝐺𝐺𝐺𝐺〈𝐼𝐼em〉𝜏𝜏bleach                                                           (2) 

 

where 𝐺𝐺 = 𝐼𝐼exc𝜎𝜎641 nm
ℎ𝜈𝜈641 nm

 is an excitation rate and η is an instrument photon collection efficiency. In practice, 

Psingle arises from <Iem> and τbleach-values independently distributed in log-normal (Figure 4a) and 

exponentially decaying (Figure 4b) fashions. Psingle therefore adopts distributed values obtained from the 

joint distribution function, 𝑝𝑝(QY, 𝑡𝑡) = 𝑝𝑝QY(QY)𝑝𝑝bleach(𝑡𝑡). A formal Psingle probability distribution function 

is[58] 

 

𝑝𝑝�𝑃𝑃single� = ∫ 𝑝𝑝QY �
𝑃𝑃single
𝐺𝐺𝐺𝐺𝐺𝐺

� 𝑝𝑝bleach(𝑡𝑡)∞
0

1
𝑡𝑡

 𝑑𝑑𝑑𝑑,                                   (3) 

 

which can be visualized using Equation 2 along with Iem- and τbleach-values sampled from their respective 

𝑝𝑝QY(QY) and 𝑝𝑝bleach(𝑡𝑡) distributions. Dashed lines in Figures 5c and 5d reveal that Equation 3 indeed 

reproduces experimental SF8(D4)2 and Cy5 Psingle distributions. Qualitatively, the existence of independent 

QY and τbleach distributions suggests that complex environmental and chemical factors at the single molecule 

level dictate the photophysical performance of a given fluorescent dye. This further motivates efforts to 

create new dyes such as SF8(D4)2 that encapsulate and isolate fluorochromes from environmental 

perturbations as well as chemical attack. 

     Average SF8(D4)2 and Cy5 Psingle-values are ~8×104 and ~4×103 observed EMCCD counts at Iexc=200 

W cm-2. This illustrates that SF8(D4)2 is nearly twenty times more emissive in terms of photon yield than 

Cy5 under the same conditions. Table 2 summarizes resulting SF8(D4)2 Psingle-values for all Iexc. Also 

included in Table 2 are corresponding <Iem> and <τbleach> values for all Iexc. In whole, the data confirm the 

enhanced robustness of SF8(D4)2 over Cy5 in terms of single molecule QYs, dye photobleaching lifetimes, 

and photon yields.  
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Table 2. Summary of single molecule SF8(D4)2 <Iem>-values, <τbleach> and Psingle-values 

Iexc (W cm-2) <Iem> (cps) <τbleach> (s) Psingle 

200 ~645 ~153 ~8×104 

140 ~282 ~102 ~3×104 

30 ~56 ~88 ~5×103 

20 ~46 ~146 ~6×103 

 

We were curious to rank the single molecule properties of SF8(D4)2 relative to literature fluorescent 

dyes other than Cy5. Unfortunately, most reports on single molecule deep-red dyes do not provide enough 

experimental information to permit a meaningful comparison of measured values. We have identified two 

literature studies with sufficient experimental detail. One publication by Yang et al. evaluated a deep-red 

fluorescent BODIPY dye that is one of the brightest deep-red fluorophores ever reported.[59]  They found 

that irradiating a sample of immobilized single dye molecules with no chemical additives at Iexc=130 W cm-

2 produced a measured photobleaching (1/e) lifetime of τbleach=3.3 ± 0.2 seconds. This value is 

approximately fifty times shorter than SF8(D4)2’s <τbleach>~161 seconds at Iexc=200 W cm-2. Another 

publication by Tynan et al.,[60] characterized four different deep-red and near-infrared cyanine dyes and 

determined 1/e photobleaching lifetimes to be in the range of 2.2-7.1 seconds. This is about 30 percent of 

the value that we observe for Cy5, and 23 to 73 times shorter than the characteristic photobleaching lifetime 

for SF8(D4)2 at Iexc=200 W cm-2. Collectively, these comparisons highlight the remarkably high 

photostability of SF8(D4)2 and its excellent suitability for incorporation into single molecule tracking 

experiments. More details about our literature analysis can be found in the Supplementary Data. 

 

3. Conclusions 

The deep-red fluorescent dye SF8(D4)2 exhibits very high photostability at the single-molecule 

level. Compared to the benchmark pentamethine cyanine dye, Cy5, SF8(D4)2 possesses a three-fold larger 

emission QY when immobilized at the single molecule level, exhibits a ~10 times longer average lifetime 

before photobleaching, and possesses a ~20 times larger total photon yield. As a new class of deep-red 

fluorophores, Squaraine Figure Eight (SF8) dyes are intrinsically bright and very stable; moreover, the 

peptidyl loops within the dye structures can be engineered to produce selective affinity for various types of 
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biomedically important targets.[40, 41, 42] SF8 dyes are thus likely to be especially useful for various 

photon-intensive microscopy, imaging, and diagnostics technologies. 

 

4. Experimental 

Materials  

SF8(D4)2 and Cy5 were prepared previously,[40] and the high purity for this study was confirmed 

by NMR spectroscopy. 1,3-Diphenylisobenzofuran was purchased from Sigma-Aldrich. Absorption spectra 

were collected on Evolution 201 UV/Vis Spectrometer with Thermo Insight software. Fluorescence spectra 

were collected using a Horiba Fluoromax4 Fluorometer with FluoroEssence software. Measurements were 

conducted at room temperature with quartz cuvettes (1 mL, 1 cm path length). Fluorescence lifetime data 

were acquired using a Horiba Fluorocube time correlated single photon counting system with a 560 nm 

NanoLED source (1 MHz repetition rate) and an IBH DataStation Hub for timing. 

Measurement of Singlet Oxygen Photogeneration 

An aliquot of DPBF (75 mM) was added to separate solutions of Cy5 (6 µM) or SF8(D4)2 (6 µM) 

in THF–water (1:4) mixtures. Uncapped cuvette samples were irradiated using a 150 W tungsten lamp 

equipped with a 520 nm long pass filter to avoid direct excitation of DPBF. Absorption spectra were 

recorded at different time points up to 300 seconds. 

Fluorescence Quantum Yield Measurements 

Methylene blue (φf = 0.02 in water) was employed as a reference standard with no attempt to 

exclude atmospheric oxygen.[40] Dye absorption for each sample in deionized H2O or D2O was adjusted 

to 0.08 at 600 nm to avoid the inner filter effect. A fluorescence spectrum of each dye solution was acquired 

(ex: 600 nm, slit width = 2 nm) and the integrated area used to calculate relative QYs.[40] 

Single-Molecule Imaging and Photobleaching Lifetime Measurements 

The single-molecule optical setup (Scheme S1) consisted of continuous wave excitation from a 

641 nm laser (Coherent, OBIS). The laser output’s linear polarization was converted to circular polarization 

using a quarter-wave plate (λ/4). Resulting circularly polarized light was then focused onto the back focal 

plane of a 100x, 1.45 NA oil immersion objective (Nikon) using a plan convex lens to obtain a ~ 50×50 

µm2 widefield spot. A 650 nm long pass filter (Semrock) was used to reject any stray laser light. Filtered 

emission was detected using an electron multiplying charge camera device (Andor iXon 897). For either 
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SF8(D4)2 or Cy5, integration times were 1 second. Single molecule Iem trajectories of emitting spots in 

EMCCD videos were extracted and analyzed using home-written Python code. Single molecules were 

identified based on IRAFStarFinder’s algorithm using the astropy/photutils package[61], which calculates 

the target’s centroid, roundness, and sharpness using image moments. 
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