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Hybridization of papain molecules 
and DNA‑wrapped single‑walled 
carbon nanotubes evaluated 
by atomic force microscopy in fluids
Masaki Kitamura * & Kazuo Umemura 

Although various conjugates of single-walled carbon nanotubes (SWNTs) and biomolecules, such 
as nanobiosensors and nanobiodevices, have been reported, the conjugation of papain and SWNTs 
have not been reported because of the formation of unexpected aggregates. In this study, atomic 
force microscopy (AFM) in liquid was used to investigate the interactions between papain and 
DNA-wrapped SWNTs (DNA–SWNTs) at two different pH values (pH 3.0 and 10.5). The direct AFM 
observation of the mixture of papain and DNA–SWNTs confirmed the aggregation of papain molecules 
with DNA–SWNTs in the buffer solutions. The numerous and non-uniform adsorption of papain 
molecules onto DNA–SWNTs was more pronounced at pH 3.0 than that at pH 10.5. Furthermore, thick 
conjugates appeared when papain and DNA–SWNTs were simultaneously mixed. The near-infrared 
photoluminescence spectra of the SWNTs drastically changed when the papain molecules were 
injected into the DNA–SWNT suspension at pH 3.0. Thus, the regulation of electrostatic interactions 
is a key aspect in preparing optimal conjugates of papain and DNA–SWNTs. Furthermore, although 
previous papers reported AFM images of dried samples, this study demonstrates the potential of AFM 
in liquid in evaluating individual bioconjugates of SWNTs.

Atomic force microscopy (AFM) is a unique tool for observing biomolecules and bioconjugates in aqueous 
solutions1–4. As most biomolecules deform when they are dried, their native structures or bioconjugates are 
difficult to observe by AFM. Thus, AFM observation in fluids has been recognized as an attractive approach for 
analyzing native structures and molecular interactions. For example, the structures of DNA molecules in dried 
and wet forms were compared by AFM in air and liquids5–7. The diameters of DNA molecules dramatically 
decrease when DNA is dried on a mica surface8–10. Moreover, because proteins are usually utilized in liquid, 
investigations in liquid have advanced understanding of their native behavior and potential applications11–14. 
Radmacher et al. directly observed the enzyme reactions in liquids using AFM12. These approaches have been 
further developed using high-speed AFM systems15–19.

An effective approach for observing bioconjugates is using AFM in liquids. Thus, the conjugation of DNA and 
DNA-binding proteins has been intensively studied by AFM in fluids2,20, thereby visualizing the binding sites of 
the proteins. Conjugates of biomolecules and nanomaterials, such as single-walled carbon nanotubes (SWNTs), 
which have been developed for biological and medical applications are attractive targets for AFM in liquids. 
Although previous studies have mostly observed DNA-wrapped SWNTs (DNA–SWNTs) in the air, Hayashida 
et al. observed DNA–SWNT hybrids in aqueous solutions21. The diameters of the same DNA–SWNT hybrids 
drastically changed according to the environment and forces between the hybrids and the AFM probe. Assuming 
a constant SWNT diameter, the fluctuations in the diameters of the hybrids can be ascribed to the plasticity of 
DNA molecules on SWNT surfaces.

SWNTs exhibit extraordinary mechanical, electrical, and optical properties22–24. In particular, the near-
infrared (NIR) photoluminescence (PL) of SWNTs can be applied to detect biological reactions on SWNT 
surfaces25–28. As SWNTs exhibit NIR PL when irradiated with visible light, the NIR PL fluctuates in intensity 
and emission wavelengths with the environmental changes on the SWNT surfaces29–33. For example, when 
oxidants or reductants, such as hydrogen peroxide and vitamin C, are injected into DNA–SWNT suspensions, 
the PL intensity of DNA–SWNTs drastically decreases and increases with the oxidant and reductant content, 
respectively29,30. When certain molecules are adsorbed on SWNT surfaces, the PL spectra are affected by the 
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adsorbed molecules31–33. Using the unique optical responses of SWNTs, the fabrication of bioconjugates with 
SWNTs has been proposed for nanobiosensors and nanobiodevices34–41. Similar approaches to utilizing the 
electrical abilities of SWNTs have also been reported42,43. For example, conjugates of glucose oxidase and SWNTs 
have been proposed as nanosized glucose sensors44,45.

In this study, we investigated the interactions of papain molecules with DNA–SWNTs using AFM in liquids. 
Papain is a cysteine protease with a high thermostability46–48. Although several enzymes lose their activity at 
60 °C, papain exhibits sufficient enzyme activity at this temperature. Thus, various biological and medical appli-
cations have been proposed considering its thermostability49,50. Therefore, the conjugation of papain molecules 
and DNA-SWNT hybrids can be used as a biosensor for papain enzymes to sense proteins at high temperatures. 
In addition, papain molecules on SWNT surfaces can become an alternative substrate used to monitor enzyme 
activation reactions using the change of PL of SWNTs. However, even with the in-depth report on the fabrica-
tion of various types of biomolecules and SWNTs hybrids, the fabrication of conjugates of papain molecules 
and SWNTs is yet to be reported. In particular, attaching papain molecules to DNA–SWNT hybrids can form 
aggregates of the papain/DNA–SWNT conjugates that can be visibly recognized, thereby resulting in the absence 
of papain–SWNT hybrids. In addition, the formation of aggregates is an interesting phenomenon leading to 
speculation that the aggregations were caused by the high pI of papain enzymes of 8.651 because of the water 
solubility of DNA–SWNTs and papain. Therefore, it is necessary to investigate the conjugations at two pH values 
across the pI of papain enzymes.

In our experiments, mixtures of papain molecules and DNA–SWNT hybrids were observed to evaluate the 
adsorption of papain molecules on DNA–SWNT hybrids. Although the fabrication of bioconjugates has been 
widely reported1–4, the microscopic evaluation of the adsorption of biomolecules onto SWNT surfaces using 
AFM in liquids is yet to be reported. Thus, our approach is valuable for understanding the adsorption mecha-
nism of biomolecules onto SWNTs, and providing useful information for establishing optimal procedures for 
the fabrication of bioconjugates with SWNTs.

Results and discussion
As mentioned, when we simply mixed DNA-SWNT hybrids and papain molecules in a tube the formation of 
aggregates was visually recognizable (Supplementary Fig. S1). We speculated that the aggregations were caused 
by pH conditions, and thus relatively high pH levels were tested to clearly observe changes so that the mecha-
nism of the aggregations would be easily understood. Figure 1 shows the scheme used in our study of AFM in 
fluids. In Scheme 1, DNA–SWNT hybrids were first attached to a 3-aminopropyltriethoxysilane (AP)–mica 
surface set in an AFM liquid cell. The sample was observed once with a 2.0 mL buffer solution. Two types of 
buffer solutions, namely 10 mM citric acid (pH 3.0) and 10 mM boric acid (pH 10.5), were used to evaluate the 
effects of pH. Papain molecules were injected into the AFM liquid cell, and the sample was observed again in 
the buffer solutions. In Scheme 2, the DNA–SWNT suspension was dropped onto the AP–mica surface, and the 
papain solution was immediately added. In this scheme, the papain and DNA–SWNT hybrids are expected to 
have sufficient degrees of freedom.

Figure 2 shows the results of the Scheme 1 experiments (Supplementary Fig. S2 shows magnified results). 
DNA–SWNT hybrids were clearly observed in 10 mM citric acid buffer solution (pH 3.0 (Fig. 2a). Subsequently, 
as 10 μL DNA–SWNT suspension was dropped onto an AP-mica surface and the AFM liquid cell was filled 
with 2.0 mL buffer solution, similar images were obtained using 10 mM boric acid buffer solution at pH 10.5 
(Supplementary Fig. S3). To reobserve the samples, 50 μL  papain solution was injected. The observation was 
carried out immediately after stabilizing the perturbation caused by the injection. Figure 2b shows a typical AFM 

Figure 1.   Observation of DNA–SWNTs and papain on the AP-treated mica substrate. (a) Scheme 2: DNA–
SWNT solution was dropped first, followed by the injection of the papain solution. (b) Papain and DNA–SWNT 
solutions were successively dropped. All schemes were conducted at pH 3.0 and 10.5.
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image of the mixture of papain and DNA–SWNTs in the citric acid buffer solution (pH 3.0). The diameter of 
the DNA–SWNT hybrids partially increased under pH 3.0 (square in Fig. 2b). Moreover, the morphologies dif-
fered from those in Fig. 2a, suggesting the partial adsorption of papain molecules on the DNA–SWNT hybrids. 
The cross-sections of the observed DNA–SWNT hybrids in the squares are indicated on the right side of each 
image. For DNA–SWNTs without papain, the heights were approximately less than 2 nm. Meanwhile, the height 
of the partial area that papain molecules might adsorbed on was almost 6 nm, whereas that of the other areas 
was less than 2 nm.

Similar experiments were carried out at pH 10.5 with boric acid buffer solution. The diameter of DNA–SWNTs 
partially increased; however, the number of DNA–SWNTs onto which papain molecules were adsorbed was lower 
than that at pH 3.0. Although the height of SWNTs was affected by differences in chirality, the significantly higher 
areas than for those without papain molecules were observed in the cross sections. This implied that papain 
molecules were adsorbed onto DNA-SWNT hybrids at pH 10.5 as well. For the numerical analysis, 90 cross-
sections from randomly selected 30 hybrids were summarized as histograms since SWNTs are not homogene-
ously flat. Because the average height of 100 gold colloids was 3.57 ± 0.76 nm (manufacturer height is 5.00 nm), 
all heights for height analysis were calibrated with this ratio. The average heights and standard deviations of 
DNA–SWNTs with and without papain molecules were 2.70 ± 1.51 and 5.40 ± 3.67 nm at pH 3.0, and 2.61 ± 1.44 
and 4.10 ± 2.83 nm at pH 10.5, respectively. The median heights were 2.49, 4.16, 2.43, and 3.14 nm, respectively 
(Supplementary Fig. S4). T-tests from these results revealed that the height of DNA–SWNTs increased after the 
injection of papain solution under both pH conditions (pH 3.0: N = 90, t (89) = − 6.44, p = 1.00× 10

−8
< 0.05 , pH 

10.5: N = 90, t (89) = − 6.12, p = 1.00× 10
−8

< 0.05 ). Thus, papain molecules could be adsorbed by DNA–SWNTs 
at pH 10.5 and 3.0. However, from the histograms, the average height of DNA–SWNTs at pH 3.0 was slightly 
higher than that at pH 10.5 (N = 90, t (89) = − 2.71, p = 8.04 ×10

−3
< 0.05 ). This implies that more papain 

Figure 2.   AFM images and height histograms of the DNA–SWNTs (a) before the injection of papain solution, 
(b) after the injection under pH 3.0, and (c) after the injection of papain under pH 10.5. (a) Was analyzed in an 
AFM-liquid condition after dropping the DNA–SWNT solution onto the AP-treated mica substrates. (b) and 
(c) Were analyzed similarly after injection of the papain solution. The histogram was illustrated using the height 
data corrected with those of gold colloids.
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molecules could attach to DNA–SWNTs at pH 3.0 than at pH 10.5, and hence interactions were more favorable. 
Further, the isoelectric point (PI) of papain should be considered. The PI of the papain molecules was approxi-
mately 8.75, suggesting the negative charge at pH 10.5.

For the control experiments, papain molecules and DNA–SWNT hybrids on AP–mica surfaces in fluids 
were observed by AFM (Supplementary Fig. S3). Globular and rod structures were observed for papain and 
DNA–SWNTs, respectively. The size of the observed papain molecules was approximately 3–4 nm. When the 
concentration of papain solutions was dense enough to cover all surfaces of the AP-mica (1.0 mg/mL) the papain 
molecules were adsorbed on the AP–mica surfaces at pH 3.0 and 10.5. However, since the surfaces were posi-
tively charged, a greater amount of papain molecules was observed at pH 10.5 than 3.0 at the low concentration 
(0.05 mg/mL) (Supplementary Fig. S3b). Some of the papain molecules were adsorbed on the DNA–SWNT sur-
faces under the Scheme 1 experiments. This suggests the attractive interaction between papain and DNA–SWNT 
hybrids, which compete with those between papain and AP–mica.

In addition, the reverse procedure in Scheme 1 was examined for comparison. In Supplementary Fig. S5, 
papain molecules were first deposited on an AP–mica surface, followed by the injection of the DNA–SWNT 
suspension into the AFM liquid cell. In this scheme, the AP–mica surface is occupied by papain molecules, as 
shown in Supplementary Fig. S5(a). As a result, several aggregates were observed at pH 3.0. As shown by Sup-
plementary Fig. S5(b), although numerous samples were observed with several tips, the images were influenced 
by tip artifacts, which implies the tip might have lifted up the debris from the mica surface. Since the tip artifacts 
were not confirmed in scheme 1, the conjugations might be formed by several DNA-SWNT hybrids instead since 
the hybrids were immobilized on the mica surface in scheme 1. Therefore, the debris might have ejected from 
the conjugation. However, it was confirmed that papain molecules tend to adsorb onto the DNA–SWNTs at pH 
3.0, whereas these aggregates were not observed at pH 10.5.

Figure 3 shows the results of the Scheme 2 experiment (Supplementary Fig. S6 shows magnified results). 
Figure 3a shows the typical AFM image of a mixture of papain and DNA–SWNT hybrids in the citric acid buffer 
solution at pH 3.0. Onto the AP-mica surface, 10 μL DNA–SWNT suspension was dropped, immediately followed 
by the dropping of 10 μL papain solution (1 mg/mL). After 10 min of incubation at 25 °C, 2.0 mL citric acid buffer 
solution (pH 3.0) was added for the AFM observation. The red markers in Fig. 3a indicate that the DNA–SWNT 
hybrid was decorated with papain molecules. Six DNA–SWNTs heterogeneously covered with papain molecules 
were observed in the image. In addition, the observed DNA-SWNT hybrids appear blurry, indicating the tip 
might have picked up some debris from the surface of the mica for the same reason. Supplemental Fig. 6(a) 

Figure 3.   AFM images and height histograms of the DNA–SWNTs mixed with the papain at (a) pH 3.0 and 
(b) pH 10.5. The experiments were analyzed in AFM liquid condition after successively dropping the DNA–
SWNT and papain solutions onto the AP-treated mica substrates. (c) Interactions of the papain molecules and 
DNA–SWNTs at pH 3.0 and 10.5. (d) The histograms illustrate the height data corrected with those of the gold 
colloids.
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confirms the existence of the DNA-SWNT hybrids (red markers) together with the debris (blue markers). Fig-
ure 6(a) also shows that papain molecules attached to DNA-SWNT hybrids at their thicker parts. Figure 3b shows 
the typical AFM image obtained by similar experiments at pH 10.5 with the boric acid buffer solution. Some 
DNA–SWNT hybrids were covered with papain molecules. The red markers indicate one DNA–SWNT hybrid 
with papain molecules. Similarly, thin DNA–SWNT hybrids were observed at pH 10.5. From the cross-sections 
of the DNA–SWNTs (red markers), parts with larger heights were clearly observed on the conjugates. These 
parts at pH 3.0 have a larger height than those at pH 10.5. A flat surface of DNA–SWNTs is obtained with the 
homogeneous attachment of the papain molecules on the surface of DNA–SWNTs. Figure 3c shows the expected 
interaction between the papain molecules and DNA–SWNTs in citric acid (Scheme 2, pH 3.0) and boric acid (pH 
10.5) buffer solutions. Considering the PI of the papain enzyme and DNA of 8.6 and 2.0, respectively, the papain 
molecules were positively charged at pH 3.0 and negatively charged at pH 10.5, whereas the DNA particles were 
negatively charged at pH 3.0 and 10.5. This suggests that the papain molecule and DNA–SWNT has an attractive 
interaction at pH 3.0 and a repulsive interaction at pH 10.5, as shown in Fig. 3c.

Figure  3d shows the height histograms of 90 parts (three randomly selected parts of each of the 30 
DNA–SWNTs) in Scheme 2. The average heights with a standard deviation of the DNA–SWNTs at pH 3.0 
and 10.5 were 7.30 ± 4.81 and 4.60 ± 2.83 nm, respectively (Supplementary Fig. S7). The median height of the 
DNA–SWNTs at pH 3.0 and 10.5 were 6.27 and 4.26 nm, respectively (N = 90, t (89) = 5.02, p = 2.60 ×10

−6
< 0.05 ). 

The numerical analysis supports the electrostatic interactions as major factors in determining the binding of 
papain molecules to the DNA–SWNT hybrids. For a more in-depth discussion, the histograms in Figs. 2b and 
3a, which were obtained at pH 3.0, were compared. The DNA–SWNT surfaces tend to adsorb the papain mol-
ecules. The average height in Fig. 2b (5.40 ± 3.67 nm) was smaller than that in Fig. 3a (7.30 ± 4.81 nm), which can 
be ascribed to the different deposition procedures (N = 90, t (89) = 2.84, p = 5.66 ×10

−3
< 0.05 ). In particular, 

Fig. 2 shows the results from first attaching the DNA–SWNT hybrids, followed by injecting the papain solution, 
whereas Fig. 3 denotes the results of immediately mixing the DNA–SWNT suspension and papain solution on 
the AP–mica surface.

To confirm the effects of pH on the interaction between the papain molecules and DNA–SWNTs, PL measure-
ments were performed on a mixture of DNA–SWNT hybrids and papain molecules. As SWNTs exhibit NIR PL 
when irradiated with visible light, the adsorption of papain molecules onto the DNA–SWNT surfaces drastically 
changes the PL spectra, as detected by measuring the NIR PL. In addition, as aggregates are observed after mixing 
the papain solution with the DNA–SWNT solution, the samples were stirred before the measurements, and the 
PL spectra were immediately measured. Figure 4a and b show the PL spectra of the mixtures of the DNA–SWNT 
hybrid and papain solutions at pH 3.0 and 10.5, respectively. For the measurements, 24 μL DNA–SWNT solution 
was diluted with 1176 μL buffer solutions in a cuvette (final SWNT concentration of 9.8 μg/mL), and the PL 
spectra were measured once. Furthermore, 24 μL papain solution was injected into the cuvette, and the PL was 
measured after mixing. Assuming from our results that DNA–SWNTs and papain are rods (500 nm in length, 
1 nm in diameter) and spheres (3 nm in diameter), respectively, the molar ratio of SWNTs: papain was estimated 
to be approximately 1:30. For the PL measurements, the excitation wavelength was 730 nm, and the measured 
PL range was 900–1200 nm.

Several PL peaks originate from the chiralities of SWNTs. Focusing on the peak at 1125 nm, which origi-
nates from the (9, 4) chirality of SWNTs, the PL intensity of the peak increased by 67.1 ± 8.45% after adding the 
papain solution at pH 3.0, whereas it slightly decreased by 8.24 ± 1.07% after the addition of the papain solution 
at pH 10.5. Although further research is necessary to understand the mechanism, the addition of papain clearly 
imposed contradicting results on the change in the PL spectra under two pH conditions. This indicates the PL 
spectra changed at pH 3.0 while barely changing at pH 10.5 when considering the change in volume caused by 
the addition of papain solution. Our results from AFM experiments verified the greater adsorption of papain 

Figure 4.   NIR-PL Spectra at (a) pH 3.0 and (b) 10.5. The blue and red spectra refer to that before and after the 
injection of the papain solution, respectively.
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molecules at pH 3.0. Thus, the adsorption of papain molecules onto DNA–SWNT hybrids tended to increase 
the PL intensity. As pH is controlled by the buffer solutions, fluctuations in the pH values before and after injec-
tion of the papain molecules were considered negligible. Thus, the results further suggest the potential of the 
DNA–SWNT hybrids to detect enzymatic reactions of the papain molecules.

Conclusion
In this study, a mixture of papain molecules and DNA–SWNT hybrids was observed using AFM in liquids. 
The papain molecules were not uniformly adsorbed on the DNA–SWNT surfaces, especially at pH 3.0. The 
electrostatic interactions between the papain molecules and DNA–SWNT hybrids are considered important 
parameters for establishing nanobiodevices of papain and DNA–SWNT hybrids. Furthermore, the PL spectra 
of the DNA–SWNTs effectively detected the adsorption of papain molecules at pH 3.0. This suggests a potential 
application for detecting enzymatic reactions using DNA–SWNT hybrids.

Materials and methods
Materials.  SWNTs produced by a high-pressure carbon monoxide process method (HiPco) were purchased 
from HS27-122, Raymor Industries Inc. (QC, Canada). Double-stranded DNA (deoxyribonucleic acid sodium 
salt from salmon testes, No. D1626-250 MG) and papain (164-00172) were purchased from Sigma-Aldrich Co. 
LLC (MO, USA). All the chemicals were used as received.

Preparation of DNA–SWNTs.  First, DNA was dissolved in 10 mM tris(hydroxymethyl)-aminomethane 
(Tris–HCl buffer pH 8.0) to prepare a 1.0 mg/mL DNA solution. For each dispersion, the solution was placed 
in a bath-type ultrasonicator (80 W) for 180 min at 0 °C, which was maintained on ice. The solution was gently 
shaken in an ice bath for 180 min. To prepare 0.5 mg/mL DNA–SWNT solution, 0.55 mg SWNTs were dissolved 
in 1.10 mL prepared DNA solution. The solution was well-dispersed using a probe-type sonicator (VCX130, 
Sonics & Materials, Inc., CT, USA) for 90 min at a power of 2 W and temperature of 0 °C, which was controlled 
by ice. The solution was centrifuged for 180 min at 15,000 rpm and 8 °C. Finally, 70% supernatant was collected 
and stored in a refrigerator at 5 °C until further use. Papain solutions (1.0 mg/mL) were prepared by dissolving 
papain in 10 mM citric acid (pH 3.0) and 10 mM boric acid (pH 10.5) buffer solutions, respectively. The solu-
tions were stored in a refrigerator at 0 °C, which was controlled by ice, until further use.

AFM analysis.  AFM observations were performed in AC-AFM mode (MFP-3D microscope, Asylum 
Research, CA, USA) in the liquid state and were used for the silicon cantilever PPP-NCSTR-W (NANOSEN-
SORS, Nanoworld Neuchatel, Switzerland). All processes were conducted under pH 3.0 (citric acid buffer solu-
tion) and 10.5 (boric acid buffer solution), respectively.

Three types of samples were prepared for the AFM analysis. The first sample was prepared as follows: 10 μL 
prepared DNA–SWNT solution was deposited onto muscovite mica pretreated with AP. Subsequently, the mica 
surface was washed using 1000 μL buffer solution after incubation for 10 min. Mica was attached to the bottom 
of a closed fluid cell (CFC, 939.010, Asylum Research, CA, USA) and soaked in 2000 μL buffer solution. AFM 
measurements were conducted in the fluid at room temperature using the CFC after incubation for 15 min. From 
the CFC, 1000 μL buffer solution was removed, and a mixture of 50 μL prepared papain solution and 950 μL 
buffer solution were injected into the container. AFM measurements were conducted in the fluid after incuba-
tion for 15 min at room temperature.

The second sample was prepared as follows: 10 μL prepared DNA–SWNT solution was deposited onto the 
mica, which was immediately followed by the deposition of 10 μL papain solution onto the mica. Mica was 
attached to the bottom of the CFC and soaked in 2000 μL buffer solution. AFM measurements were conducted 
in the fluid using the CFC after incubation for 15 min at room temperature.

Finally, we deposited 10 μL prepared papain solution onto muscovite mica pretreated with AP. Subsequently, 
the mica surface was washed using 1000 μL buffer solution after incubation for 10 min. Mica was attached to the 
bottom of a closed fluid cell (CFC, 939.010, Asylum Research, CA, USA) and soaked in 2000 μL buffer solution. 
AFM measurements were conducted in fluid at room temperature using the CFC after incubation for 15 min. 
From the CFC, 1000 μL buffer solution was removed, and a mixture of 10 μL prepared DNA–SWNT solution 
and 990 μL buffer solution was injected into the container. AFM measurements were conducted in the fluid after 
incubation for 15 min at room temperature.

All experiments were conducted in triplicate. For the structural analysis, 30 DNA–SWNT hybrids of a size 
of more than 250 nm were randomly chosen. The heights of 90 points from the 30 hybrids were collected. Then 
t-tests were conducted to determine significant differences. For the calibration of our AFM, 5 nm gold colloids 
(EM.GC5, BBI Solutions, UK; mean diameter of 4.6–6.0 nm; coefficient of variation:≤ 15%) was diluted 100 
times with water. Subsequently, 10 μL solution was dropped onto the mica for the AFM observations in the air. 
Then 100 gold colloids were randomly chosen, and the average height was determined to compare the height 
given by the manufacturer and attain the calibration ratio for the actual height of DNA-SWNT hybrids. In this 
study, all the DNA-SWNT hybrids for the height analysis were calibrated with the ratio.

PL spectroscopy.  PL spectroscopy measures the emission wavelengths in the NIR region. In this study, 
PL measurements were performed using the prepared DNA–SWNT and papain solutions. The excitation and 
emission wavelength ranges were 730 and 900–1400 nm, respectively. All measurements were conducted under 
pH 3.0 and 10.5, respectively. For the NIR-PL spectroscopy, 1176 μL buffer solution and 24 μL prepared DNA–
SWNT solution were mixed in a cuvette, and the spectra were recorded initially. Subsequently, 24 μL papain 
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solution was added to the cuvette, which was incubated with stirring for 10 min. After incubation, the PL of the 
samples was measured again. The experiments were conducted in triplicate.

Data availability
All date generated or analyzed during this study are included in this published article [and its supplementary 
information files].
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