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Abstract 

 

The binding of Ag+ ion to DNA nucleobases is of interest because of the unique ability of 

silver ions to direct the formation of novel base pairs. These Ag+-mediated non-canonical base 

pairing motifs provide the structural elements for DNA-templated silver clusters, which have 

highly tunable absorption and emission wavelengths from blue to near infrared and thus are strong 

candidates for the development of novel detection and labeling methods. Atomic force microscopy 

(AFM) reveals that nanofibers with diameter of tens of nanometers and length of microns are 

formed when Ag+ is added to monomeric bases such as adenine and guanosine monophosphate 

(GMP). However, the molecular-level detail of these self-assembled nanostructures, such as metal 

binding sites and interaction between bases, that leads to global structure and properties is still 

unclear. Thiazole orange is a weakly emissive molecule in water but becomes much more fluores-

cent when intercalated into π stacks. In this project, we used thiazole orange to probe the structure 

of the supramolecular assemblies formed from mixing Ag+ and 2-aminopurine, the fluorescent an-

alog of adenine. We show that the π- π stacking between 2-aminopurine molecules is present in 

the nanofibers, as evident from the enhanced fluorescence of thiazole orange when it is intercalated 

into the stacks. We further confirmed this result by adding methanol as a denaturant, which signif-

icantly reduces the fluorescence from thiazole orange but enhances the fluorescence from 2-ami-

nopurine – both are hallmarks of disrupted π- π stacking. The fluorescent enhancement of thiazole 

orange in a nucleobase system lacking a covalent backbone is of particular significance as there 

are to date few examples of such enhancement.   
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1 Introduction 

1.1 Biosensors 

Biosensors are a class of analytical devices that generate a predictable response for a given 

biological process or system.1 An emerging class of biosensor utilizes the unique ability of DNA to 

bind to its complimentary strand to act as a sensor. DNA is also used as a sensor for a number 

of metals. Positively-charged metal ions are bound to the negative phosphate backbone of 

DNA, thereby stabilizing the DNA.2 In addition, Hg2+ and Ag+ have high propensities to bind se-

lectively to the nitrogen rich bases.3  Ag+ in particular binds strongly with cytosine bases. Reduc-

tion of mismatched C-Ag+-C base pairs in DNA yields red-emissive silver clusters. Further addi-

tion of Ag+
 to the red-emissive complex yields green emission, acting as a selective sensor for 

Ag+.4 The fascinating result of DNA-bound metal clusters having tunable emission presents an in-

triguing direction in the research area of biosensors.    

1.2 DNA-Ag+ Interactions 
 

Silver clusters of just a few atoms bound to DNA are part of the ever expanding area of 

research into DNA biosensor technology.5 These silver clusters (AgCs) can be used in a num-

ber of areas ranging from heavy metal identification to cancer imaging.2, 6 Although these clus-

ters are formed from reducing the Ag+-DNA complexes by NaBH4, X-ray crystallography and 

mass spectrometry studies show that the clusters themselves are not fully reduced.7, 8,   It has been 

proposed that Ag+  acts as a glue between the strand and the reduced silver cluster.9 To date, the 

binding of Ag+ to DNA is not well understood, nor is the formation of extended structures in nu-

cleobase solutions containing Ag+. Such super-structures are present in Ag+-2AP systems that con-

sist of hundreds of nanometers long nanofibers (scheme 1b) and the specific binding motifs of 

Ag+ to 2AP is not known (proposed structure given in scheme 1a).     
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Current literature suggests that, in DNA strands, Ag+ selectively binds to the nitrogenous 

bases instead of the phosphate backbone.10 The selective binding of Ag+ to DNA bases is due to the 

energetic overlap in the silver ion orbitals with the occupied orbitals of ring nitrogens.11 The ability 

of clusters to bind selectively to the nitrogen-containing bases results in the sequence-dependent 

emission of AgCs templated by DNA, which can be tuned from blue to near infrared.7, 12    

 The key insight lacking is in the specific interactions of Ag+ with the DNA bases, which in-

clude adenine (A), cytosine (C), thymine (T), uracil, (U), and guanine (G), and a number of non-

canonical nucleobases such as 2-aminopurine (2AP).12 Monomeric 2AP has a fluorescence quan-

tum yield of 0.68 in aqueous solutions,13 which  is ~1000-fold higher than those of canonical nu-

cleobases, which exhibit very low fluorescence quantum yields due to their ultrashort lifetime of 

the lowest-lying singlet ππ* state (< 1 ps).14 High fluorescence quantum yield is a desirable trait 

in studying of nucleobase-Ag+ interactions because of the extremely high sensitivity achievable in 

fluorescence spectroscopy to any change in emission. This unique property of 2AP coupled with 

its structural similarity to the canonical nucleobase A makes it an ideal molecule for understanding 

the interactions of Ag+ with nucleobases.   

Scheme 1:(a) Possible structure of 2-AP+Ag+ in a 2:3 ratio. (b) AFM image adapted 

from reference 23 of 2-AP+ Ag+
 

drop cast on a mica disc. (c) 2-aminopurine structure. 

(d)  Thiazole orange structure.   
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1.3 Quenching in 2AP 
 

The fluorescence quantum yield of 2AP is significantly reduced when the bases are π-

stacked.15 In DNA, for example, there is a high degree of π-stacking  between adjacent bases and 

2AP experiences a significant decrease in fluorescence quantum yield.  In the presence of 

two mole equivalents of Ag+, the emission of 2AP is quenched by more than 98% (fig 5). It has 

also been shown via atomic force microscopy (AFM) measurements that 2AP forms extended fi-

bers 100s of nanometers long in the presence of AgNO3 (scheme 1b).  This leads to the hypothe-

sis that the subunit shown in Figure 1a is stacked along the long axis of the nanofiber. However, we 

cannot entirely rule out the possibility that the quenching of 2AP fluorescence is due to metal ion 

binding.16, 17 

1.4 Thiazole Orange 
 

Thiazole orange (TO) is a cyanine dye that is mostly non-emissive in aqueous solution due 

to free rotation about its central bond. However, when the free rotation is inhibited, e.g., when thi-

azole orange is intercalated between bases in DNA strands, the quantum yield of the dye increases 

significantly, thus enabling the study of π-π stacking in the nucleobase-Ag+ systems.18 Methanol 

as a cosolvent with water has been shown to effectively denature DNA in aqueous solutions by in-

terrupting base pairing and base stacking. Destacking occurs in the methanol-containing solution 

as the polarity of the solvent decreases. Solvation of the delocalized π-system for the bases is less 

favorable (in particular the larger purine bases) in less polar solvent environments.19
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This research seeks to elucidate whether the cause of fluorescence quenching in 2AP is due 

to silver binding, or Ag+-induced π-π stacking. We use TO as a probe for the extent of π- π stack-

ing in different solvent environments. In addition, ion selective electrode measurements were 

used to analyze Ag+ binding stoichiometries, providing further information on the interactions of 

Ag+ with nucleobases. 

  

Figure 1: (a) The addition of AgNO3 inducing stacking in 2AP, generating a non-emissive product. Or-

ange pairs of ellipses refer to TO, blue rectangles to 2AP, and grey circles to Ag+. Before the addition of 

AgNO3, when 2AP purine is excited (purple wavy arrow) along with TO (green wavy arrow), only the 

2AP emits (dark blue wavy arrow). After the addition of AgNO3, when both 2AP and TO are excited, 

only the TO emits (yellow-green wavy arrow). 
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2 Theory 

2.1 Fluorescence 
 

When a molecule absorbs a photon, it is promoted to a singlet excited state. Typically, the 

excited-state molecule relaxes from the Franck-Condon region to the minimum of the lowest-en-

ergy singlet excited state, where a photon can be emitted (fluorescence). If fluorescence takes 

place, then the molecule deactivates radiatively. Because the Franck-Condon region always have 

higher energy than the minimum of the lowest-energy singlet state, the energy of the emitted pho-

ton is always lower than that of the absorbed photon (i.e., the wavelength of the emitted photon is 

always longer than that of the absorbed photon). The energy difference between the absorption and 

emission maxima is referred to as the Stokes shift (Fig 2).  

 The high fluorescence quantum yield of 2AP arises from its relatively long-lived excited 

state of 10 ns.13 This is in stark contrast to the excited state of the canonical nucleobases which de-

cay on the order of hundreds of femtoseconds.14 2AP lacks the barrierless transition through 

the conical intersections that would otherwise allow ultrafast internal conversion from S1 to S0.    

Figure 2: Example of standard Jablonski Diagram depicting a typical 

fluorescence pathway. 
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There are two modes of detection in steady-state fluorescence experiments: emission and 

excitation. In the emission measurement, the excitation wavelength (λex) is kept constant, which is 

typically set at the absorption maximum of the sample, and the emission spectrum of the sam-

ple (fluorescence intensity is plotted against emission wavelengths) is measured by scanning 

the diffraction grating in the   emission monochromator to allow the emission intensities at differ-

ent wavelengths to be detected by a photomultiplier tube (PMT).    

In the excitation measurements, the emission monochromator selects a single wave-

length, typically the emission maximum of the sample, and the sample is excited by a range of 

wavelengths selected by the excitation monochromator. The excitation spectrum is expected to 

be highly similar to the absorption spectrum.    

 

2.2 Quenching and the Stern-Volmer Equation 

The lifetime of an excited state (τexcited) is the inverse of its decay rate, which is the sum of 

the radiative decay rate (kr) and the rates of all nonradiative (knr) decay pathways such as internal 

conversion and intersystem crossing (eq 1). The fluorescence quantum yield (Qf) is given by a 

ratio of the radiative decay rate to the overall rate.20 

τexcited state = (ktotal)-1 = (kr + knr)-1  

QF = kr/( kr + knr)  

 (1)  

  

 Fluorescence quenching refers to any process that reduces the fluorescence quantum 

yield. Dynamic quenching takes place when the emitter deactivates upon collision with the 

quencher, thereby shortening exited-state lifetime of the former. Static quenching takes place 

when the emitter and the quencher form a ground-state complex, which does not fluoresce after 



12 
 

photoexcitation. A standard quenching process can be modeled with the Stern-Volmer equation 

(eq 2).21 

𝐼0 ∕ 𝐼 = 1 + 𝑘𝑞𝜏0[𝑄] 

 (2)  

The Stern-Volmer equation suggests a linear relationship between the quencher concentra-

tion and the ratio of initial and final emission intensities. Equation 2 shows the Stern-Volmer equa-

tion where I0 is the emission of the fluorophore in the absence of the quencher, I is the emission in 

the presence of the quencher, kq is the quenching constant, and τo is the excited state lifetime for 

the emitter. When a ground state complex is formed between the emitter and the quencher, posi-

tive deviation from equation 1 is expected. In this case, it is possible to apply the extended S-V 

equation (eq 3) where there is a quadratic dependence on the concentration of the quencher.21  

𝐼0 ∕ 𝐼 = 1 + (𝐾𝑠𝑣 + 𝐾𝑔)[𝑄] + 𝐾𝑠𝑣𝐾𝑔[𝑄]
2 

 (3)  

In the system where a ground state complex exists, equation 3 considers that there is a 

higher degree of quenching. This is also known as static quenching.  For the Extended S-V equa-

tion,  I0 refers to the emission of the fluorophore in the absence of the quencher, I refers to the 

emission in the presence of the quencher, where Ksv is the linear S-V quenching constant,  Kg is the 

association constant of the ground state and the remaining quantities are identical to Equation 2. In 

the system where a ground state complex exists, Equation 3 predicts that there is a higher degree 

of quenching than Equation 2, which is also known as static quenching.   
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For aqueous 2AP, the absorption and emission bands peak at 305 nm and 370 nm, respec-

tively.15 When 2AP is incorporated into DNA strands, it can form Watson-Crick base pairing with 

thymine and a wobble base pair with cytosine.15 In both cases, stacking with adjacent nucleo-

bases in the same strand is preserved and the radiative lifetime is extended to ~40 ns as predicted 

by density functional theory (DFT) calculations.15 This extended lifetime allows nonradiative de-

cay pathways to become competitive therefore reducing the fluorescence quantum yield of 

2AP. Metal ions, including Ag+, binding to fluorophores typically induce fluorescence quench-

ing.17 A possible mechanism is excited state electron transfer from the fluorophore to the metal ion 

in which the emissive electronic excited state is not reached because the electron is instead pro-

moted to an unoccupied or partially unoccupied orbital of the metal ion.22 It is therefore possible 

that the fluorescence of 2AP is quenched through a ligand-to-metal charge transfer (LMCT), but 

it is also possible that the fluorescence quenching is due to the π-π stacking of 2AP in the nano-

fibers, similar to that in DNA single strands and helices.23    

2.3 Silver Selective Electrode and pH Probe 

In this study, two classes of ion selective electrodes were used: a pH probe and a silver 

selective electrode. The latter is used to quantify the binding of silver ion to ligands. Ion selective 

electrodes is an electrochemical device that seeks to determine the activity of a certain type 

of ion that is free, unbound in the solution.24  These electrodes ultimately give a potential (E) that 

is logarithmically related to the activity of the ion being measured (eq 4). The factor n relates to 

the number of electrons transferred for the given oxidation-reduction process. This value is one 

for the silver selective electrode.24 

  𝐸 = 𝐸0 −
0.0592

𝑛
log 𝐶 
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 (4)  

The Nernst equation (eq 4) shows that for an ideal solution, the voltage measured by 

the ion selective electrode (ISE) can be plotted against logC and the result should be a line with 

slope -59.2 mV/ logC. When plotting the calibration for the silver selective electrode, the x-axis is 

labeled as pAg (pAg= -log[Ag+]). It is therefore expected that potential should decrease with in-

creasing pAg.  

𝐸 = −59.23(𝑝𝐴𝑔) + 472.47 

 (5) 

Experimental results for the silver selective electrode agree strongly with Ideal Nernstian behavior 

with a slope of -59.23 mV/ pAg and an R2 value of 0.999 (Fig 3).  

 In the case of the interactions with nucleobases with Ag+, it is possible to gain information 

regarding the stoichiometry of binding. If a known concentration of Ag+ is present in solution with 

nucleobase, but is undetectable to the electrode, then the Ag+ is bound.  

Figure 3: Example calibration curve for silver selective electrode. 

 



15 
 

2.4 UV-Vis 
 

Temperature dependent UV-visible (UV-vis) spectroscopy records a sequence of varying 

UV-vis spectra at different temperatures. A cuvette containing the analyte is placed in the spectro-

photometer, which measures the attenuation or absorption of light at different wavelength in the 

UV-visible region. Peaks in the absorption spectrum indicate electronic transitions of the absorb-

ing molecule. Changes in the spectrum as a function of temperature indicate a change in the elec-

tronic structure of the molecule. In the case of Ag+-nucleobase assemblies, a change in the absorb-

ance spectrum as a function of temperature may indicate destacking or unbinding of Ag+.    

3 Methods and Materials 
 

2AP (≥99%) and TO (≥90%) were purchased from Sigma Aldrich. AgNO3 (≥99.9%) was 

purchased from Alfa Aeser. Methanol (99.9%) was purchased from Fisher Chemical. All chemi-

cals were used as received. Stock solutions of 1 and 10 mM 2AP, 75 mM TO, and 100 mM 

AgNO3 were prepared. Each solution (with a volume of 3 mL) was prepared immediately be-

fore measurements. Unless otherwise stated, the final concentrations of 2AP, AgNO3 and TO are 1 

mM, 1 mM, and 250 nM, respectively.     

[Ag+
free] versus [Ag+

added]/[2AP] (β) measurements were performed using a Mettler To-

ledo perfectION™ comb Ag/S2 Lemo Combination Electrode. The reported measurement 

range was 10-7 to 1 M and the linear range is 10-5 to 1 M. Calibration was done prior to each titra-

tion by recording the voltage for standard AgNO3 solutions at 10-5, 10-4, 10-3, 10-2, and 10-

1 M. Voltage was plotted against pAg (pAg= -log[Ag+]) and the slope and y-intercept obtained 

from linear fitting was used to determine [Ag+
free] at each value of β. 10 mL solutions of 1 mM 

2AP was prepared. Aliquots of 100 mM AgNO3 were added to these solutions in order to maintain 
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an approximately constant concentration of nucleobase while only varying β. The solutions 

were under constant stirring and were allowed to equilibrate for two to three minutes before a volt-

age was measured.   

Fluorescence measurements were performed using a Horiba Quantamaster 8000 spectro-

fluorometer. 2AP fluorescence was measured in a 100 µm cuvette set in a reflection geometry at 

a 296o angle. This was done instead of using a 1 cm cuvette and a conventional 90° geometry to 

avoid inner filter effect due to high absorbance at the excitation wavelength. The slit widths for 

both excitation and emission monochromators were set to 1 nm. This was necessary to prevent sat-

urating the detector due to the high fluorescence quantum yield of 2AP. TO fluorescence measure-

ments were taken using a 1 cm cuvette in a conventional 90° geometry. The concentration of TO 

in the cuvette 250 nM unless otherwise stated. The slit widths were set to 5 nm for the TO meas-

urements. Integration time of 1 s/nm were used for all measurements.  

UV-Vis (including temperature dependent) were performed using a Jasco-815 CD-Spec-

trometer. All UV-Vis samples were blanked against pure water and averaged over two measure-

ments. 

4 Results and Discussion  
 

AFM image of the AgNO3+2AP solution (1 mM 2AP, β = 1) drop cast on a mica sub-

strate reveals nanofibers with lengths of hundreds of nanometers (Scheme 1b). The precise struc-

tural motif of these fibers is not known, but it is thought that π-π stacking plays a significant role 

in the extended structure. Interestingly, there is a significant red shift in the maximum absorption 

band in 2AP from 305 nm to 330 nm upon addition of AgNO3, which is likely a result of Ag+ bind-

ing and significant structural changes.  
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As Ag+ is titrated into solutions containing 2AP, silver ion selective electrode measure-

ments reveal that virtually all Ag+ (>99%) is bound to 2AP until 1.4 mole equivalents is reached. 

After this point little additional silver binds (Fig 4b, blue markers). This is similar to the polymeric 

structure proposed in Scheme 1a where each subunit contains three equivalents of Ag+ for each 

two equivalents of 2AP.   
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Figure 5: Temperature dependent UV-Vis of 1 mM 2AP at β=2, 1 cm pathlength. Temperature varied 

between 20-85℃. 

 

Figure 4: (a) UV-visible spectra of a 2 mM Ag+
 

/1 mM 2AP aqueous solution (red solid line) and 1 mM 

2AP aqueous solution (black dashed line) measured in a 1 mm quartz cell. (b) Bound Ag+
 

concentration 

(blue markers) and released proton concentration (magenta markers) vs. β. Figure reproduced from refer-

ence 23 with permission. 
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For each equivalent of 2AP, one equivalent of hydrogen ions is released into solu-

tion (Scheme 1). In fact, pH measurements reveal 0.9 equivalents of hydrogen ions are released 

for each equivalent of 2AP (Figure 4b, magenta markers).   

The temperature dependent UV-vis spectra reveal that as temperature increases, the char-

acteristic peak at 305 nm observed for unbound 2AP is recovered, but a significant red tail re-

mains (Figure 5). One possible explanation is an equilibrium between a silver-bound state 

and an unbound state. Another explanation is that there are two factors involved in the silver-

bound state and one is more strongly affected by temperature. The latter is supported by the per-

sistence of a red tail even at the highest temperatures. The fact that there is a significant red shift 

in the absorbance spectrum as well as a persistent red tail may be evidence of extensive π- π stack-

ing, but it cannot be definitively determined from the UV-vis spectrum alone.   

 

Fluorescence spectra were recorded for solutions at different β values, the ratio of 

[Ag+]/[2AP] (Figure 6a). The emission intensity drops as Ag+ is added, and importantly, the emis-

sion maximum is not shifted as the intensity increases. The emission is nearly fully quenched after 

1.5 equivalents of Ag+ are added (Figure 6b). This agrees with the ion selective electrode 
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Figure 6:(a) Fluorescence intensity of 2AP at various β. (b) Peak emission intensity at 370 nm as a func-

tion of β. For all emission spectra, λex=315 nm. 
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measurement results shown in figure 4b which shows no additional Ag+ binds after ~1.5 equiva-

lents are added. The change in fluorescence intensity as a function of β does not fit to eq 1 where 

only dynamic quenching is considered. The Extended Stern-Volmer equation including static 

quenching (eq 4) also fails to adequately describe the change of I0/I vs β suggesting Ag+-bound 

2AP is not excited to the emissive state upon absorption, unlike the unbound 2AP molecules (Fig-

ure 7).  

 

 

The Extended S-V equation still fails to account for a number of key factors. The ground 

state complex is assumed to be bimolecular, and the quenching mechanism must ultimately consist 

of a single emissive species interacting with a single quenching species. This fails to 

Figure 7:  Stern-Volmer plot for emission quenching of 2AP by Ag+. 

Figure 7:  Stern-Volmer plot for emission quenching of 2AP by Ag+. n=2, error 

bars = 2σ 
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consider additional static quenching that occurs as a result of π-stacking in the Ag+-2AP assem-

bly. The expected result would then be further positive deviation from the linear S-V quenching.   

Clearly the mechanism of quenching is complex and requires a more thorough approach. It 

is known that at least two distinct interactions are at play; the binding of Ag+ to 2AP and the stack-

ing interaction between 2AP molecules that contributes to the superstructure apparent in AFM im-

ages (scheme 1b).  

 

 

  

 

 

 

Figure 8:  Fluorescence spectra for 2AP. For all emission spectra, λex=315 nm. For all excitation spectra 

(Dashed curves for coinciding solid curves), λem=370 nm. β = 1 when Ag+ is present.  
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The addition of the known denaturant methanol is useful for attempting to isolate the effect 

binding of Ag+ and π-π stacking. From figure 8, emission of 2AP was quenched by 80% in the 

presence of 1 equivalent of Ag+. When the same solution is prepared in 40% v/v methanol, emis-

sion is recovered by 30%, to a value of 50% the original emission. This is too significant an in-

crease to be accounted for by the increase in quantum yield of 2AP in methanol and so denaturation 

(destacking) has occurred. The fact that the emission is not fully recovered may suggest that bind-

ing accounts for the remainder of quenching, or that not all π-π stacking has been eliminated from 

the structure.  

 

Figure 9: Fluorescence spectra for TO. For all emission spectra, λex=500 nm. For all excitation spec-

tra (Dashed curves for coinciding solid curves), λem=530 nm. All spectra obtained with 1 mM 2AP 

present. 

. 
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Thiazole orange is non-emissive in water but has a significant increase in fluorescence 

when intercalated into π-π stacked structures such as DNA strands.25, 26, 27 Fig 9 shows that the 

emission of TO is increased by ~250 fold in the presence of Ag+ and 2AP. As a control, the emis-

sion of TO with Ag+ was also tested with no 2AP present and little change in the emission was 

noted. For the solution containing 2AP, Ag+, and TO, the emission of 2AP is quenched by 80% . 

When the same solution is prepared in 40% v/v methanol, the 2AP emission is only quenched by 

50%, and the TO emission moderately increased by 37 fold. Our result is the definitive evidence 

that π-π stacking is present in the Ag+-2AP systems in aqueous solution. The fact that there is 

residual emission by TO after the addition of methanol suggest that there are still stacks present. 

It is noteworthy that the vast majority of TO emission is eliminated whereas 2AP remains 50% 

quenched compared to its original emission. It is therefore useful to attempt to quantify the extent 

of destacking from the methanol. The simplest explanation would be that there is a linear relation-

ship between the emission of TO and the extent of π-π stacking. In this case it could be asserted 

that there is 80% less stacking when 40% methanol is present, because the emission intensity of the 

methanol solution is only 20% compared to that of the aqueous solution.    
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Figure 10: (a) Emission spectra of TO at various concentrations in a 1 cm quartz cell in reflection geometry. (b) Fluo-

rescence intensity at 535 nm for the various concentrations of dye. Excitation Wavelength for all samples = 500 nm. 
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However, the concentration of TO (nM) is far less than that of the 2AP and Ag+ (mM). If 

all TO can intercalate into the 2AP stacks, then the extent of destacking in the methanol solution 

would be far greater than 80%. This follows because the population of stacked 2AP must be 

dropped to the nM regime such that only 20% of TO is able to intercalate. To test this hypothe-

sis, we must determine whether all available TO intercalates into 2AP stacks. The concentration of 

TO was varied from 100 to 750 nM and the emission spectra of the TO + nanofiber solutions were 

recorded. Figure 10 shows that the emission intensity increases linearly as the concentration in-

creases, suggesting that all TO are intercalated and become emissive. Because the concentration of 

TO is significantly lower than those of 2AP and Ag+ and therefore is the limited rea-

gent (250 nM TO and 1 mM 2AP and Ag+ in Figure 9), we estimate that virtually all 2AP (> 

99.9%) is unstacked in the methanol solution to provide just enough intercalation sites for 20% 

of TO.    

Our results suggests that there are two types of structures present in the Ag+/2AP aqueous 

solution, and they affect the fluorescence differently. The first type of structure is the nano-

fiber formed from stacking of the subunits shown in Figure 1, as discussed above. We hypothesize 

that the second type of structure is small complexes where Ag+ is bound to 2AP with stoichiometry 

of less than 1, and without stacking interaction between bases. This follows because the fluores-

cence of the unbound 2AP is not fully recovered when the nanofiber is completely destacked in the 

40% methanol solution, as discussed above (Figure 8). Below we further estimate the fraction of 

these two populations in the aqueous solution. The fluorescence of the Ag+/2AP (β = 1) solution 

is 20% and 50% of the unbound 2AP in aqueous and 40% methanol solutions, respectively (Figure 

8). Because all 2AP are unstacked in the latter, the fluorescence quantum yield of the small com-

plexes is estimated to be 40% of that of the unbound 2AP (taking into account that the quantum 
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yield of 2AP is 1.2x higher in 40% v/v methanol). Assuming that the quantum yield of the stacked 

units is ~0, the fraction of 2AP population present in nanofiber and in the small complexes must 

be approximately 1:1 at β =1.    

In proteins there is a kinetic concentration dependence on aggregate formation and an ag-

gregate size concentration dependence.28, 29 Similarly, the dimerization of TO is based on is known 

to be concentration dependent.25 It was therefore of interest to study the effect of concentration of 

the quenching phenomena observed in 2AP in order to determine if there is a an impact on the 

extent of stacking indifferent concentration regimes. 

When 1.5 equivalents of Ag+ are added to 10 µM 2AP, emission is quenched by 55% (Fig 

11). This is in contrast to the >98% quenching present in β = 1.5 conditions for the 1 mM 2AP. It 

has been reported for 1 µM 2AP, at up to β = 100 only 20% of emission is quenched.13  

Figure 11: Fluorescence intensity of 2AP at various β. For all emis-

sion spectra, λex=315 nm. [2AP] =10 µM 
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When the concentration of 2AP is varied from 1 mM to 0.1 mM with a constant β and 

constant concentration of TO, the emission of TO is reduced by ~99% (fig 12). Given that emission 

of TO is dependent on its ability to intercalate into π- π stacks, this suggests that the structure of 

the Ag+-2AP system is nearly fully destacked. Like in protein aggregation, the kinetics of aggre-

gation as well as the size of the final aggregates is dependent on the monomer concentration. If 

aggregate sizes are significantly smaller in the case of the lower concentration system, it would be 

expected that the number of sites available for TO to intercalate would be impacted. Significantly 

smaller stacks provide an adequate explanation for the decrease in the observed decrease in 

quenching when concentration of 2AP is varied.   

 

 

 

Figure 12: Emission of 750 nM TO in varying concentrations of 2AP and Ag+.  
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5 Conclusions and Future Directions 
 

We showed that thiazole orange can be intercalated in the base stacks of the Ag+-2AP nanofiber, 

as evident from the 250-fold increase in TO fluorescence intensity.  To our knowledge this is the 

first evidence of TO being used to probe stacking interactions in self-assembled systems lacking a 

covalent backbone. Our result definitively proves the presence of π-π stacking in Ag+-2AP. Pre-

paring the nanofiber in 40% v/v methanol/water, where methanol is a known denaturant, signifi-

cantly decreases the TO emission, and concomitantly increases the 2AP emission, albeit to a lesser 

extent. This suggests that the self-assembly has been destacked and that quenching is occurring by 

a different mechanism, namely interaction with bound Ag+. Further concentration depend-

ent measurements show that the emission of thiazole orange is not as significantly increased 

when the concentration of 2AP and Ag+ are decreased. The lack of thiazole orange emission sup-

ports the conclusion that within the time frame tested, the extent of π-π stacking in lower concen-

tration solutions is lower and the remaining quenching comes from Ag+.   Future directions for this 

work include examining the extent to which the lesser stacking in the lower concentration regime 

is a kinetic phenomenon. Annealing these samples consistently results in cloudy solutions that are 

not suitable for fluorescence measurements, and so time dependent measurements could be taken 

to monitor the kinetics of π-π stack formation via the emission of TO.   
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