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A B S T R A C T

This study introduces a new method to create highly ordered, self-aligned arrays of single-wall carbon nanotubes 
(SWCNTs) using short DNA composed of 20 thymine bases, known as Poly(dT)20. The SWCNTs were first 
functionalized through a chemical treatment involving a mixture of sulfuric acid (H2SO4) and nitric acid (HNO3) 
in a 3:1 ratio, followed by uniform dispersion achieved via a cold ultrasonic technique. Subsequently, the Poly 
(dT)20 was wrapped around the SWCNTs using a sonothermal process, with variations in time and temperature 
to enhance alignment. The structural integrity and alignment of the resulting Poly(dT)20 /SWCNT arrays were 
characterized using scanning electron microscopy (SEM), and profile meter geometry analysis, all of which 
confirmed the successful alignment of the SWCNTs. Further analysis through ultraviolet-visible spectroscopy 
(UV–VIS) and Fourier-transform infrared spectroscopy (FTIR) provided evidence of the bonding interactions 
between the Poly(dT)20 and SWCNTs. Ennhanced Raman spectroscopy of the Poly(dT)20/SWCNT arrays, con
ducted with polarized light, revealed a significant dependence of the G-band on the polarization angle, yielding a 
depolarization ratio of 0.211 and linear relationship between I and Cos 2 (α). The HRTEM image confirms that 
the attachment of 20-mer thymine to single-walled carbon nanotubes (SWCNTs) by wrapping around them in
troduces steric hindrance, which physically separates the nanotubes and prevents aggregation. This finding in
dicates a well alignment of the Poly(dT)20/SWCNT arrays. The anisotropic characteristics exhibited by the 
SWCNTs in conjunction with the Poly(dT)20 as a biomaterials suggest promising applications in various fields, 
including biomedical components, nano-electronic devices, and bio-optics.

1. Introduction

In recent years, unidirectional nanoscale materials have drawn a lot 
of interest due to their prospective uses in a variety of industries, such as 
bioelectronics, activiated carbon, gas sensor technology, and nano
medicine [1–7]. When creating nanoelectronic devices, the anisotropic 
structure of nanomaterials in systems at the nano and mesoscales pre
sents an alluring challenge [8,9]. Carbon nanotubes (CNTs) are 

particularly captivating due to their individual properties, notably their 
high length-to-diameter aspect ratio (cylindrical structure). This unique 
geometry results in variations in properties along the axial direction 
compared to the radial direction. Well organization and alignment of 
single-walled carbon nanotube (SWCNT) clusters are crucial for their 
effective application in practical scenarios. However, the powerful in
teractions among single-walled carbon nanotubes (SWCNTs) frequently 
lead to entanglement and disorder. Scientists have investigated various 
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techniques to overcome this issue, such as using templates, applying 
external forces, and modifying chemical properties to align SWCNTs. 
This includes methods that induce a bipolar moment parallel to the 
SWCNT axis and techniques that enhance sensitivity and selectivity by 
combining DNA with SWCNTs [10–17].

The combination of carbon nanotubes (CNTs) with DNA molecules 
shows great promise for creating unidirectional supermolecule hybrids 
that leverage the unique properties of nanotubes alongside the excep
tional recognition capabilities of DNA [18–24]. Single-walled carbon 
nanotubes (SWCNTs) stand out among various CNT types due to their 
exceptional properties, including a high length-to-diameter ratio, 
extensive surface area, and customizable electronic behavior [25–27]. 
Raman scattering is one of the principal techniques for studying the 
essential properties of carbon tubes and biomaterial characterization 
[28,29]. It has been demonstrated as an effective tool for evaluating the 
alignment of DNA-wrapped single-wall carbon nanotubes (SWCNTs) 
[30]. This approach aimed to explore the interactions between the DNA 
and SWCNTs, focusing on the alignment and orientation of the G-band in 
Raman spectroscopy. Glamazda et al. conducted intriguing research on 
the Raman absorption properties of DNA-wrapped single-wall carbon 
nanotubes (SWCNTs), utilizing a natural polymer derived from 300 
nucleotides of chicken DNA that was grafted onto SWCNTs and encap
sulated in a gelatin film [31].

Wu et al. (2015) demonstrated the capabilities of angle-resolved 
polarized Raman spectroscopy in identifying the crystalline orienta
tion of black phosphorus, which could be analogous to the study of light 
polarization in SWCNT arrays . The insights gained from this technique 
can provide a deeper understanding of how the alignment of SWCNTs 
influences their optical properties and how these properties can be 
effectively measured through Raman spectroscopy [32]. Liu et al. 
(2020) further highlighted the significance of achieving aligned, 
high-density semiconducting carbon nanotube arrays to advance elec
tronic applications. Their findings underscore that high purity and 
density of CNT arrays are vital for effective electronic performance, 
which correlates with the objective of creating ordered arrays of 
SWCNTs using DNA [33]. Utilizing machine learning techniques, such as 
deep learning algorithms, to analyze Raman spectral data for identifying 
and quantifying oligonucleotide interactions with SWCNTs could 
enhance the specificity and sensitivity of detection methods [34]. 
Research indicates that surface-enhanced Raman spectroscopy (SERS) 
can significantly amplify the Raman signals from oligonucleotides, thus 
facilitating sensitive detection [35,36]. The integration of self-aligned 
SWCNTs with oligonucleotides could enhance these SERS effects, 
improving the detection sensitivity of viral pathogens, as evidenced in 
studies focused on SERS-based biosensors [37]. Saito et al.,. in 2023 
introduces a novel Raman analysis technique that enables the determi
nation of (n,m)-resolved functionalization extents in unsorted SWCNT 
by analyzing the relative intensities of diameter-specific Raman features 
[38]. Understanding the defect characteristics of SWCNTs is crucial for 
optimizing their performance in biosensing applications. Zhang et al. 
(2023) developed methods for quantifying sp3 defect densities in 
SWCNTs using Raman spectroscopy, which allows for a deeper under
standing of how defects might influence the interaction with oligonu
cleotides [39]. Golubewa et al. (2024) investigated the cellular uptake 
and fate of SWCNTs capped with DNA or oligonucleotides in glioma cells 
using Raman spectroscopy. Their findings revealed a two-phase accu
mulation mechanism for SWCNT-DNA complexes, involving initial ve
sicular transport followed by lysosomal degradation [40].

Despite significant advancements in the experimental and theoret
ical alignment and functionalization of single-walled carbon nanotubes 
(SWCNTs), achieving a scalable, and application-ready structure for 
fabricating self-aligned SWCNT arrays using simple molecules, while 
precisely controlling their sequence, remains a challenge. Light polar
ized by small arrays of single-walled carbon nanotubes (SWCNTs) 
decorated with small oligomers has the potential to function as a light 
switch for controlling material interactions.

This study investigates the grafting of synthetic short oligonucleotide 
DNA, specifically 20-base DNA (poly(dT)20), onto single-wall carbon 
nanotubes (SWCNTs) to develop a rapid, straightforward, reliable, and 
scalable method for fabricating self-aligned SWCNT arrays capable of 
polarizing light. This approach aims to explore their potential as 
advanced optical materials for applications in photonics and material 
interaction studies.To explore the potential applications of these arrays 
in light polaarization and evaluate the alignment and orientation 
sensitivity of the SWCNTs, polarized Raman spectroscopy is employed. 
This approach facilitates the self-alignment of the poly(dT)20/ SWCNT 
structure into parallel arrays capable of selectively polarizing light. The 
process begins with the functionalization of SWCNTs using physical and 
chemical methods. High-resolution microscopic techniques, including 
scanning electron microscopy (SEM) and high-resolution tunneling 
electron microscopy (HRTEM), ultraviolet-visible (UV–Vis) and Fourier- 
transform infrared (FTIR) spectroscopy used to validate the successful 
bonding interactions between the DNA and SWCNTs. The polarization 
behavior of the poly(dT)20/ SWCNTs was evaluated by analyzing the 
Raman spectra at different scattering angles. The Raman spectra, 
enhanced with polarized light, reveal a significant dependence of the G- 
band on the polarization angle, with well alignment of the poly(dT)20/ 
SWCNT arrays. The promising polarization behavior of the Poly(dT)20/ 
SWCNT structure opens up exciting possibilities for exploring new ap
plications in fields like biosensing, and optoelectronics.

2. Materials and methods

All chemicals used in this study were of analytical grade and sourced 
from Sigma-Aldrich. Glassware was thoroughly cleaned using a solution 
of nitric acid (HNO3) and hydrochloric acid (HCl) in a 3:1 vol ratio, 
followed by ultrasonic cleaning. Following an extensive wash with 
doubly distilled water, nitrogen gas was used to dry the glassware. 
Physical vapor deposition was used to create gold nanoparticles with a 
diameter of <10 nm. Integrated DNA Technologies (IDT) supplied pu
rification services for the synthesis and purification of a 20-base single- 
strand DNA homopolymer (20-mer oligo, 25 nmole, 3 OD) made 
completely of thymine utilizing small-scale polyacrylamide gel electro
phoresis (PAGE). The Single-Walled Carbon Nanotubes (SWCNTs) with 
diameters ranging from 2 to 5 nm were supplied by ALPHA Instrument 
Company. These SWCNTs have a purity greater than 90 wt%. The length 
of the nanotubes varies between 5 and 30 µm, and they possess a special 
surface area of 380 m²/g. Additionally, the ash content is <1.5 wt%, 
while the electrical conductivity exceeds 100 s/cm. The total weight of 
the supplied material is 1855.00 g, and the tap density is measured at 
0.14 g/cm³.

2.1. SWCNT preparation

Typically, a 200 mL mixture of sulfuric and nitric acids in a 2/3 vol 
ratio was mixed with 50 mg of raw SWCNTs (length-to-diameter ratio =
5000/2). After 15 min of sonication in an ultrasonic bath, the mixture 
was heated to 80 ◦C for two hours, then to 25 ◦C for one hour, 60 ◦C for 
three hours, and finally, 25 ◦C for seventy-two hours. Following treat
ment, the mixture was centrifuged for 30 min at 4000 rpm after being 
diluted with deionized water (DI, 16 MΩ). Filtering through a pore 
membrane with a pore size of 0.2 µm came after the treatment. After 
being cleaned with deionized water, the product was dried for a day at 
70 ◦C in a vacuum furnace (Fig. 1). SWCNTs are forced to have a free
standing form when SWNT bundles are ultrasonically treated in ice and 
DI water.

2.2. Poly(dT)20 and SWCNT congugation

After vortexing the tubes for 20 s, 25 µL of the poly(dT)20 was 
diluted with 1.5 mL deionized (DI) water and mixed with the treated 
SWCNTs and incubated for an hour. For ten minutes, the poly(dT)20 and 
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SWCNT combination with a 1:1 concentration ratio was subjected to 
further ultrasonic treatment in ice. The SWCNT-poly(dT)20 solution was 
then centrifuged and vorteced alternatively three times. In order to 
verify that poly(dT)20 had successfully bound to the SWCNTs, the final 
solution was prepared for characterisation. All measurements were 
carried out under ambient conditions, with a room temperature of 
approximately 25 − 27 ◦Celsius and a relative humidity of 53 %.

2.3. Characterization and instruments

The produced poly(dT)20/SWCNT was placed on a 1 cm x 1 cm piece 
of glass that had been plasma treated, and it was allowed to dry at a 
steady state temperature while air was flowing. Using a Ranishwa micro 
Raman 514 nm, Perkin Elmer 750, Hitachi H-7100® electron micro
scopy (Hitachi High-Technologies Corporation, Tokyo, Japan), and 
Philips (X’pert, Cu Kα) instruments, respectively, Raman spectroscopy, 
ultraviolet-visible (UV–Vis) spectroscopy, transmission electron micro
scopy (TEM), and field emission electron microscopy (FESEM) were 
used to characterize Poly(dT)20/SWCNT. The setup was prepared and 
the angle dependency of the spectrum was assessed using a Focal Lenz, 
Quadra and half wave plates, polarizer, and rotation stage. By exam
ining the Raman spectra at various scattering angles, the sample’s po
larization behavior was evaluated.

3. Results and discussion

3.1. Raman spectroscopy

The Raman spectra of SWCNTs and poly(dT)20 /SWCNT were 
evaluated using a polarized confocal Raman microscope with a 514 nm 
laser. The laser light was focused onto SWCNTs and the parallel-aligned 
SWCNTs (poly(dT)20 /SWCNT) using a 20x objective. As depicted in the 
Fig. 2, a small shift in the G band from 1583.97 cm⁻¹ to 1591.95 cm⁻¹ and 
in the 2D band from 2679.71 cm⁻¹ to 2695,09 cm⁻¹ is observed in the 
Raman peaks of single-walled carbon nanotubes (SWCNTs) when they 
are attached to the poly(dT)20. This shift can be primarily attributed to 
several factors, including charge transfer interactions, mechanical 
strain, alterations in the local environment, anisotropic properties, and 
the potential formation of new vibrational modes. Together, these fac
tors influence the vibrational characteristics of the SWCNTs, leading to 
noticeable shifts in the Raman spectrum. The anisotropic changes are 
particularly significant, as evidenced by the angle-dependent behavior 
of the Raman signals explored in this study. Furthermore, the alignment 
of the poly(dT)20/SWCNT complex can greatly impact the polarization 
of the Raman signal.

3.2. Image analysis

3.2.1. Scanning electron microscope (SEM)
A 3D pattern of poly(dT)20/SWCNT samples was captured using a 

profilometer (Fig. 3(a)), revealing a parallel pattern with a periodicity of 
10 µm and a closely uniform array. Additionally, the SEM image in Fig. 3
(b) demonstrates that poly(dT)20 and SWCNT have established a par
allel alignment of the carbon nanotube arrays.

3.2.2. HRTEM image
Fig. 4(a) displays the HRTEM image of the Poly(dT)20/SWCNT 

structure, revealing the wrapping of short-length Poly(dT)20 around the 
SWCNTs. Fig. 4(b) offers a magnified view of Fig. 4(a) to facilitate a 
more detailed analysis. The yellow parallel lines in the Fig. 4(b) are 
drawn in the direction of the array alignment, illustrating a parallel 
arrangement of the SWCNTs (Fig. 4(b)).The HRTEM image also confirms 
the localization of short length poly(dT)20 wrapped on the SWCNT walls 
that can plays as a spacer role to prevent agglomeration of AWCNTs and 
form an well alignment (red arrow in the Fig. 4(b)). The attachment of 
20-mer thymine to SWCNTs, offers a strategy to mitigate nanotube ag
gregation which creates a steric hindrance effect physically separating 

Fig. 1. Schematic of poly(dT)20-wrapped SWCNTs on a glass substrate.

Fig. 2. Raman spectra of SWCNT and poly(dT)20 /SWCNT (The blue arrows 
indicate the direction of the peak shift).
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the nanotubes and amplifying repulsive interactions [41]. Lateral line 
profiles were extracted from the magnified HRTEM image (sub-Fig. 4(c)) 
along the yellow arrow direction using ImageJ software. These profiles 

were analyzed to assess the alignment of the SWCNTs and measure their 
diameters. As illustrated in Fig. 4(c), the lateral profile of the Poly(dT) 
20/SWCNT exhibits a closely uniform wave shape, indicating that it is 

Fig. 3. (a) 3D pattern created on the glass substrate by self-alignment of short DNA oligomer and SWCNT(b) SEM image of parallel self-alignment of Poly(dT)20 and 
SWCNT created on the glass substrate.

Fig. 4. (a) HRTEM image of short length poly(dT)20 (b) poly(dT)20 (red arrow indicate) around SWCNT (yellow parallel line) and (c) Lateral profile along yellow 
arrow direction.
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well-aligned. The diameters, measured along the yellow arrow after 
scale calibration using ImageJ software, are approximately 2.2 nm, 2.7 
nm, 2.19 nm, and 2.5 nm. The process for drawing the lateral profile 
curve and measuring the diameter using ImageJ software involves 
several key steps: First, open the image and set the scale by drawing a 
line over a known distance (using the scale bar in the image) and cali
brating it through Analyze > Set Scale. Next, use the line tool to draw a 
line perpendicular to the SWCNT alignment, then generate the lateral 
profile by selecting Analyze > Plot Profile (or Ctrl + K) to obtain a graph 
of intensity values. To measure the diameter, identify the peaks and 
troughs in the plot profile by drawing a line from peak to peak, and use 
the Ctrl + M key combination to measure the length, which will then 
appear in the results table.

3.3. FTIR spectroscopy

Fourier Transform Infrared (FTIR) spectroscopy is widely used in 
various fields, including biology,materials science, and chemistry that 
can Provides information about vibrational modes of molecules, changes 
in bond strengths and molecular interactions. FTIR spectroscopy was 
utilized to describe the interaction between dpoly(T)20 and SWCNTs in 
order to assess SWCNT vibration (Fig. 5). The presence of a C = O vi
bration at 1720 cm− 1 and 2890 cm− 1 in the FTIR spectra (dashed circle 
in Fig. 5) suggests an interaction between the poly(dT)20 and SWCNTs. 
This vibrational mode, characteristic of carbonyl groups, indicates that 
the poly(dT)20 molecules are likely attached to the SWCNTs through the 
formation of bonds between the C = O groups and the carbon atoms on 
the SWCNT surface [42].

3.4. UV–Vis spectroscopy

UV–Vis spectroscopy is a powerful technique that can provide 
valuable insights into the structure, properties, and interactions of 
molecules. Fig. 6 depicts the UV–Vis absorption spectra of dpoly(T)20 
and SWCNT, as well as their dpoly(T)20/SWCNT supermolecule, after 
ice bath sonication (t0 and t1) and two days of incubation (t2 and t3). 
The observed spectral shifts confirm the binding between dpoly(T)20 
and SWCNT, primarily attributed to π-π stacking, electrostatic in
teractions and hydrophobic Force. The strong local electric field 
generated along the SWCNT axis can further influence the DNA’s elec
tronic structure, potentially causing shifts or the appearance of new 
peaks in the absorption spectrum [10,20].

The observed spectral changes in dpoly(dT)20, specifically the 

reduction in the 270 nm peak and the emergence of a new peak at 
390–400 nm (indicated by a dash-dot line circle in the Fig. 6), provide 
strong evidence for an interaction with SWCNT that can create a more 
stable structure forming between dpoly(dT)20 and SWCNT.

3.5. Polarization of poly(dT)20 /SWCNT

A rotational stage is employed to evaluate the alignment of poly(dT) 
20/SWCNT complexes in Raman spectroscopy, utilizing a polarized 
confocal Raman microscope equipped with a 514 nm laser (Fig. 7(a)). 
The Raman spectrometer was calibrated, and the rotation stage was 
mounted on a stable platform to minimize vibrations. The poly(dT)20 
/SWCNT array on galss substrate carefully placed on the rotation stage. 
Initially, the stage was set to a zero-degree angle, serving as the refer
ence point for alignment (Using a microscope attached to the Raman 
system, the poly(dT)20 /SWCNT orientation determined). The poly(dT) 
20 /SWCNT) on 1 cm x 1 cm substrate were aligned parallel to the global 
axis of the rotation stage (Fig. 7(a)). Subsequently, the stage gradually 
rotated from the zero-degree angle while monitoring the Raman signal 
intensity, specifically focusing on G bands associated with the SWCNTs. 
Fig. 7(b) provides a high-resolution transmission electron microscopy 
(HRTEM) image of these AuNPs. Gold nanoparticles (AuNPs) of 3–5 nm 
(Red arrow in the Fig. 7(b)) were employed to enhance Raman spectra.

The single-walled carbon nanotubes (SWCNTs) are deposited on a 
glass substrate that is fixed onto a rotational stage, ensuring that the is 
aligned consistently with the orientation of the SWCNTs during rotation. 
This setup allows for precise control over the alignment and orientation 
of the SWCNTs, facilitating experiments that require specific directional 
properties or interactions. The angle formed between the polarization 
direction of the incoming light (e2) and the alignment direction of the 
SWCNT (e1) is represented by α.

As predicted in the Fig. 8(a), when e1 is parallel to e2 (e1 || e2), the 
intensity of Raman scattering is maximum and on the other hand when 
the relative angle is 90o (e1 ┴ e2), the intensity of Raman scattering is at 
its minimum value. To further investigate the angle-dependent 
arrangement of poly(dT)20/SWCNT complexes, Raman spectra were 
acquired over a frequency range of 150–1600 cm⁻¹, focusing on the G- 
band region. These measurements were conducted at 15 different an
gles, ranging from 0 to 360◦ (Fig. 8(a)). The polar diagram illustrates the 
G band intensity of poly(dT)20 /SWCNT arrays as a function of the angle 

Fig. 5. Typical Fourier-transform infrared spectra of SWCNT (red line), dpoly 
(T)20 (blue line) and dpoly(T)20 /SWCNT (black line); The dashed circle at 
1720 cm− 1 & 2890 cm− 1 show the C = O vibration.

Fig. 6. UV–Vis spectra of dpoly(T)20 and SWCNT, after ice bath sonication (t0 
and t1) and after two days of incubation (t2 and t3) (Combining multiple graphs 
into a single diagram, with move only y-axis,for better visualiziong the 
peaks comparison).
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between e1 and e2 (Fig. 8(b)). The polar diagram reveals that the in
tensity of the G band is strongly influenced by the orientation of the 
SWCNTs, and this relationship is directly proportional to the square of 
the cosine of the angle between the polarization direction of the incident 
light (e1) and the SWCNT alignment direction (e2) (α) [43,44].

The angular dependences of the Raman intensities (I) was futher 
evaluated by cosine operator relation of the angle between e1 and e2 
base on the equation (I(α) = I₀ * cos²(α)) [44] where I(α) is the intensity 
of the G peak in the Rraman spectrum at angle α, I₀ is the maximum 
intensity and α is the angle between the poly(dT)20 /SWCNT axis and 
polarization direction. Fig. 9 illustrates the G band intensity of Raman 
spectra via (Cos 2α) which clearly shows a linear relationship between I 
and Cos 2 α (R-squared value of 0.9, indicating a strong). This linear 
relationship, in which the angle between the incident light and the 
material alignment determines the intensity of the Raman signal, is also 
suggestive of a well-aligned material.

The intensity ratio between the perpendicular and parallel poly(dT) 
20/SWCNT arrays, measured using polarized Raman spectroscopy, 
yields the depolarization ratio, r =

IPerprndecular
IParallel

. This ratio is dependent on 
the molecular symmetry of the material [45–47]. The average depo
larization ratio of 0.211 indicates a well-oriented poly(dT)20/SWCNT 
structure. A lower depolarization ratio signifies a higher degree of 
alignment within the material [48].

4. Conclusions and future direction

n this study, the innovative application of light polarization in 
conjunction with DNA homopolymer-coated, single-wall carbon nano
tubes (SWCNTs) has been successfully demonstrated through a sophis
ticated optical setup that incorporates polarized laser light and a 
rotational stage. Utilizing chemical preparation of SWCNT surface and 
sonication, the poly(dT)20, was effectively wrapped around the 
SWCNTs, resulting in the formation of a uniform pattern. Experimental 
findings, corroborated by Fourier-transform infrared (FTIR) and 
ultraviolet-visible (UV–Vis) spectroscopy, confirm the presence of in
teractions between the SWCNTs and the poly(dT)20, facilitating the 
emergence of parallel structures. Comprehensive morphological and 
structural analyses conducted using high-resolution techniques, such as 
high-resolution transmission electron microscopy (HRTEM) and field 
emission scanning electron microscopy (FESEM), provide compelling 
evidence of the parallel geometry of the SWCNTs. Additionally, polar
ized Raman spectroscopy with a 514 nm laser was employed to inves
tigate the variation of the G-band as a function of the rotational angle, 
substantiating the parallel alignment of the poly(dT)20/SWCNT struc
ture. The observed depolarization ratio of approximately 0.211 and 
linear relationship between I and Cos 2 (α) serves as a robust indicator of 

Fig. 7. The Raman spectra of DNA-wrapped single-walled carbon nanotube for 
different angles of light polarization. Subfigure (a) The experimental setup of 
polarized Raman spectroscopy (b) HRTEM image wrapping short length DNA 
(red arrow indicate) and SWCNTs alingment (yellow parallel line).

Fig. 8. (a) Polarized Raman spectra of the G band of poly(dT)20 /SWCNT as a function of the polarization angle α (b) A polar plot of the poly(dT)20 /SWCNT array G 
band Raman intensity at 1591.95 cm− 1, 1592.97 cm− 1, 1590.93 cm− 1 and 1589.9 1cm− 1 (The line represents the trend line, while the markers indicate the 
experimental data points).

Fig. 9. Raman scattered light intensity vs. cos2(α) for DNA-wrapped single- 
walled carbon nanotube.
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the high degree of alignment achieved in this study. The HRTEM image 
verifies that the binding of 20-mer thymine to single-walled carbon 
nanotubes (SWCNTs) through a wrapping mechanism creates steric 
hindrance, effectively distancing the nanotubes and inhibiting aggre
gation. The aligned structure of the poly(dT)20/SWCNT structure pre
sents significant potential for a wide array of applications, particularly 
in the advancement of detection platforms for biosensors and optical 
sensing devices. The anisotropic properties inherent in these complexes 
can be strategically harnessed to enhance the sensitivity and specificity 
of biosensing technologies in future endeavors.
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