
Using a fluorescence quenching method to detect DNA 
adsorption onto single-walled carbon nanotube surfaces

Kazuo Umemura1,*, Shizuma Sato1, Gilbert Bustamante2, and Jing Yong Ye2

1Biophysics Section, Department of Physics, Graduate School of Science, Tokyo University of 
Science, 1-3 Kagurazaka, Shinjuku, Tokyo 1628601, Japan

2Department of Biomedical Engineering, The University of Texas at San Antonio, One UTSA 
Circle, San Antonio, TX 78249, USA

Abstract

Surface modification of single-walled carbon nanotubes (SWNTs) with DNA molecules has 

attracted much attention in recent years to increase SWNT solubility and make various SWNT-

based nanobiodevices. Therefore, there is a critical need to quantify the interaction between DNA 

molecules and SWNT surfaces, particularly the intermediate structures during DNA adsorption. In 

this study, we demonstrate the ability to detect the adsorption of DNA oligomers on SWNT 

surfaces by fluorescence spectroscopy. Fluorescein-labelled, 30 mer, thymine oligonucleotides (F-

T30) were employed as a fluorescent probe to study the interaction of DNA with SWNTs. A clear 

quenching effect was observed when F-T30 was adsorbed onto SWNT surfaces. Using this 

method, the amount of DNA adsorbed onto the SWNT surfaces was measured under different 

sonication conditions to correlate absorption efficiency with sonication strength and duration. 

When a bath-type sonicator was used, mild adsorption of F-T30 on SWNT surfaces was observed. 

Furthermore, a two-step adsorption was observed in this condition. In contrast, we observed rapid 

adsorption of F-T30 to SWNT surfaces at the higher sonication amplitude (60% maximal) using a 

probe-type sonicator, while only slight adsorption of DNA molecules was observed at the lower 

amplitude (20% maximal). Our data revealed that the quenching effect can be used to evaluate 

DNA adsorption onto SWNT surfaces. In addition, atomic force microscopy (AFM) and 

photoacoustic spectroscopy (PAS) were conducted to provide complementary information on the 

DNA-SWNT nanoconjugates.
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Introduction

The hybridization of DNA to carbon nanotubes (CNTs) has become an established method 

to prepare monodisperse suspensions of solubilized bundled CNTs. [1–5] This solubilization 

technique allows for the separation of CNTs based on their chiralities. [6, 7] Furthermore, 

DNA-CNTs hybrids are attractive candidates for nanobiodevices that can be extensively 

employed in drug delivery and DNA sensing studies. [8–13]

To allow for the hybridization of DNA with CNTs, suitable amounts of DNA solution and 

CNT powder are mixed in a sample tube. [14–18] Typically the mixture is sonicated by 

either probe-type or bath-type sonicators. Sonication of bundled CNTs causes liberation of 

individual CNTs, which enables DNA molecules to wrap around individual CNT surfaces. 

Since DNA is a hydrophilic molecule, the DNA-CNT hybrids have hydrophilic surfaces. 

After completion of the sonication, the separated individual CNTs do not form bundles 

again.

Although the hybridization of DNA to CNTs is an established technique, the process of 

DNA adsorption to CNT surfaces has not been well-detected. The majority of research 

investigations involving DNA-CNT hybridization used extensive sonication periods to 

prepare the hybrids. [5, 15] However, sonication can also cause damage to DNA molecules 

and CNTs. In order to evaluate DNA-single-walled carbon nanotube (SWNT) hybrids, 

several research groups have studied sonication effects during preparation. [19–21] For 

example, Koh et al. thoroughly investigated the effects of sonication time (between one and 

twelve hours) on DNA adsorption by near-infrared absorbance spectroscopy/atomic force 

microscopy (AFM) and Raman spectroscopy. In previous studies, sonication times lasted 

hours. Therefore, final DNA-SWNT hybrids, rather than intermediate hybrid structures, 

were characterized. In addition, dispersed SWNTs rather than adsorbed DNA molecules 

were characterized. Since sonication remains a crucial technique for DNA-CNT 

hybridization, detecting the intermediate stages of DNA adsorption to CNT surfaces is 

imperative for determining the optimal conditions to form DNA-CNT hybrids.

Recent studies on the quenching effect of fluorescent molecules in DNA-CNT hybridization 

have been reported by several groups. [22–24] Fluorescently labelled DNA molecules 

adsorbed on CNT surfaces completely quenched, even after the DNA-CNT hybrids were 
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irradiated with an excitation beam. Based on this observation, a method for detecting DNA 

mismatches has been proposed. [25–27]

In this work, we applied the fluorescence quenching method to detect DNA adsorption on 

CNT surfaces in conjunction with AFM and photoacoustic spectroscopy (PAS). A mixture 

of fluorescently labelled, 30-mer, single-stranded oligomers of thymine (F-T30) and SWNTs 

was sonicated under various conditions. By measuring the quenching ratio of F-T30 via 

fluorescence spectroscopy, we successfully detected DNA adsorption as a function of 

sonication intensity and duration. However, we did not detect SWNT dispersion in these 

experiments. These results complement the results mentioned above from previous studies. 

Furthermore, AFM and PAS were used to determine the dimensions and changes in heat 

capacity of the DNA-SWNT hybrids, respectively.

Materials and Methods

The SWNT powder used in this study was purchased from Cheap Tubes Inc. (sku-0101, 

Cambridgeport, VT, USA). Non-fluorescently labelled (T30) and fluorescently labelled 

single-stranded oligomers of thymine 30 mer (F-T30) were obtained from Thermo Fisher 

Scientific K.K. (Yokohama, JP). DNA solutions were independently prepared by dissolving 

T30 and F-T30 powders in 200 mM Tris (hydroxymethyl) aminomethane buffered solution 

(Tris-HCL, pH 7.5) to final concentration of 1.0 mg/mL.

For evaluation of samples by fluorescence spectroscopy and atomic force microscopy 

(AFM), 0.5 mg/mL SWNT and 0.1 mg/mL F-T30 were prepared in Tris-HCl pH 7.5 in 

plastic microtubes. Samples were sonicated using either a probe-type sonicator (VCX 130 

630-0423: ϕ = 2 mm, 130W; Sonics & Materials Inc., Newtown USA) or a bath-type 

sonicator (80W; EOL80; Steady Ultrasonic Sdn. Bhd., Selangor Malaysia) [28–30]. The 

different sonication conditions were as follows: (a) sonication at 60% maximum amplitude 

of the probe-type sonicator (P60), (b) sonication at 20% maximum amplitude of the probe-

type sonicator (P20), (c) bath-type sonication (B), and (d) control (no sonication). For 

samples sonicated with the bath-type sonicator, the amplitude could not be varied since the 

sonication power of the instrument could not be modulated. Sample volumes of 30 μL were 

collected from the mixture at 0, 2, 4, 6, 8, 10, 15, 20, 25, and 30-minute time points during 

sonication. Due to the heterogeneity of the mixtures, fluorescence intensity measurements 

were carried out immediately after sample collection. Fluorescence measurements were 

carried out using the FP-8300 Fluorescence Spectrometer (JASCO Corporation, Tokyo, 

Japan) on the highest detection sensitivity setting. Fluorescence intensity was measured at 

525 nm (excitation wavelength = 495 nm) using 2 μL of sample diluted into 2498 μL of Tris 

HCl pH 7.5. AFM measurements were carried out using a JSPM-5200 Scanning Probe 

Microscope (JEOL Ltd., Tokyo, Japan) using the AC imaging mode in air. Appropriate 

volumes of samples were pipetted onto mica surfaces pretreated with 0.01% ammonium 

persulfate (APS). [15] After 10 minutes of incubation, the samples were rinsed with 1 mL of 

water. The diameters and lengths of SWNTs were obtained from the AFM images using 

scanning frame sizes of 1.5×1.5 μm and 3.0×3.0 μm, respectively.
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A photoacoustic scanner (LOIS-2D, TomoWave, Houston, TX) was used in the forward 

mode to measure the photoacoustic spectrum of the DNA-SWNT samples. A vial with a 

sample volume of 20 μL was placed in a 200-mL water bath. A tunable, optical parametric 

oscillator (OPO, Continuum, CA, USA) pumped by a Q-switched Nd:YAG laser (Surelite 

SLIII-10, Continuum, CA. USA) with a repetition rate of 10 Hz and a 4–6 ns pulse width 

was used to irradiate the samples at 834, 884, 941, 972, and 1000 nm with energies less than 

1.5 mJ/cm2. The energy difference between wavelengths was measured by a photodiode to 

normalize the photoacoustic signals at different wavelengths. An ultrasound transducer with 

a central frequency of 5 MHz was used to acquire the photoacoustic signals of the samples. 

The acquired signal was the average of 10 scans. The peak-to-peak voltages (Vpp) of the 

central four elements of the transducer were summed and the average of five replicates was 

used to compare the photoacoustic responses of samples prepared under different sonication 

conditions.

Results and Discussion

Figure 1 indicates the analytical approaches used in this work. Mixtures of F-T30 or T30 

and SWNTs were sonicated under various conditions, and the adsorption of DNA to SWNTs 

was detected by fluorescence spectroscopy, atomic force spectroscopy (AFM), and 

photoacoustic spectroscopy (PAS). We first took advantage of the unique fluorescence 

quenching effect of SWNTs on the adsorbed fluorescently labelled DNA, which provided an 

effective way to quantify the amount of DNA molecules adsorbed onto the SWNT surfaces. 

Secondly, as DNA adsorption onto SWNT surfaces causes an increase in SWNT diameter 

[5, 15, 30], we utilized AFM to measure the dimensions of individual DNA-SWNT hybrids 

based on their cross-section values in the images. This approach allowed us to directly assess 

the effects of sonication on the DNA-SWNT hybridization process. Finally, PAS was used to 

characterize the photoacoustic emission properties of DNA-SWNT hybrids. Although 

SWNTs have been used as contrast agents for PA imaging in previous studies [31–33], the 

use of PAS in this study provided a unique method for characterizing DNA-SWNT hybrids 

by measuring their heat capacity properties.

Figure 2 shows the fluorescence intensity of fluorescently labelled DNA -SWNT hybrids 

synthesized with different sonication methods and durations or in the absence of sonication. 

When SWNT powder was mixed with F-T30 solution, the fluorescence intensity of F-T30 

was slightly decreased even without sonication. This suggests that some of the DNA 

molecules immediately adsorbed onto SWNT surfaces when the two components were 

mixed. However, this initial quenching value highly fluctuated, because the SWNT powder 

was not solubilized at this stage. For this reason, we focused on detecting DNA adsorption 

during sonication. For each sample, fluorescence intensity measurements were repeated 5 

times and were normalized to the maximum fluorescence intensity.

The mixtures of F-T30 and SWNTs sonicated under the P60 condition (probe-type sonicator 

with amplitude set to 60% of its maximum value) had almost complete quenching of 

fluorescence intensity within 2 minutes (Figure 2a). This indicates that most of the F-T30 

molecules were adsorbed within 2 minutes, although this does not suggest complete 

monodispersity of F-T30-SWNT hybrids within this timeframe.
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When mixtures were sonicated under the P20 condition (probe-type sonicator with 

amplitude set to 20% of its maximum value), the resulting data revealed high fluctuations 

among the five independent repetitions. Fluorescence intensity gradually decreased in two 

samples and was significantly quenched after 30 minutes of sonication (Figure 2b). 

However, the same degree of quenching was not obtained in the other three samples. The 

large difference between replicates indicates that the samples may be highly affected by 

conditions not considered in these experiments, such as the position of the sonicating probe 

in the sample. At high sonication power, such as in the P60 condition, the position of the 

probe would have less effect since enough sonication power can reach throughout the 

sample. However, the P20 condition, which uses a lower sonication amplitude, may not be 

sufficient to fully homogenize samples. Thus, probe location would have a greater effect on 

hybrid formation. The difference between replicates suggests 20% maximal amplitude is 

close to a lower limit threshold value for causing adsorption of F-T30 to SWNT surfaces.

When samples were sonicated under condition B (bath-type sonication), two-step quenching 

was observed. Fluorescence intensity dramatically decreased within the first 4 minutes of 

sonication. The decrease in fluorescence intensity was highly restrained up to the 10-minute 

time point, followed by a resurgence in successive quenching until the samples were fully 

quenched at 30 minutes (Figure 2c). Although further experiments are necessary to 

understand the molecular basis for the two-step quenching effect, one possible explanation is 

that some of the F-T30 molecules are adsorbed onto the bundled SWNTs prior to 

dissociation of individual SWNTs.

Under the control condition without sonication, the F-T30 solution and SWNT powder were 

mixed into a solution. Fluorescence intensities of some hybrids were slightly lower than that 

of the control F-T30 solution without SWNTs (Figure 2d). This finding suggests that some 

F-T30 molecules adsorb to SWNT surfaces almost immediately after introducing the two 

components in solution. During the remaining 30 minutes of incubation without sonication, 

fluorescence intensity only slightly decreased in four out of the five samples.

The average quenching efficiencies of the samples are included in Table 1 and in the 

supplementary information section (Table S1). After 2 minutes of sonication, the quenching 

efficiencies were 98%±1.5%, 19%±27%, 58%±17%, and 0.62%±5.2% for P60, P20, B, and 

the control condition, respectively. After 30 minutes of sonication, the efficiencies were 98%

±0.83%, 69%±33%, 99%±1.4%, and 23%±14%, respectively.

The fluorescence quenching data suggest that the lower sonicator strength setting at 20% 

(P20) is inefficient for producing DNA-SWNT hybrids. However, increasing the sonication 

amplitude to 60% (P60) resulted in much higher quenching efficiencies. Therefore, the 

higher sonication strength significantly improved the production efficiency of DNA-SWNT 

hybrids by allowing DNA molecules to more effectively attach to SWNT surfaces. Although 

probe-type sonicators were more commonly used in previous studies than bath-type 

sonicators for preparing DNA-SWNT hybrids, our results indicate the two methods had 

similar adsorption efficiencies after 30 minutes. Despite this, there are other considerations 

in choosing which type of sonication instrument to use. For probe-type sonicators, sample 

tubes remain open in order to insert the probe, whereas the sample vials can remain sealed in 
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bath-type sonication, thus preventing samples from evaporating during sonication. 

Additionally, sonicating probes must be washed in volatile solvents to remove residual 

contaminants, while bath-type sonication does not require this step. Therefore, although 

using a sonicating probe at 60% maximal amplitude (P60) is an effective approach to 

promote rapid attachment of DNA to SWNTs, bath-type sonicators are also effective and 

have their own advantages.

Changes in fluorescence intensity can be used to detect the adsorption of F-T30 to SWNT 

surfaces based on the quenching effect of SWNTs, but it does not assess the monodispersity 

of SWNTs. Since size analyses of nanoconjugates can be used to evaluate the dispersion and 

solubility of SWNTs, we employed AFM to measure the diameter and length of the SWNT 

samples or DNA-SWNT hybrids. The supplementary Figures S1 and S2 are AFM images 

showing that F-T30-SWNT hybrids were well-observed in the samples prepared using the 

P60, P20, and B sonicating conditions. Figure 3 is a histogram showing the diameters and 

lengths of each sample after 10 and 30 minutes of sonication. The diameter data was 

obtained from 100 cross-sections for 20 F-T30-SWNTs.

Interestingly, the diameter distribution of DNA-SWNT hybrids prepared under P60 

sonication was clearly broader than those prepared under P20 and B conditions. The average 

diameters of the DNA-SWNT hybrids prepared under the P60 condition at 10 min and 30 

min were 5.2±2.8 nm and 7.9 ± 4.1 nm, respectively. The diameters of the hybrids were 

markedly larger than that of pure SWNTs (1–4 nm) under the same corresponding 

sonication conditions, indicating attachment of DNA onto the SWNT surfaces. The average 

diameters of the DNA-SWNT hybrids in the P20 and B conditions were 2.0 ± 1.1 nm and 

2.5 ± 2.0 nm at 10 min, respectively, and 2.0 ± 1.1 nm and 1.8 ± 0.74 nm at 30 min, 

respectively. A similar average value (2.0 ± 0.79 nm) was obtained when a mixture of T30 

and SWNTs were sonicated under the standard conditions for SWNT solubilization that was 

employed by many other research groups (DNA: SWNTs = 1:1 in weight ratio; 90 min 

sonication under P60 condition). [5, 15] The data suggest that DNA-SWNTs had high 

monodispersity under the P20 and B conditions. On the other hand, there was no significant 

difference in lengths of DNA-SWNTs for all of the conditions tested. The length data was 

obtained from 100 cross-sections for 100 DNA-SWNT hybrids.

Figure 4 shows the photoacoustic (PA) signals of each sample excited at five different laser 

wavelengths. The signals are normalized by corresponding sample concentration and 

represented as Vpp (voltage of peak to peak) response of the transducer. The PA signal of 

the P20 samples collected after 10 minutes of sonication was significantly higher than those 

of other samples, while the PA signal of P60 samples was the lowest among all the samples. 

Since the same SWNT powder was employed in all of the samples to ensure consistency, the 

difference in PA signals may be attributed to different amounts of T30 adsorbed onto the 

SWNTs. In addition, there was a correlation between PA signal of the T30-SWNT hybrids 

and the fluorescence signal of the F-T30-SWNT hybrids. As shown in Table 1, higher PA 

signal strength correlated with lower fluorescence quenching efficiency of the corresponding 

sample, indicating less adsorbed F-T30. This result can be explained based on the fact that 

PA signals are inversely proportional to the heat capacity of the sample. For example, the 

low PA signals observed from samples prepared under P60 sonication conditions indicated 
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an increase in heat capacity of the T30-SWNTs, as almost all the DNA molecules are 

adsorbed onto the SWNTs. On the other hand, the high PA signals observed for samples 

prepared under the P20 sonication condition for 10 minutes indicated low heat capacity of 

the hybrids, as few DNA molecules were adsorbed on the SWNTs. Thus, this study 

demonstrates that PAS provides a unique method to detect hybridization of DNA with 

SWNT by measuring the change in heat capacity of DNA-SWNT hybrids.

Our data indicated that adsorption of T30-SWNT hybrids were strongly affected by the 

sonication conditions. Although our original research target was to propose a new method 

for detecting DNA adsorption onto SWNT surfaces rather than determining the most 

effective sonication conditions, our data provide useful insights on this topic. As being 

employed in many previous papers have employed, P60 is useful as a general approach for 

general preparation of T30-SWNT hybrids. Under the P60 condition, DNA rapidly adsorb 

onto SWNT surfaces, and long hybrids can be obtained. The P20 and B conditions led to 

mild adsorption. However, the reproducibility of the data under condition B was better than 

that of the P20 condition. Shorter SWNTs were obtained under these two conditions. It is 

likely that longer SWNTs were not solubilized. Although we did not focus on obtaining 

detailed structural information in this work, precise structural characterization of DNA-

SWNT hybrids would be useful in future studies for determining the best sonication 

conditions.

Conclusions

Fluorescence spectroscopy, atomic force microscopy (AFM), and photoacoustic 

spectroscopy were effectively used to evaluate the adsorption profiles of DNA onto SWNT 

surfaces under differing sonication conditions. Adsorption of DNA onto SWNT surfaces 

using fluorescence spectroscopy was based on the fluorescence quenching effect of 

fluorescently labeled, 30-mer, single-stranded thymine oligonucleotides (F-T30) by SWNTs. 

Our experimental results indicated that the fluorescence intensity of F-T30 were quenched in 

two steps, i.e., naturally by SWNTs without sonication and enhanced by sonication. AFM 

measurements provided dimensions of the F-T30-SWNT hybrids. This study also showed 

that the PAS results were consistent with the results obtained from the fluorescence 

spectroscopy measurements, indicating the effectiveness of using PAS for characterizing 

T30-SWNT hybrids. Our results revealed useful information for understanding the 

mechanism of DNA adsorption onto SWNT surfaces.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• DNA adsorption to SWNT surfaces were monitored by fluorescence 

spectroscopy.

• The DNA adsorption was affected by sonication conditions.

• AFM and PAS provided helpful information.

Umemura et al. Page 10

Colloids Surf B Biointerfaces. Author manuscript; available in PMC 2018 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Schematic drawing of our experimental design. The DNA-SWNT hybrid samples are 

prepared under different sonication conditions and characterized by measuring quenching of 

fluorescence intensity in conjunction with atomic force microscopy and photoacoustic 

spectroscopy.
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Figure 2. 
Normalized fluorescence intensity of F-T30 adsorption onto SWNT surfaces as a function of 

sonication strength and duration. (a) 60% of the maximum amplitude of the probe-type 

sonicator (P60), (b) 20% of the maximum amplitude of the probe-type sonicator (P20), (c) 

bath-type sonicator (B), and (d) control (no sonication). Five lines in each figure indicate 

results of independently repeated five measurements.
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Figure 3. 
Histograms of diameters and lengths of F-T30-SWNT hybrids measured by atomic force 

microscopy. (a) diameters. (b) lengths. (1) P60. (2) P20. (3) B.
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Figure 4. 
PA intensities from T30-SWNT hybrids prepared under different sonication conditions. 

Excitation wavelengths were 834, 884, 941, 972, and 1000 nm, respectively.
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