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ABSTRACT 

The interaction of single-stranded DNA (ssDNA) with carbon-based nanomaterials has attracted 

considerable attention because of the distinctive surface properties of these materials and their broad 

applications in biosensing and nanobiotechnology. Among carbon-based nanomaterials, graphene oxide 

(GO), with its layered structure, high specific surface area, and abundance of oxygen-containing functional 

groups, provides a suitable platform for investigating nucleic acid–nanomaterial interactions. In this study, 

the interaction of FAM-labeled single-stranded DNA (ssDNA-FAM) with the GO surface was investigated 

using fluorescence spectroscopy. The fluorescence emission spectrum of ssDNA-FAM was recorded over the 

wavelength range of 500–600 nm, with a maximum emission at approximately 520 nm. Upon addition of GO, 

a substantial decrease in the fluorescence emission intensity of ssDNA-FAM was observed, indicating 

pronounced quenching of the FAM fluorescence. This reduction in fluorescence is consistent with an 

interaction between ssDNA and the GO surface that brings the fluorophore into close proximity to the 

nanomaterial surface. The effect of ionic conditions on the fluorescence response of the ssDNA-FAM/GO 

system was subsequently evaluated by examining different concentrations of NaCl and MgCl2. Increasing the 

NaCl concentration from 0 to 100 mM resulted in a progressive decrease in fluorescence emission intensity, 

indicating enhanced quenching of the FAM signal at higher NaCl concentrations. A similar trend was 

observed with MgCl2. Increasing the MgCl2 concentration from 0 to 10 mM led to a reduction in 

fluorescence intensity, with a more pronounced decrease observed at higher concentrations, particularly 

over the range of 1–10 mM. The observed changes may be associated with alterations in electrostatic 

interactions within the ssDNA-FAM/GO system. Increased ionic strength can reduce electrostatic repulsion 

between negatively charged DNA phosphate groups and negatively charged regions of the GO surface, 

thereby facilitating closer association of ssDNA with the nanomaterial. In the presence of Mg2+, charge 

screening may be further enhanced because of the higher charge density of divalent cations. These changes 

may promote closer proximity of the FAM fluorophore to the GO surface, thereby increasing fluorescence 

quenching. Overall, the results demonstrate that ionic composition is an important factor influencing the 

fluorescence response of the ssDNA-FAM/GO system. Increasing concentrations of both NaCl and MgCl2 

enhanced fluorescence quenching and reduced the emission intensity of FAM. Modulation of ionic conditions 

may therefore provide a useful approach for controlling ssDNA–GO interactions and optimizing the 

fluorescence response of GO-based nucleic acid sensing systems. 
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1. INTRODUCTION 

Single-stranded DNA (ssDNA), in addition to its essential roles in biological processes, has attracted 

considerable interest in the design and development of nanobiological systems, biosensors, and biosensing 

platforms because of its ability to interact with a broad range of nanomaterial surfaces. The structural and 

chemical characteristics of ssDNA, particularly its negatively charged phosphate backbone and exposed 

nitrogenous bases, facilitate interactions with solid surfaces and nanostructured materials. The nature and 

strength of these interactions are governed by the physicochemical properties of the nanomaterial surface 
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and the chemical composition of the surrounding environment. Among carbon-based nanomaterials, 

graphene oxide (GO) has emerged as a suitable platform for studying nucleic acid–nanomaterial 

interactions because of its distinctive physicochemical and surface properties [1]. GO exhibits a layered 

structure, a high specific surface area, and abundant oxygen-containing functional groups, including 

hydroxyl, epoxy, and carboxyl groups, which provide multiple sites for interactions with biomolecules. The 

adsorption of ssDNA onto the GO surface may induce changes in DNA conformation and molecular 

organization, thereby altering the local microenvironment of fluorophore-labeled molecules [2]. 

Characterizing these interactions can therefore provide valuable insights into the behavior of DNA at 

nanoscale interfaces. Fluorescent labeling of ssDNA with dyes such as 6-carboxyfluorescein (FAM) provides 

a sensitive approach for monitoring changes in the molecular microenvironment through fluorescence 

spectroscopy. The fluorescence emission intensity of FAM can be altered following interaction of ssDNA with 

the GO surface, particularly when the fluorophore is brought into close proximity to the nanomaterial 

surface [3]. Accordingly, comparison of the fluorescence response of FAM-labeled ssDNA in the free state 

and in the presence of GO provides a useful approach for assessing interaction-associated changes between 

DNA and the nanomaterial. In addition to the properties of the nanomaterial surface, the ionic composition 

of the surrounding environment plays an important role in determining DNA conformation and its 

interactions with nanoscale surfaces. Ions can modulate electrostatic interactions and influence the state of 

DNA near the GO surface by altering the ionic strength of the medium and interacting with charged groups 

within the DNA phosphate backbone [4]. NaCl, as a source of monovalent Na+ ions, is commonly used to 

regulate the ionic strength of aqueous solutions. Changes in NaCl concentration can modify the electrostatic 

environment surrounding DNA and the GO surface and, consequently, influence the fluorescence response of 

the ssDNA–GO system [5]. Divalent ions such as Mg2+ can exert additional effects on electrostatic 

interactions because of their higher charge. Mg2+can associate with the negatively charged phosphate 

groups of DNA, thereby modifying the local electrostatic environment and influencing the conformational 

state of DNA in aqueous solution. The use of MgCl2 as a source of Mg2+ therefore provides an opportunity to 

investigate the contribution of divalent ions to the fluorescence response of the DNA–GO system [6]. 

Separate evaluation of NaCl and MgCl2 effects can help distinguish the contributions of ionic strength and 

ion valence to the behavior of ssDNA in the vicinity of the GO surface. Given the importance of DNA 

interactions with carbon-based nanomaterials and the potential influence of ionic conditions on these 

interactions, this study investigated the fluorescence response of FAM-labeled ssDNA in the presence of GO. 

First, the fluorescence spectra of ssDNA–FAM in the free state and following incubation with GO were 

compared. Subsequently, the effects of different concentrations of NaCl and MgCl2 on the fluorescence 

response of the system were evaluated. In addition, the morphological characteristics of GO and GO–ssDNA 

complexes were examined using microscopic techniques. The primary objective was to determine how the 

ionic conditions of the surrounding environment influence the fluorescence response of ssDNA in the 

presence of GO and to assess whether changes in FAM emission intensity can serve as an indicator of DNA–

GO interactions. The findings may contribute to a better understanding of nucleic acid behavior at interfaces 

with carbon-based nanomaterials and provide a basis for optimizing DNA-based systems for biosensing and 

nanobiological applications. 

 

 

MATERIALS AND METHODS 
 
Fluorescence Emission Spectrum of ssDNA-FAM 

To determine the fluorescence emission characteristics of FAM-labeled single-stranded DNA 

(ssDNA-FAM), the fluorescence emission spectrum was recorded over the wavelength range of 500–

600 nm. The maximum emission wavelength and corresponding fluorescence intensity were 

determined from the resulting spectrum. The maximum fluorescence emission of ssDNA-FAM was 

observed at approximately 520 nm. 

 

Preparation and Comparison of ssDNA-FAM and ssDNA-FAM/GO Samples  
To evaluate the interaction between ssDNA-FAM and graphene oxide (GO), fluorescence emission 

spectra of ssDNA-FAM were recorded in the absence and presence of GO and subsequently compared. 

Spectra were acquired over the wavelength range of 500–600 nm. Changes in fluorescence intensity were 

evaluated to assess the fluorescence response of the ssDNA-FAM/GO system upon interaction with GO. 



 

https://nano.cdsts.ir Page 3 

Sample Preparation and Scanning Electron Microscopy (SEM) 
To evaluate the morphological characteristics of GO before and after interaction with ssDNA, scanning 

electron microscopy (SEM) images of GO and GO-ssDNA samples were acquired and compared. The images 

were examined for differences in surface morphology and structural features associated with the adsorption 

of ssDNA onto the GO surface. 

 
Preparation of Samples with Different NaCl Concentrations 
To investigate the effect of NaCl concentration on the fluorescence response of the ssDNA-FAM/GO 

system, samples containing 0, 10, 50, and 100 mM NaCl were prepared. The fluorescence intensity of each 

sample was measured under the corresponding NaCl concentration, and the obtained values were compared 

across the experimental conditions. 

 

Preparation of Samples with Different MgCl2 Concentrations 
To investigate the effect of MgCl2 concentration on the fluorescence response of the ssDNA-FAM/GO 

system, samples containing 0, 0.1, 1, 5, and 10 mM MgCl2 were prepared. The fluorescence intensity of each 

sample was measured under the corresponding MgCl2 concentration, and the obtained values were 

compared across the experimental conditions. 

 

 
RESULTS AND DISCUSSION 
 
Fluorescence Emission Spectrum of FAM-Labeled Single-Stranded DNA 
The fluorescence emission spectrum of FAM-labeled single-stranded DNA (ssDNA-FAM) was recorded 

over the wavelength range of 500–600 nm (Figure 1). The fluorescence intensity increased progressively 

with increasing wavelength from 500 nm and reached a maximum of approximately 300 at around 520 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 
Effect of Graphene Oxide on the Fluorescence Intensity of ssDNA-FAM 

To investigate the interaction between single-stranded DNA (ssDNA) and graphene oxide (GO), the 

fluorescence emission spectrum of free FAM-labeled ssDNA (ssDNA-FAM) was compared with that obtained 

in the presence of GO (Figure 2). Free ssDNA-FAM exhibited a distinct fluorescence emission profile with a 

well-defined maximum. In contrast, the addition of GO resulted in a pronounced reduction in fluorescence 

intensity throughout the examined wavelength range. The fluorescence signal of ssDNA-FAM in the presence 

of GO was substantially lower than that of the free sample, indicating efficient quenching of FAM 

fluorescence by GO. The observed fluorescence attenuation is consistent with the adsorption of ssDNA-FAM 

 
 

Fig. 1. Fluorescence emission spectrum of FAM-labeled single-stranded DNA (ssDNA-FAM) 

recorded over the wavelength range of 500–600 nm. 
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onto the GO surface, which can bring the FAM fluorophore into close proximity to the nanomaterial. The 

GO surface contains extended sp2-hybridized carbon domains that provide π-conjugated regions capable of 

interacting with the exposed nitrogenous bases of ssDNA. Adsorption of ssDNA onto GO has been attributed 

primarily to π–π interactions between the nucleobases and graphitic domains, together with other 

noncovalent interactions [7]. Close association of the fluorophore with the GO surface can facilitate 

nonradiative deactivation of the excited fluorophore, thereby resulting in substantial fluorescence 

attenuation. Depending on the molecular configuration and interfacial interactions, mechanisms such as 

fluorescence resonance energy transfer or electron transfer may also contribute to the observed quenching.  
Overall, the pronounced decrease in fluorescence emission observed in Figure 2 demonstrates the strong 

quenching effect of GO on ssDNA-FAM fluorescence. This response is consistent with the interaction and 

adsorption of ssDNA-FAM at the GO surface and confirms the suitability of the GO–ssDNA-FAM system for 

investigating DNA–nanomaterial interactions using fluorescence-based approaches. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Morphological Analysis of GO and GO-ssDNA Using Scanning Electron Microscopy 

To investigate morphological changes associated with the interaction of single-stranded DNA (ssDNA) 

with graphene oxide (GO), scanning electron microscopy (SEM) was used to characterize and compare GO 

and GO-ssDNA samples (Figure 3). The GO sample exhibited the characteristic layered, sheet-like 

morphology of graphene oxide. Following incubation with ssDNA, the GO-ssDNA sample displayed a visibly 

altered surface morphology, characterized by a more compact and heterogeneous surface structure 

compared with that of pristine GO. The observed changes in surface morphology and structural organization 

suggest that the association of ssDNA with the GO surface may alter the surface characteristics of GO [8].  
 
 
 
 

 

 

 

 

 

 
Fig. 2. Comparison of the fluorescence emission spectra of FAM-labeled single-stranded DNA 

(ssDNA-FAM) in the free state and in the presence of graphene oxide (GO). The addition of GO 

markedly reduced FAM fluorescence intensity over the wavelength range of 500–600 nm, 

indicating substantial fluorescence quenching. 
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Effect of NaCl Concentration on the Fluorescence Intensity of the ssDNA-FAM/GO System 

The effect of NaCl concentration on the fluorescence response of the ssDNA-FAM/GO system was 

investigated at NaCl concentrations of 0, 10, 50, and 100 mM. As shown in Figure 4, fluorescence intensity 

decreased progressively with increasing NaCl concentration. In the absence of NaCl, the fluorescence 

intensity was approximately 250. Increasing the NaCl concentration to 10 mM decreased the fluorescence 

intensity to approximately 160. A further increase to 50 mM resulted in a marked decrease to approximately 

63, whereas the lowest fluorescence intensity, approximately 47, was observed at 100 mM NaCl. The 

concentration-dependent decrease in fluorescence intensity indicates enhanced quenching of the FAM 

fluorophore at higher ionic strengths. This effect may arise from changes in the electrostatic environment of 

the ssDNA-FAM/GO system. The phosphate backbone of ssDNA is negatively charged, and increasing ionic 

strength can screen electrostatic interactions between charged species within the system [9]. Such 

electrostatic screening may alter the conformation of ssDNA and its interaction with the GO surface, 

potentially affecting the distance between the FAM fluorophore and the GO surface. Because GO exhibits 

strong fluorescence-quenching capability toward fluorophores in close proximity to its surface, changes in 

ssDNA conformation or surface association may influence the efficiency of FAM quenching. Thus, the 

observed reduction in fluorescence intensity with increasing NaCl concentration is consistent with an ionic-

strength-dependent modulation of the interaction between ssDNA-FAM and GO.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3. Scanning electron microscopy (SEM) images of GO and GO-ssDNA samples. The left image 

shows the characteristic layered and sheet-like morphology of GO, whereas the GO-ssDNA sample 

exhibits changes in surface morphology and structural organization following incubation with 

ssDNA. 

 

 

 
Fig. 4. Effect of NaCl concentration on the fluorescence intensity of the ssDNA-FAM/GO system. 

Fluorescence intensity decreased progressively as the NaCl concentration increased. 
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Effect of MgCl2 Concentration on the Fluorescence Intensity of the ssDNA-FAM/GO System 

The effect of MgCl2 concentration on the fluorescence response of the ssDNA-FAM/GO system was 

evaluated at MgCl2 concentrations of 0, 0.1, 1, 5, and 10 mM. As shown in Figure 5, fluorescence intensity 

decreased progressively with increasing MgCl2 concentration. In the absence of MgCl2, the fluorescence 

intensity was approximately 160. Increasing the MgCl2 concentration to 0.1 mM resulted in a slight decrease 

to approximately 153, while a fluorescence intensity of approximately 149 was observed at 1 mM MgCl2. A 

more pronounced decrease occurred at 5 mM, at which the fluorescence intensity declined to approximately 

67. The lowest fluorescence intensity, approximately 27, was observed at 10 mM MgCl2. The concentration-

dependent decrease in fluorescence intensity suggests that increasing Mg2+ concentrations enhance the 

quenching of FAM fluorescence in the ssDNA-FAM/GO system. This effect may be related to changes in the 

electrostatic environment and conformation of ssDNA induced by Mg2+ ions. Because the DNA phosphate 

backbone is negatively charged, Mg2+ can interact electrostatically with phosphate groups and partially 

shield the negative charges along the DNA backbone. Such charge screening can reduce electrostatic 

repulsion within the DNA molecule and alter its conformation and spatial arrangement [10]. These 

conformational changes may, in turn, affect the interaction of ssDNA with the GO surface and modify the 

spatial proximity of the FAM fluorophore to GO. GO is an efficient fluorescence quencher when 

fluorophores are located in close proximity to its surface. Consequently, Mg2+-induced changes in ssDNA 

conformation or orientation may alter the extent of FAM-GO interactions and thereby influence the 

fluorescence response. The relatively small changes observed between 0 and 1 mM MgCl2, followed by a 

marked decrease at 5 and 10 mM, indicate that the effect of Mg2+ becomes substantially more pronounced at 

higher concentrations.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

CONCLUSION 
In this study, the interaction between FAM-labeled single-stranded DNA (ssDNA-FAM) and graphene 

oxide (GO) was investigated, with particular emphasis on the effects of ionic conditions on the fluorescence 

response of the ssDNA-FAM/GO system. Fluorescence spectroscopy showed that ssDNA-FAM exhibited a 

maximum emission at approximately 520 nm, whereas the presence of GO markedly reduced FAM 

fluorescence intensity. This pronounced quenching is consistent with close association of ssDNA-FAM with 

the GO surface, which may bring the FAM fluorophore into proximity with GO and facilitate fluorescence 

quenching. Scanning electron microscopy (SEM) also revealed morphological differences between GO and 

GO-ssDNA, providing complementary evidence for an interaction between ssDNA and the GO surface. The 

 
Fig. 5. Effect of MgCl2 concentration on the fluorescence intensity of the ssDNA-FAM/GO system. 

Increasing the MgCl2 concentration from 0 to 10 mM resulted in a concentration-dependent 

decrease in fluorescence intensity. The change was relatively limited between 0 and 1 mM MgCl2 

but became substantially more pronounced at 5 and 10 mM. 
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fluorescence response of the ssDNA-FAM/GO system was strongly affected by ionic conditions. Increasing 

the NaCl concentration from 0 to 100 mM progressively decreased fluorescence intensity, indicating 

enhanced quenching at higher NaCl concentrations. This effect may be related to changes in the electrostatic 

environment of the system, which can influence ssDNA conformation and its interaction with the GO surface. 

Similarly, increasing the MgCl2 concentration from 0 to 10 mM resulted in a concentration-dependent 

decrease in fluorescence intensity. The effect was relatively limited between 0 and 1 mM MgCl2 but became 

more pronounced at 5 and 10 mM. The stronger effect observed at higher MgCl2 concentrations may be 

associated with interactions between divalent Mg2+ ions and the negatively charged phosphate groups of 

DNA, which can modify DNA conformation and alter its association with GO. Overall, increasing 

concentrations of both NaCl and MgCl2 enhanced the quenching of FAM fluorescence, demonstrating that 

both ionic strength and cation valency can influence the fluorescence behavior of the ssDNA-FAM/GO 

system. These findings emphasize the importance of controlling ionic conditions when studying DNA-GO 

interactions and optimizing GO-based fluorescence systems. In particular, changes in the concentrations of 

monovalent and divalent cations should be systematically considered because they can alter the 

physicochemical environment of the DNA-GO interface and consequently affect the measured fluorescence 

signal. The present findings provide an experimental basis for further optimization of ssDNA-GO-based 

fluorescence and biosensing platforms. Changes in FAM fluorescence may serve as a measurable readout of 

alterations in DNA-GO interactions; however, the contribution of ionic conditions should be carefully 

controlled to ensure reproducible and interpretable fluorescence measurements.  
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