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Fluorescent exciplex of thiazole orange (TO) is formed in a 

single-dye conjugated DNA i-motif. The exciplex fluorescence 

exhibits large Stoke shift, high quantum yield, robust 

response to pH oscillation and little structural disturbance to 

DNA quadruplex, which can be used to monitor the folding of 

high-order DNA structure. 

Nucleic acid conjugated fluorescent excimers/exciplexes exhibit 

unique absorption and emission spectra often with unusual large 

Stokes shifts and hence have great potentials in the application of 

biosensing and bioimaging.1 Excimer/exciplex based probes allow 

the free and target-bound probes to be analyzed under different 

fluorescent channels as a result of the emission wavelength shifts 

and/or color changes between fluorochrome monomer and 

excimer/exciplex. Thus, the detection sensitivity could be 

significantly improved due to the little background interference 

between the distinct statuses of biomolecules.2 Notably, the majority 

of excimer/exciplex systems on nucleic acids are assembled by 

incorporating multiple chromophores to DNA scaffolds.3 

Fluorochromes with fused aromatic rings, such as pyrenes and 

perylenes, are commonly used to form excimers/exciplexes in DNA 

conjugates for sensing of nucleic acids, proteins and small 

molecules.4 However the excitation wavelength falls in high energy 

UV regions and limits the applications of these systems in cellular 

bioimaging. Whereas, upon DNA hybridization, interstranded 

thiazole orange (TO) dimer can exhibit an excimer fluorescence with 

excitation in visible region and is more suitable for biological 

relevant devices and protocols.5 Though as a quencher-free system, 

these excimer/exciplex systems can be constructed by as few as only 

one type of fluorochrome, the synthetic difficulties and high 

preparation cost of incorporating multiple dye molecules to DNA 

strands cannot be ignored. More importantly, the folding pathways 

and structures of nucleic acids could be significantly disturbed in the 

multiple-dye excimer/ exciplex systems, which may deprive the 

excimers/ exciplexes the abilities to probe the high order structures 

of DNA and nucleic acid-protein interactions. Exciplex systems with 

single dye molecule, whereas, would be highly desirable due to the 

minimum disturbance on the intrinsic properties of nucleic acids, 

while the merits of the exciplex emission are remained. Exciplex 

emission between pyrene and guanine in DNA scaffolds has been 

observed, though the small bathochromicity and UV incident 

wavelength of the exciplex emission are not ideal.6 

 
Figure 1. TO-cHT22 forms TO exciplex in i-motif and TO monomer in 

duplex, respectively. TO-cHT22 is shown as a red ribbon (middle) along 

with the sequence. Orange diamond and gray or green rectangles represent 
tethered TO (structure at right top) in exciplex, quenched and monomer 

fluorescent states, respectively. In i-motif, cytosines are shown as green balls. 

Structure of hemi-protonated cytosine-cytosine base pairs are shown at right 
bottom. 

 DNA quadruplexes folding into defined three dimensional 

structures with noncanonical base spatial orientations could be 

an ideal scaffold to form excimer/exciplex via dye-dye or dye-

DNA π-stacking.6b,7 I-motif is a DNA quadruplex structure 

formed by cytosine-rich sequences under acidic pH.8 In i-motif, 

DNA tetraplex is stabilized by hemiprotonated cytosine-

cytosine (CH+-C) pairs and three lateral loops (Figure 1). The 

fact that i-motif folding sequences are widely present in 

oncogenic regions and human telomeric DNA suggests that the 

formation of i-motif may be associated with the regulation of 

oncogene expression at the transcription level.9 Besides, i-motif 

structures have also been applied as building blocks in the 

assembly of biosensors, nanoclusters, hydrogels and 

nanodevices, because of their rapid and reversible response to 

the variation of pH.10 The unique spatial orientations of dual 

loop region in i-motif supply a defined scaffold to form 

fluorescent exciplex between dye molecule and nucleobases. 

Herein, we report an example of fluorescent exciplex formed by 
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single thiazole orange (TO) covalently conjugating to DNA i-

motif. Upon exciting with visible light, the single TO molecule 

emits orange-color exciplex fluorescence in i-motif structure 

and green emission as a TO monomer in duplex DNA. 

A single TO molecule is incorporated to telomeric sequence TO-

cHT22 (shown in Figure 1) via solid phase DNA synthesis11 to 

substitute a thymine (T16) and is purified by HPLC (as shown in 

Figure S1 and sequence in Table S1). UV spectrum of TO-cHT22 

shows characteristic absorption of both DNA at 260 nm and TO at 

513 nm, respectively (Figure S2). D-threoninol is used to covalently 

tether TO to DNA backbone through phosphodiester bond. The 

acyclic linkage here bestows good flexibility on TO, which allows 

optimal stacking between the dye molecule and nucleic bases, and 

diminishes the disturbance of base surrogate to the folding structure 

of i-motif.12 

Under acidic pH, the CD spectrum of TO-cHT22 features a 

positive peak at 286 nm and a negative peak around 255 nm (Figure 

S3). The fact that the CD spectrum of TO-cHT22 at pH 5.0 

superimposes on that of the wild type telomeric C-rich sequence, 

cHT22, indicates that negligible disturbance to the formation and pH 

sensitivity of i-motif is induced by incorporating one TO molecule to 

the dual-lateral loop region in the tetraplex i-motif.  At neutral pH, 

TO-cHT22 exhibits characteristic CD spectra of a random coil or B-

form helix in the absence or presence of the complementary G-rich 

strands, HT22, respectively (Figure S3). 

 
Figure 2. Optical spectra and parameters of TO-cHT22. a). Fluorescence 
emission (solid) and excitation (dot) spectra; b). UV-vis absorption spectra; 

c). Time-dependent fluorescence decay spectra; d). Lifetimes (τ) and 

quantum yields (φF) of TO-cHT22 in i-motif structure at pH 5.0 (red), 
random coil (blue) and duplex (black, TO-cHT22 + HT22) at pH 7.3.  

Upon folding into i-motif at pH 5.0, the fluorescence emission of 

TO-cHT22 exhibits a band around 580 nm and a Stokes shift of 90 

nm is achieved (Figure 2a). The intense fluorescent signal at 580 nm 

obtains a quantum yield of 0.045 and is comparable to that of TO in 

duplex (0.060), which the emission band is peaked at 530 nm. Once 

the solution is neutralized to pH 7.3, TO-cHT22 emission is 

significantly quenched to a quantum yield as low as 0.0052 and 

exhibits the same band at 530 nm as TO in the duplex DNA (Figure 

2d). The fluorescent peak of TO-cHT22 in i-motif is unambiguously 

distinguished from the typical green emission of TO monomer with 

Stokes shift of 50 nm. The similar bathochromic phenomenon is also 

observed in the fluorescent excitation spectra (Figure 2a). The 

maximum of excitation spectrum of TO-cHT22 at pH 5.0 exhibits a 

red shift of approximately 15 nm comparing to that of TO-cHT22 in 

duplex and in random coil at pH7.3 (at 515 nm). Both emission and 

excitation spectra of TO-cHT22 indicate that TO forms a new 

excitation state in i-motif structure, which can be tentatively 

assigned to an exciplex state, since TO excimer formed by two 

diagonal TO in duplex DNA exhibits an identical emission band at 

580 nm.5 

The UV absorption spectra of TO-cHT22 have shown similar 

features to the corresponding excitation spectra. TO-cHT22 exhibits 

an absorption band with maximum at approximately 513 nm in 

random coil and duplex form (Figure 2b). After forming i-motif 

structure at pH 5.0, the absorption intensity around 513 nm decreases 

to half of that under neutral pH. The hypochromicity in TO 

absorbance indicates a strong hydrophobic stacking between thiazole 

orange and the vicinal nucleobases in i-motif. The attenuation in UV 

absorption of fluorochromes has also been observed in several DNA-

conjugated excimer/exciplex systems6b,7,13 and is ascribed to the π-

electron stacking between dye molecules or between dye and 

nucleobases. Furthermore, the absorption band of TO-cHT22 motif 

extends to longer wavelength up to 575 nm. The concurrent 

enhancement at yellow-green visible region (525-575 nm) in both 

absorption and excitation spectra demonstrates once more that a new 

exciplex state of the cyanine dye exists in i-motif structure, 

presumably due to the unique binding/stacking of TO molecule with 

neighboring nucleobases, which are absent from duplex or random 

coil DNA with less rigid local structures. 

The time-resolved fluorescence decay is performed to further 

verify the formation of exciplex (Figure 2c). The fluorescence 

lifetime (τ) of TO in i-motif structure is observed as 2.49 ns, and is 

significantly prolonged comparing to that of TO in random coil state 

(τ = 0.83 ns) and in duplex (τ = 1.38 ns), which are similar to the 

reported values of TO monomer (Figure 2d).5, 14 τ of TO exciplex 

formed in i-motif is slightly smaller than that of the dual-TO excimer 

in duplex DNA.5 This could be due to the fact that the exciplex in 

current system is formed by the π-stacking between single 

fluorochrome and neighboring nucleobases, instead of stacking 

between fluorochrome homo- or heterodimers. The electronic 

stacking between TO and nucleobases may not be as optimal as that 

between dual TO molecules when they intercalate into base pairs5 

and hence slightly smaller τ of TO exciplex is observed in current 

system. Based on above observations, a TO exciplex is 

unambiguously formed when TO-cHT22 folds into i-motif structure. 

To our knowledge, exciplex formed in single TO conjugated DNA 

structures has not been reported yet to date.  

In order to better elucidate the origin of exciplex formation in 

i-motif structure, we used thymine to replace the four adenines 

(A5, 6, 17, 18) in dual loop region of i-motif one at each time 

and prepared four TO-cHT22 analogues (5T, 6T, 17T and 18T, 

sequences in Table S1). TO exciplex is likely formed by the π-

electron coupling or stacking between the dye molecule and 

nucleobases in close vicinity. According to the NMR structure 

of i-motif cHT22 (PDB: 1ELN),15 the four adenines (A5, 6, 17, 

18) in the dual loop region have the accessibility to stack and 

electronic couple with TO molecule. Thymine is chosen as the 

substituent for adenine, because thymine as a pyrimidine, can 

minimize the electron stacking and coupling that TO receives 

from adenine, due to the smaller aromatic area and lower 

efficiency in energy/electron transfer than adenine,16 while the 

original folding of TO-cHT22 has minimum disturbance. If the 

adenine under questioning is indispensable to the exciplex 

formation, the exciplex fluorescence of the corresponding 

thymine substituted sequence will be significantly 

compromised, if not eliminated completely. Under acidic pH 

5.0 and neutral pH 7.3, CD spectra of the four thymine 

substituted TO-DNA (nT, n = 5, 6, 17, 18) feature similar to 

those of TO-cHT22 in i-motif structure and random coil, 

respectively (Figure S4), which indicates that negligible 
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perturbation to the formation of i-motif is induced by replacing 

one adenine with thymine at the dual-lateral loop region. 

UV absorption spectra of nT strands have shown similar 

features as those of TO-cHT22 (Figure S5). A hypochromicity 

at TO absorption band is observed when the sequences fold into 

i-motif from random coil state.  Noteworthy, a red shift featured 

in exciplex formation is also observed in the UV absorption 

spectrum of 17T at pH 5.0, though the phenomenon is less 

pronounced than that of TO-cHT22. 

 
Figure 3. Fluorescence emission spectra of T-substituted TO-cHT22 

analogues in i-motif state at pH 5.0 (solid line) and in random coil state 
at pH7.3 (dash). 

The fluorescent emission spectra of thymine substituted TO-

cHT22 reveal the roles of adenines (A5, 6, 17, 18) in the formation 

of TO exciplex. As shown in Figure 3, 17T, the sequence which the 

adenine adjacent to TO molecule is replaced by a thymine, maintains 

the exciplex emission, though the intensity is attenuated slightly. The 

fluorescent emission at 580 nm, hypochromicity and 

bathochromicity in UV absorption spectrum of 17T demonstrate that 

the adenine (A17), though adjacent to TO, is likely not the 

nucleobase to form exciplex with the dye molecule directly, but 

rather contributes merely as an ancillary component to assist the dye 

and other vicinal nucleobases to enter a well-defined spatial 

arrangements for exciplex formation. Surprisingly, substituting 

either one of other three adenines (A5, A6 and A18) in the dual loop 

region induces a complete elimination of exciplex emission, which 

implies these three adenines play essential roles in either lock TO 

conformation or π-stacking with TO to form exciplex, if not both.  

The monomer emission spectra allow us to investigate the 

structural and electronic effects of A5, A6 and A18 to the exciplex 

formation. Upon folding into i-motif at pH 5.0, 5T, instead of 

exciplex, exhibits monomer fluorescence of TO, and shows 30% of 

intensity increase comparing to that of its random coil state at pH 7.3. 

Monomer emission is restored in the replacement of A5, indicating 

TO molecule can retain good stacking with nucleobases in dual loop 

region, likely in a fashion similar to TO in duplex DNA, and achieve 

monomer emission. Hence, A5 may contribute mainly to the π-

electron stacking/coupling with TO to form exciplex state, since in 

the absence of A5, only exciplex breaks down, but not the torsional 

rigidity of the methine center in TO molecule induced by the base 

stacking. Whereas, the T-substitutions of A6 and A18 eliminate the 

exciplex fluorescence entirely. More interestingly, even no apparent 

enhancement of the monomer fluorescence is observed upon the 

formation of i-motif. The significant attenuation of exciplex and 

monomer fluorescence in 6T and 18T indicates that A6 and A18 

could be essential to establish the optimum structural arrangement 

between TO and the adenines in dual loops, and hence contribute to 

stabilizing the exciplex conformation. Although the current data 

cannot rule out the possibility that the interactions between terminal 

base pair, CH+-C, and TO molecule may contribute to the TO 

exciplex formation, the facts that adenines have significantly higher 

aromatic stacking ability than pyrimidines (A > T, C)16, and that the 

fluorescence of TO-cHT22 is significantly altered by replacing the 

loop adenines, imply that A5, A6 and A18 in the dual loop region 

play essential roles in either structural and/or π-stacking interactions 

to form exciplex with TO molecule within the i-motif scaffold. 

 
Figure 4. pH-dependent fluorescent spectra (a) of TO exciplex in TO-cHT22 
yield the dissociation constant (pKa) (b) of i-motif.  Fluorescence intensity at 

625nm (□), CD intensity at 286nm of TO-cHT22 (○) and  cHT22 (∆) under 

different pHs are fitted to sigmoidal curves to obtain pKa (inset table).  

The exciplex fluorescence of TO-cHT22 can be used to monitor 

the formation and dissociation of i-motif. Upon titration from acidic 

to basic pH, exciplex emission around 580 nm dissolves and 

monomer emission around 530 nm emerges. The CD spectra in 

Figure S6 indicate that, like control DNA, cHT22, TO-cHT22 

undergoes a collapse of i-motif along with the corresponding pH 

neutralization. Fluorescent signal at 625 nm of TO exciplex features 

a sigmoidal transition according to the variation of pH, which is 

similar to the transition of the characteristic CD signals of i-

motif at 286 nm (Figure 4). Dissociation constants (pKa) of i-

motif TO-cHT22 are derived from the exciplex fluorescence as 

6.20 and from CD signals as 6.16, respectively. Similar pKa 

value is obtained from the unmodified i-motif cHT22 via CD 

spectroscopy. The variations of pKa values either between the 

modified and unmodified i-motif or between the two 

experimental methods are all within the uncertainty of the data. 

Hence, the fluorescence intensity of exciplex can loyally reflect 

the unfolding of i-motif as well as the conventional CD signals. 

TO-cHT22 with only single TO modification has the same 

sensitivity on pH dependence as the unmodified sequence, 

indicating that the single base surrogate introduces negligible 

disturbance to the folding and unfolding of i-motif. The unique 

exciplex affords TO-cHT22 a capability to monitor the folding 

and unfolding pathway of human telomeric i-motif via an 

orange emission, which is well separated from the monomer 

fluorescence, commonly used to track the hybridization of 

duplex DNA.  

 
Figure 5. Cycles of exciplex formation and dissociation upon pH titration 

between 5.0 and 7.3 observed by fluorescent emission and CD spectra. 

The robustness of the exciplex system is demonstrated by 

monitoring both the exciplex fluorescence and CD intensity of 

i-motif structure upon cycling pH between 5.0 and 7.3. In 

Figure 5, the fluorescence intensity at 580 nm peaks at pH 5.0 

and minimizes at pH 7.3, which is in good concurrence with the 

association and dissociation of i-motif indicated by the cyclical 

oscillations of CD intensity at 286 nm. Over 10 cycles, no 
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attenuation on the intensity of exciplex emission is observed 

and full quenching of monomer emission is achieved at pH 7.3 

to maintain a low background noise level. Meanwhile, the CD 

intensity of i-motif at 286 nm also keeps the amplitude between 

i-motif and random coil state after 10 cycles. The 

synchronization of exciplex emission and i-motif formation 

confirms the structural dependence of exciplex formation and 

shows the potential of monitoring i-motif folding pathways by 

exciplex emission. Evidently, the accumulating salt 

concentration from neutralization exhibits little interference to 

the efficiency of exciplex system, which endows the system a 

great potential for fluorescent nucleic acid probes and pH-

driven nanodevices. 

 Using DNA i-motif as a scaffold, a fluorescent exciplex is 

constructed between nucleobases and single TO surrogate. The 

i-motif dependent formation of exciplex is robust and exhibits 

large Stokes shift of nearly 90 nm and decent quantum yield 

near 600 nm. Thymine substituted TO-DNA strands shows that 

four adenines in the dual loop region contribute to the exciplex 

formation by either defining the spatial conformation and/or to 

π-electron stacking with the dye molecule. This result supplies 

a new insight to fabricate exciplex system with single dye 

surrogate and nucleobases in high-order structures of nucleic 

acids. The mono-modification on DNA strands shows little 

disturbance to the structure of nucleic acids and hence bestows 

the exciplex system promising potentials to investigate the 

folding pathway and kinetics of DNA quadruplexes, and to 

design fluorogenic probes for the study of protein-nucleic acids 

interactions. 
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