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Abstract 

Single walled carbon nanotubes (SWCNTs) are sliced with control over their length 

distribution within a laser irradiated dynamic thin film in a vortex fluidic device (VFD) 

operating under continuous flow conditions. Length control depends on the laser pulse 

energy, the flow rate of the liquid entering the device, the speed of the rapidly rotating tube 

and its tilt angle, choice of solvent and concentration of the as received SWCNTs. The 

induced mechanoenergy in the thin film while being simultaneously irradiated with a 

Nd:YAG pulsed laser operating at 1064 nm wavelength results in the slicing, with laser pulse 

energies of 250, 400 and 600 mJ affording 700, 300 and 80 nm length distributions of 

SWCNTs respectively. The processing avoids the need for using any other reagents, is 

scalable under continuous flow conditions, and does not introduce defects into the side walls 

of the SWCNTs. 

 

Keywords; Single walled carbon nanotubes, length distribution, vortex fluidic device, thin 

film microfluidics, scalability.  
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1. Introduction 

Single-walled carbon nanotubes (SWCNTs) show remarkable physical, chemical, electrical, 

and mechanical properties with applications in a number of fields [1-3].  Many techniques 

have been used to produce CNTs, including chemical vapour deposition (CVD), arc-

discharge and laser ablation [4-6]. As prepared SWCNTs typically have lengths greater than a 

few micrometers, and have a high degree of aggregation and bundling because of the high 

aspect ratio and favorable van der Waals interactions. In addition, they have various levels of 

side wall defects, leading them to not be atomically straight. These properties pose a number 

of challenges in developing many of the applications of SWCNTs. They are additional to the 

challenges in controlling the chirality of SWCNTs and in gaining access to high purity 

samples with all the SWCNTs having the same arrangement of carbon atoms, with them 

being all semi-conducting or conducting [7, 8]. There have been advances in preparing pure 

long SWCNTs of the same chirality [9-11].  

The availability of SWCNTs with a narrow length distribution and devoid of defects, 

other than at the ends of the tubes, would facilitate uptake of SWCNTs by industry for a 

number of applications where a specific length is required. This includes electronic devices, 

[2, 12] solar cell technology [13, 14] and biomedical sciences[15]. Moreover, controlling the 

length of SWCNTS is important for facilitating the separation of different chirality SWCNTs, 

which then leads into other applications [7, 8]. Several methods have been reported for 

shortening SWCNTs using different physical, electrical or chemical strategies [16-22]. 

Shortening SWCNTs usually requires high-energy sonication in toxic reagents, with long 

processing times, little control of the length, broad length distributions, and induced defects 

along the length of the tubes.  In recent studies we developed the ability to slice SWCNTs, 

and indeed double walled and multi-walled CNTs, in a colloidal suspension of the material 

under high shear [23].  This involved the use of a vortex fluidic device (VFD), Figure 1, as a 

thin film microfluidic platform, which can operate under the so-called confined or continuous 

flow modes [24, 25]. The VFD is a versatile microfluidic platform with a number of 

applications in addition to slicing of CNTs, including protein folding [26], enhancing 

enzymatic reactions [27], protein immobilization [28], the fabrication of C60 tubules using 

water as an ‘anti-solvent’ [29], exfoliation of graphite and boron nitride [30], growth of 

palladium nano-particles on carbon nano-onions [31], the synthesis of carbon dots [32], 

decorating carbon nano-onion with Pt nanoparticles [33], transforming graphene oxide sheets 

into scrolls [34], probing the structure of self organized systems, and controlling chemical 

reactivity and selectivity [35].  The dynamic thin film in a VFD has Stewartson/Ekman 
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layers, with the liquid accelerating up the tube and exiting at the top, with gravitational force 

affecting them [25]. 

The continuous flow mode of operation of the VFD has the attractive feature of 

addressing scalability of a process at the inception of the research. Here jet feeds deliver 

reagents into an inclined rapidly rotating 20 mm OD glass tube. We have reported optimized 

conditions for slicing SWCNTs, DWCNTs and MWCNTs down to lengths of 170 nm, 157 

nm and 160 nm, respectively. [23]  These involve the use of a mixture of water and N-

methylpyrolidine (NMP) as the solvent. In the absence of the laser and using a water/toluene 

a solvent mixture, the SWCNTs role up into compact toroids comprised of a number of tubes, 

which establishes that under high shear the SWCNTs are bent [36]. This is important in 

understanding the mechanism of slicing using the pulsed laser, in that bending coupled with 

induced vibrational energy imparted by a pulsed laser leads to bond cleavage and slicing 

through the tubes, as supported by theoretical studies [23].  

We hypothesized that the length of the sliced SWCNTs can be controlled by varying 

the energy of the pulsed laser and the shear stress determined by the rotational speed, and the 

process optimised by varying other operational parameters of the VFD. Indeed, in 

systematically exploring the parameter space of the device, we have established that the 

length can be controlled, achieving length distributions ca. 80, 300 and 700 nm, with a 

significant reduction in the level of defects along the tubes relative to the as received 

SWCNTs.  

 

2. Experimental section 

2.1. Chemicals and materials 

SWCNTs were purchased from Carbon Solution with an as-received purity > 90%, and 

were used as received. SWCNTs with diameters of 1–3 nm, and lengths of 2–5 µm. N-

methylpyrolidine (NMP) and N,N-Dimethylformamide (DMF) were purchased from Sigma-

Aldrich and were used as received.  

2.2. Sample preparation 

SWCNTs were dispersed in mixture of NMP and water at a 1:1 ratio, at an overall 

concentration of 0.08 mg/mL. The solution was then ultrasonicated for 30 minutes to afford a 

black stable dispersion.  

2.3. Instrumentation  
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Samples were irradiated in the VFD tube using the 1064 nm wavelength fundamental 

output of a Q-switched Nd:YAG laser (Spectra Physics GCR170) operating at a pulse 

repetition rate of 10 Hz. The laser pulse beam diameter is 8 mm and pulse duration is 5 ns. 

The laser was directed to the middle of the VFD tube. The sliced SWCNTs were 

characterized by atomic force microscopy (AFM) using a Nanoscope 8.10 in tapping mode, 

transmission electron microscopy (TEM) using a TECNAI 20 operating at 120 and 200 kV, 

and Raman spectroscopy using XploRA™ Horiba Scientific, recorded at an excitation 

wavelength of 532 nm (≤ 5mW) at room temperature. 

 

3. Results and Discussion 

Varying the power of the laser irradiating the SWCNTs dispersed in a 1:1 solution of 

NMP and water in the VFD was effective in controlling the length of the sliced SWCNTs. 

These results build on earlier studies focused on slicing SWCNTs, DWCNTs and MWCNTs 

in a VFD for a specific power setting of the laser without such control [23]. In the present 

study we have systematically studied the effect of varying the laser power, and other 

operating parameters of the VFD, in mapping out the parameter space of the device for 

controlling the length of the sliced SWCNTs.  Initially, the rotational speed was varied from 

4k to 9k rpm with the laser power set at 250 mJ. Thereafter the laser power was varied, with 

experiments primarily performed at 250 mJ, 400 mJ and 600 mJ, followed by varying the 

flow rate from 0.1 to 2 mL/min at concentrations of SWCNTs of 0.08, 0.016 and 0.2 mg/mL.  

In addition to using a 1:1 mixture of NMP and water (as established for the above feasibility 

studies) [23], DMF was also explored as an alternative solvent and gave similar results 

(Supplementary Information Fig S1).  

A schematic of the process of slicing SWCNTs using the VFD is shown in Fig. 1. The 

choice of rotational speed, flow rate, tilt angle and concentration of the SWCNTs, as well as 

the laser power, are critical for controlling the length of the sliced material. The optimised 

parameters for controlling the length were found to be a rotational speed of 8.5k rpm, flow 

rate of 0.45 mL/min, tilt angle 45° and 0.08 mg/mL concentration, for a 1:1 mixture of NMP 

and water. Changing the laser power (260, 400 and 600 mJ) gave control over the lengths of 

the SWCNTs. There was no evidence for slicing SWCNTs in the absence of the pulsed laser 

using the aforementioned parameters. As an additional control experiment, 250 mJ laser 

irradiation of a solution without using the VFD showed uncontrolled fragmentation of the 

SWCNTs (Supplementary Information Fig S6). Thus the high heat and mass transfer in the 
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presence of high shear in the VFD is important for heat dissipation into the liquid to ensure 

controlled slicing of the SWCNTs. 

 

 

 

Fig. 1 Schematic illustration of the experimental procedure for controlling the length of 
SWCNTs. (a) SWCNTs before processing in the VFD which are intertwined with defects 
associated with being bent. (b) Experimental set up for the vortex fluidic device (VFD) and 
laser Nd:YAG processing operating at 1064 nm. (c) Sliced SWCNTs of different lengths, 
depending on the operating parameters of the VFD, laser power, concentration and choice of 
solvent. 

AFM images of the as received SWCNTs, Fig. 2, show that they are bundled and 

intertwined, and making an estimation of their length is challenging. Nevertheless, they 

appear to be longer than 1 µm, in accordance with the length of 2-5 µm specified by the 

supplier.  

 

Fig. 2 AFM images of as received SWCNTs. 

AFM and TEM were used in the current work to study the changes in the length of 

SWCNTs. Length distributions for sliced SWCNTs were determined by counting more than 

350 individual tubes.  Fig. 3 shows AFM images for sliced SWCNTs with different lengths, 

along with the corresponding length distributions. Fig. 3a shows images for low laser power, 

250 mJ, with the length distribution centred around 700 nm and somewhat broad, Fig. 3d. 
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Increasing the laser power to 400 mJ resulted in a reduction in the length of the SWCNTs, 

with the length centred at 300 nm, and a narrowing of the distribution (Figs. 3b, e). Shorter 

SWCNTs were obtained for higher laser power, 600 mJ, with a narrow size distribution 

centred at 80 nm, Figs. 3c,f. This demonstrates that we are able to effectively control the 

length distributions of SWCNTs by varying the laser power, with all the other parameters set 

as discussed above.  

 

Fig. 3 AFM images of sliced SWCNTs with the associated length distribution plots, formed 
in the VFD at 8.5k rpm rotational speed, under continuous flow mode, with the concentration 
of the as received SWCNTs at 0.08 mg/mL (NMP/water at a 1:1 ratio), tilt angle 45o, for a 
flow rate of 0.45 mL/min, while irradiated with a pulsed laser operating at 1064 nm, and (a) 
250 mJ, (b) 400 mJ and (c) 600 mJ; inset TEM image for the short SWCNTs. Note: The 
length distribution for each sample was obtained from measuring the length of > 1000 
nanotubes. 
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The broadening of the length distribution as the targeted length of the sliced SWCNT 

increases is consistent with the mechanism of slicing whereby bending of the SWCNT and 

higher vibrational energy induced by laser irradiation results in bond cleavage at such a 

strained part of the SWCNT [16]. As the targeted length increases there will always be sliced 

SWCNTs that are too short for further slicing, and the tailing of the length more towards 

shorter SWCNTs, which is accentuated for the 600 mJ laser irradiation, is expected; there is 

no ‘handle’ on such SWCNTs to apply shear stress for further slicing. SWCNTs in solution 

longer than ca 700 nm in targeting this length can be further sliced, but there will be a 

situation where the resulting length after slicing off ca 700 nm is < 700 nm, and this is 

consistent with greater tailing of the length distribution towards shorter lengths, in contrast to 

the tailing towards longer lengths.   

An important characteristic of the sliced SWCNTs is that they are relatively straight, 

Fig. 3, especially for the longer SWCNTs, compared to the as-received materials, Fig. 2, 

which are bundled and intertwined. This suggests that the defects present in the processed 

SWCNTs are minimal. Raman spectroscopy, which is widely used for evaluating the defects 

in carbon materials in general by measuring the ratio between the intensity of the D and G 

bands [37], was used to confirm this. Raman spectra were recorded using a 532 nm excitation 

laser, for the as received SWCNTs and the different length distributions of sliced SWCNTs 

(Fig. 4). The peaks observed were G and D bands, at 1597 and 1354 cm-1, respectively.  The 

G band exhibits two main features, G+ and G-, which arise from the curvature of the nanotube 

wall and are used to determine the diameter of the nanotubes, distinguish between 

semiconducting and metallic nanotubes and assign chirality of the nanotubes (n,m) [38].The 

average ratio intensity of the D and G bands for the as received SWCNTs was 0.54. After 

processing (lateral slicing) to ca. 80, 300 and 700 nm, the intensity of the D/G ratios were 

0.25, 0.32 and 0.16, respectively.  This reduction in the D/G ratio on processing in the VFD is 

consistent with a decrease in defects present on the walls of the sliced material. Pulsed laser 

irradiation of CNT is effective in decreasing defects and thus increasing their purity, with the 

surface temperature dramatically increasing with laser power [39, 40]. Thus a reduction in 

side wall defects in the sliced SWCNTs in the present study is not surprising with the high 

energy input in the near infrared from the pulsed laser during the processing. Clearly defects 

will be present at the ends of the sliced SWCNTs, but the essentially straight SWCNTs have 

minimal side wall defects. Other strategies for reducing the length of SWCNTs, including the 

use of Piranha solutions [21], impact on the walls of the SWCNT.  
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Fig. 4 Raman spectra for (a) as received SWCNTs and sliced SWCNTs with length 
distributions at 700 nm (b), 300 nm, (c) and 80 nm, (d). 

4. Conclusion 

We have established a process for the ‘top down’ fabrication of short length SWCNTs 

with controllable different length distributions, importantly in the absence of surfactants and 

harsh chemicals. The lengths can be controlled by varying the power of a pulsed laser 

(operating at 1064 nm wavelength) irradiating suspensions of long inter-twinned SWCNTs in 

a mixture of NMP and water (or DMF), as a dynamic thin film in a vortex fluidic device. The 

process is under continuous flow such that scalability can be readily addressed by using a 

number of VFD microfluidic platforms in parallel. We have successfully prepared 50 mg of 

sliced SWCNTs in one run over 21 hours for all lengths.  In addition, the laterally sliced 

SWCNTs have a significantly reduced level of side wall defects, as established using Raman 

spectroscopy, and borne out in the AFM images, which show essentially straight sliced 

SWCNTs. The ability to control the length and reduce defects is important in developing the 

many applications of SWCNTs where length is important. For example, short lengths are 
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required for use in drug delivery (the optimal length is ca. 100 nm [41-43]) while longer 

SWCNTs with reduced defects are required for electronic devices [44, 45]. Clearly, the 

longer the targeted length of SWCNTs the greater the length distribution of the sliced 

material, tailing more towards shorter lengths as expected mechanistically. We have varied 

the operating parameters of the VFD to establish the fabrication of three different length 

distributions of SWCNTs. Other lengths can now be targeted, especially within the limits 

studied (80 – 700 nm), depending on the applications of the SWCNTs.   

 

Acknowledgements  

T. M. D. A would like to thank Taibah University (Ministry of Education, Saudi Arabia) for 

funding his scholarship. The authors also thank Australian Research Council, The 

Government of South Australia, and AMMRF for support of this work.  

 

Author contributions T.M.D.A, K.V., W.D.L. and C.L.R. designed the experiments and 

wrote the paper, T.M.D.A. performed the slicing experiments and carried out AFM, TEM, 

Raman and analysed the data.  

 

References 

[1] L. Liu, C. Yang, K. Zhao, J. Li, H.-C. Wu, Ultrashort single-walled carbon 
nanotubes in a lipid bilayer as a new nanopore sensor, Nature communications 4 
(2013) 2989. 
[2] A. Javey, J. Guo, M. Paulsson, Q. Wang, D. Mann, M. Lundstrom, et al., High-
field quasiballistic transport in short carbon nanotubes, Physical Review Letters 92 
(2004) 106804. 
[3] J. Di, X. Zhang, Z. Yong, Y. Zhang, D. Li, R. Li, et al., Carbon‐Nanotube Fibers 
for Wearable Devices and Smart Textiles, Advanced materials 28 (2016) 10529-
10538. 
[4] T. Ebbesen, P. Ajayan, Large-scale synthesis of carbon nanotubes, Nature 358 
(1992) 220-222. 
[5] P. Nikolaev, Catalytic growth of single-walled nanotubes by laser vaporization, 
Rice University, 1996. 
[6] M. Endo, K. Takeuchi, S. Igarashi, K. Kobori, M. Shiraishi, H.W. Kroto, The 
production and structure of pyrolytic carbon nanotubes (PCNTs), Journal of Physics 
and Chemistry of Solids 54 (1993) 1841-1848. 
[7] J. Liu, C. Wang, X. Tu, B. Liu, L. Chen, M. Zheng, et al., Chirality-controlled 
synthesis of single-wall carbon nanotubes using vapour-phase epitaxy, Nature 
Communications 3 (2012) 1199. 
[8] J.P. Casey, S.M. Bachilo, C.H. Moran, R.B. Weisman, Chirality-resolved length 
analysis of single-walled carbon nanotube samples through shear-aligned 
photoluminescence anisotropy, ACS nano 2 (2008) 1738-1746  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

[9] M. He, Y. Magnin, H. Amara, H. Jiang, H. Cui, F. Fossard, et al., Linking growth 
mode to lengths of single-walled carbon nanotubes, Carbon 113 (2017) 231-236. 
[10] D. Hedman, J.A. Larsson, Length dependent stability of single-walled carbon 
nanotubes and how it affects their growth, Carbon 116 (2017) 443-447. 
[11] B. Liu, F. Wu, H. Gui, M. Zheng, C. Zhou, Chirality-controlled synthesis and 
applications of single-wall carbon nanotubes, ACS nano 11 (2017) 31-53. 
[12] M.J. Treacy, T.W. Ebbesen, J.M. Gibson, Exceptionally high Young's modulus 
observed for individual carbon nanotubes, Nature 381 (1996) 678  
[13] G. Kalita, S. Adhikari, H.R. Aryal, M. Umeno, R. Afre, T. Soga, et al., Cutting 
carbon nanotubes for solar cell application, Applied Physics Letters 92 (2008) 
123508. 
[14] X. Dang, H. Yi, M.-H. Ham, J. Qi, D.S. Yun, R. Ladewski, et al., Virus-templated 
self-assembled single-walled carbon nanotubes for highly efficient electron collection 
in photovoltaic devices, Nature Nanotechnology 6 (2011) 377-384  
[15] L. Liu, C. Yang, K. Zhao, J. Li, H.-C. Wu, Ultrashort single-walled carbon 
nanotubes in a lipid bilayer as a new nanopore sensor, Nature communications 4 
(2013). 
[16] J. Deng, C. Wang, G. Guan, H. Wu, H. Sun, L. Qiu, et al., The Deformations of 
Carbon Nanotubes under Cutting, ACS nano 11 (2017) 8464-8470. 
[17] L. Li, Z. Yang, H. Gao, H. Zhang, J. Ren, X. Sun, et al., Vertically aligned and 
penetrated carbon nanotube/polymer composite film and promising electronic 
applications, Advanced Materials 23 (2011) 3730-3735. 
[18] U. Rauwald, J. Shaver, D.A. Klosterman, Z. Chen, C. Silvera-Batista, H.K. 
Schmidt, et al., Electron-induced cutting of single-walled carbon nanotubes, Carbon 
47 (2009) 178-185. 
[19] E.J. Weydemeyer, A.J. Sawdon, C.-A. Peng, Controlled cutting and hydroxyl 
functionalization of carbon nanotubes through autoclaving and sonication in 
hydrogen peroxide, Chemical Communications 51 (2015) 5939-5942. 
[20] G. Guan, J. Deng, J. Ren, Z. Pan, W. Zhuang, S. He, et al., Tailorable coaxial 
carbon nanocables with high storage capabilities, Journal of Materials Chemistry A 5 
(2017) 22125-22130. 
[21] F. Ren, S.A. Kanaan, F. Khalkhal, C.Z. Loebick, G.L. Haller, L.D. Pfefferle, 
Controlled cutting of single-walled carbon nanotubes and low temperature annealing, 
Carbon 63 (2013) 61-70. 
[22] L. Cabana, X. Ke, D. Kepić, J. Oro-Solé, E. Tobías-Rossell, G. Van Tendeloo, et 
al., The role of steam treatment on the structure, purity and length distribution of 
multi-walled carbon nanotubes, Carbon 93 (2015) 1059-1067. 
[23] K. Vimalanathan, J.R. Gascooke, I. Suarez-Martinez, N.A. Marks, H. Kumari, 
C.J. Garvey, et al., Fluid dynamic lateral slicing of high tensile strength carbon 
nanotubes, Scientific reports 6 (2016) 22865. 
[24] L. Yasmin, X. Chen, K.A. Stubbs, C.L. Raston, Optimising a vortex fluidic device 
for controlling chemical reactivity and selectivity, Scientific reports 3 (2013) 2282. 
[25] J. Britton, K.A. Stubbs, G.A. Weiss, C.L. Raston, Vortex Fluidic Chemical 
Transformations, Chemistry-A European Journal (2017). 
[26] T.Z. Yuan, C.F.G. Ormonde, S.T. Kudlacek, S. Kunche, J.N. Smith, W.A. Brown, 
et al., Shear‐Stress‐Mediated Refolding of Proteins from Aggregates and Inclusion 
Bodies, ChemBioChem 16 (2015) 393-396  
[27] J. Britton, L.M. Meneghini, C.L. Raston, G.A. Weiss, Accelerating Enzymatic 
Catalysis Using Vortex Fluidics, Angewandte Chemie 128 (2016) 11559-11563. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

[28] J. Britton, C.L. Raston, G.A. Weiss, Rapid protein immobilization for thin film 
continuous flow biocatalysis, Chemical Communications 52 (2016) 10159-10162. 
[29] K. Vimalanathan, R.G. Shrestha, Z. Zhang, J. Zou, T. Nakayama, C.L. Raston, 
Surfactant‐free Fabrication of Fullerene C60 Nanotubules Under Shear, 
Angewandte Chemie International Edition (2016). 
[30] X. Chen, J.F. Dobson, C.L. Raston, Vortex fluidic exfoliation of graphite and 
boron nitride, Chemical Communications 48 (2012) 3703-3705. 
[31] F.M. Yasin, R.A. Boulos, B.Y. Hong, A. Cornejo, K.S. Iyer, L. Gao, et al., 
Microfluidic size selective growth of palladium nano-particles on carbon nano-onions, 
Chemical Communications 48 (2012) 10102-10104. 
[32] X. Luo, A.H.M. Al-Antaki, K. Vimalanathan, J. Moffatt, K. Zheng, Y.-C. Zou, et 
al., Laser irradiated vortex fluidic mediated synthesis of luminescent carbon 
nanodots under continuous flow, Reaction Chemistry & Engineering (2018). 
[33] Y.A. Goh, X. Chen, F.M. Yasin, P.K. Eggers, R.A. Boulos, X. Wang, et al., Shear 
flow assisted decoration of carbon nano-onions with platinum nanoparticles, 
Chemical Communications 49 (2013) 5171-5173. 
[34] T.M. Alharbi, D. Harvey, I.K. Alsulami, N. Dehbari, X. Duan, R.N. Lamb, et al., 
Shear stress mediated scrolling of graphene oxide, Carbon (2018). 
[35] L. Yasmin, X. Chen, K.A. Stubbs, C.L. Raston, Optimising a vortex fluidic device 
for controlling chemical reactivity and selectivity, Scientific reports 3 (2013). 
[36] K. Vimalanathan, X. Chen, C.L. Raston, Shear induced fabrication of intertwined 
single walled carbon nanotube rings, Chemical Communications 50 (2014) 11295-
11298. 
[37] M.S. Dresselhaus, G. Dresselhaus, R. Saito, A. Jorio, Raman spectroscopy of 
carbon nanotubes, Physics reports 409 (2005) 47-99. 
[38] H. Telg, J.G. Duque, M. Staiger, X. Tu, F. Hennrich, M.M. Kappes, et al., Chiral 
index dependence of the G+ and G–Raman modes in semiconducting carbon 
nanotubes, ACS nano 6 (2011) 904-911. 
[39] N. Souza, M. Zeiger, V. Presser, F. Mücklich, In situ tracking of defect healing 
and purification of single-wall carbon nanotubes with laser radiation by time-resolved 
Raman spectroscopy, RSC Advances 5 (2015) 62149-62159. 
[40] T. Nakamiya, F. Mitsugi, K. Semba, R. Kozai, T. Ikegami, Y. Iwasaki, et al., 
Pulsed Nd: YAG laser heating and treatment on multi-walled carbon nanotubes film, 
Thin Solid Films 518 (2010) 6604-6608. 
[41] A.K. Sahoo, S. Kanchi, T. Mandal, C. Dasgupta, P.K. Maiti, Translocation of 
Bioactive Molecules through Carbon Nanotubes Embedded in Lipid Membrane, ACS 
applied materials & interfaces (2018). 
[42] P.D. Boyer, S. Ganesh, Z. Qin, B.D. Holt, M.J. Buehler, M.F. Islam, et al., 
Delivering single-walled carbon nanotubes to the nucleus using engineered nuclear 
protein domains, ACS applied materials & interfaces 8 (2016) 3524-3534. 
[43] C. Farrera, F. Torres Andón, N. Feliu, Carbon Nanotubes as Optical Sensors in 
Biomedicine, ACS nano 11 (2017) 10637-10643. 
[44] F. Hennrich, W. Li, R. Fischer, S. Lebedkin, R. Krupke, M.M. Kappes, Length-
sorted, large-diameter, polyfluorene-wrapped semiconducting single-walled carbon 
nanotubes for high-density, short-channel transistors, ACS nano 10 (2016) 1888-
1895. 
[45] Q. Cao, S.-j. Han, Single-walled carbon nanotubes for high-performance 
electronics, Nanoscale 5 (2013) 8852-8863. 
  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 




