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Biochemical processes are fast and occur on small length scales, which makes them difficult to 

measure. Optical nanosensors based on single-wall carbon nanotubes (SWCNTs) are able to 

capture such dynamics. They fluoresce in the near-infrared (NIR, 850 3 1700 nm) tissue 

transparency window and the emission wavelength depends on their chirality. However, NIR 

imaging requires specialized and cooled InGaAs cameras with low resolution because the 

quantum yield of normal Si-based cameras rapidly decreases in the NIR. Here, we developed 

an efficient one-step phase separation approach to isolate monochiral (6,4)-SWCNTs (880 nm 

emission) from mixed SWCNT samples. It enabled us to image them in the NIR with high-

resolution standard Si-based cameras (>50 x more pixels). (6,4)-SWCNTs modified with 

(GT)10-ssDNA become highly sensitive for the important neurotransmitter dopamine. These 

sensors are 1.7-fold brighter and 7.5 x more sensitive and allow fast imaging (< 50 ms). They 

enable high-resolution imaging of dopamine release from cells. Thus, the assembly of 

biosensors from (6,4)-SWCNTs combines the advantages of nanosensors working in the NIR 

with the sensitivity of (Si-based) cameras and enables broad usage of these nanomaterials. 
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1. Introduction 

 

Cells use biomolecules to transmit information. This communication occurs in waves of 

biomolecules from a transmitter cell through the extracellular space to other (receiver) cells. 

This type of signal transmission takes place in many biological situations such as the 

communication of neurons[1] via the release of neurotransmitters or in cells of the immune 

system[2], which form reactive oxygen and nitrogen species in inflammatory processes to 

destroy microorganisms. The concentration of the released substances changes spatially and 

temporally and is a biochemical fingerprint of the biological state. However, such biologically 

relevant processes occur on temporal (ms) and spatial (nm) scales that are difficult to access 

using established methods.[3] For example, electrochemical methods such as amperometry or 

voltammetry lack the required spatial resolution determined by the number of electrodes and 

are invasive as the microelectrodes penetrate the tissue.[4] On the other hand optical methods 

provide often only indirect information e.g. by labeling cellular components[5,6] or suffer from 

photobleaching.[7] 

In this context, nanomaterials such as single-wall carbon nanotubes (SWCNTs) have emerged 

as promising building blocks to capture these dynamics.[3,8] In addition to a high surface-to-

volume ratio that makes them sensitive to single-molecule detection[9312], their surface can be 

chemically tailored[13317]. Thus, SWCNTs have already been used for several bioimaging 

studies[18,19] and the detection of numerous analytes such as reactive oxygen species[20323], small 

molecules like nitroaromatics[24,25] or neurotransmitters[26,27], proteins[28330], sugars[31], 

enzymes[32] or bacteria[33]. Due to their fluorescence in the near-infrared (NIR, 850 3 1700 nm), 

which shows no bleaching or blinking, they represent stable fluorophores, whose emission falls 

within the biological transparency window[34]. Here, reduced scattering and autofluorescence 

of biological samples allow for increased signal-to-noise ratios (SNR) during detection[35]. 



  

4 

 

Recently their outstanding potential in detecting the cellular release of the neurotransmitters 

dopamine[36338] and serotonin[39] was demonstrated with an unprecedented high spatiotemporal 

resolution, which also allowed observation of dopamine release from over 100 dopaminergic 

varicosities simultaneously. 

However, one major drawback for scientists wishing to use such fluorphores is that a 

specialized NIR detector is required. NIR emission is usually collected with indium gallium 

arsenide (InGaAs) detectors. Their fabrication process is complex, the resolution in terms of 

absolute pixel numbers is low, and the sensor must be cooled, for example with liquid nitrogen 

to reduce the high dark current.[35,40] This makes these cameras impractical and expensive 

(> 40,000 ¬) compared to the widely used Silicon (Si) cameras, which have a rapidly decreasing 

sensitivity in the NIR and have therefore problems to detect signals > 950 nm.[41,42] 

The exact fluorescence wavelength of SWCNTs depends on their chirality (n,m).[43] (6,4)-

SWCNTs, which are the species emitting closest to visible light with emission around 880 nm, 

would be well-suited for detection with commercial Si cameras while still taking advantage of 

the NIR. However, (6,4)-SWCNTs are not yet available in their pure form. 

In general, the fabrication of sensors based on SWCNTs has so far been mainly based on 

mixtures of different chiralities, as the synthesis of pure species has not yet been performed on 

larger scales[44]. Advances in synthesis have led to the preparation of chirality-enriched 

SWCNT samples[45347], as a result of which (6,5)-enriched CoMoCAT-SWCNTs with the main 

emission around 985 nm are already commercially available. Recently, they have been used for 

detection with Si cameras.[48,49] Although CoMoCAT-SWCNTs also contain some amount of 

(6,4)-SWCNTs, the sensitivity in combination with Si detectors is not as good because high 

concentrations have to be used that lead to quenching.[50] Xu et al. succeeded for the first time 

in preparing preferably (6,4)-SWCNTs with a purity of ~57% by adjusting the oxidation state 



  

5 

 

of the cobalt catalyst.[51] However, as long as high-purity SWCNTs are not yet commercially 

available, post-growth separation based on solution sorting techniques will remain a focus.[52] 

Here, various methods such as density gradient ultracentrifugation[53,54], ion-exchange[55] or gel 

column chromatography[56,57], enrichment over polymers[58360], and aqueous two-phase 

extraction (ATPE)[61,62] have become established in recent years. ATPE, in particular, has 

proven to be fast, selective, cost-effective, and easily scalable. This method is usually based on 

two polymers, dextran and polyethylene glycol (PEG), added in a ratio where they are 

immiscible and thus form two phases.[63] SWCNTs are then dispersed using surfactants such as 

sodium deoxycholate (DOC), sodium cholate (SC), or sodium dodecyl sulfate (SDS), whereby 

separation is driven between the two phases by the properties of the resulting surfactant phase 

at the SWCNT surface, and then based on the exchange of phases of unwanted SWCNT 

chiralities for empty phases.[64] Li et al. recently published a simple pH-controlled method that 

separated (6,4)-SWCNTs and ten other species.[65] Subsequently, Nißler et al. used this method 

for chirality-pure sensors for the detection of various small molecules and also ratiometric 

sensing with different wavelengths.[66] Furthermore, Antaris et al. used (6,4)-SWCNTs obtained 

from density gradient ultracentrifugation in combination with Si-detectors for 

immunohistochemical staining of cells and cancer tissue sections.[67]  

Surprisingly, sensing with (6,4)-SWCNTs using low-cost Si cameras has not yet been 

demonstrated. This is likely because a fast method for large-scale extraction of (6,4)-SWCNTs 

has been missing so far, as well as a simple process for subsequent SWCNT functionalization 

to tailor their surface chemistry.[52,66] Routes for easy exchange have now been developed, such 

as methanol-assisted surfactant exchange[68] or dialysis[52], leaving the obstacle of a rapid 

process for (6,4)-SWCNT extraction to make this material accessible to the broader community.  

Here, we address this challenge and separate (6,4)-SWCNTs (emission at 880 nm) from 

commercial SWCNT mixtures ((6,5)-enriched CoMoCAT-SWCNTs) by tailoring an ATPE 
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protocol[65] to obtain (6,4)-SWCNTs for the first time quickly and easily scalable in only one 

single step. By replacing the surfactant shell around the SWCNTs with (GT)10-single-

stranded(ss)DNA sequences, we tailor these SWCNTs exemplarily as dopamine sensors. 

Hereby the optimum between detection with standard Si cameras and the use of NIR 

fluorescence imaging is achieved. We investigate the detection efficiency of these (6,4)-

SWCNTs compared to the parental SWCNT mixture with both Si and InGaAs detectors. 

Finally, we demonstrate sensing of cellular dopamine release with high spatiotemporal 

resolution using standard microscope equipment (Figure 1). This method thus makes SWCNT-

based nanosensors or labels accessible for a much larger community.  

 

 

Figure 1. High sensitivity NIR imaging of molecular sensors. NIR fluorescent monochiral 

(6,4)-SWCNTs separated via aqueous two-phase extraction (ATPE) from standard SWCNT 

samples with multiple chiralities are used to visualize biomolecules such as the 

neurotransmitter dopamine. Their emission is in the sweet spot between high camera quantum 

yields of high-resolution and cost-effective (Si-based) cameras and the increasing advantages 

of the NIR (reduced scattering, autofluorescence). These sensors are rendered sensitive to 

dopamine by a specific surface functionalization with ssDNA. The nanosensors are immobilized 

on a glass surface and dopamine-releasing cells are cultured on top. Upon stimulation, the 

sensors acting as imaginary pixels report the release of dopamine by a fluorescence increase. 
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2. Results and Discussion 

 

2.1. (6,4)-SWCNT separation and optical characterization 

To shift the overall SWCNT emission closer to the visible wavelength region, (6,4)-SWCNTs 

as the shortest SWCNT NIR emitter need to be separated from commercially available mixtures 

containing multiple chiralities. We decided to use ATPE as a scalable separation approach and 

used a pH-driven protocol.[65] The original protocol used a two-step separation with a mixture 

of 0.025% DOC, 0.05% SDS, and 0.5% SC but we did not get reproducible results. In the first 

step, pH-driven separation of (6,4)-SWCNTs from the remaining semiconducting SWCNTs 

should be performed, in which the (6,4)-SWCNTs accumulated together with metallic 

SWCNTs in the dextran-rich bottom phase. However, we were unable to separate (6,4)-

SWCNTs from semiconducting (7,3)-SWCNTs with this mixture, despite testing different 

additions of hydrochloric acid (HCl, Figure S1 a). This is mainly because these two SWCNT 

chiralities are difficult to separate due to their extremely similar diameters.[65] In addition, even 

slight variations in surfactant conditions can lead to altered experimental results. 

Therefore, we modified it accordingly and finally developed a protocol achieving single-

chirality (6,4)-SWCNTs in only one step, which makes it simple to reproduce and to scale up 

(Figure 2 a). Since SC is known to have a chirality dependent affinity[65], we systematically 

increased the SC content within this mixture and found that an increase in SC content (0.6 3 

0.9% SC tested) lead to an optimized separation of (6,4)- and (7,3)-SWCNTs at 0.7% SC and 

higher (Figure S1 b -e). It was noticeable that with increasing SC concentration, higher amounts 

of HCl addition were required to separate the (6,4)- from the (7,3)-SWCNTs (Figure S1 f). For 

subsequent experiments, the SC content of 0.7% with lower HCl addition was chosen because, 

on the one hand, the risk of surfactant flocculation and thus SWCNT precipitation rises with an 

increasingly acidic environment, and, on the other hand, the peak ratio of (6,4)-/(7,3)-SWCNTs 

was highest. 
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After finding the optimal surfactant conditions, the second separation step of the published 

protocol was followed, which consisted of the addition of sodium hypochlorite (NaClO), which 

is known to separate metallic from semiconducting SWCNTs.[65] Here, we found that after 

increasing the SC content to 0.7%, the addition of NaClO caused the separation of (6,4)-

SWCNTs into the dextran-rich bottom phase (instead of the PEG-rich top phase at 0.5% SC 

content), whereas metallic SWCNTs migrated mostly into the interfacial layer and the PEG-

rich top phase (Figure S2 a-e). Furthermore, the addition of NaClO further improved the peak 

ratio of (6,4)/(7,3)-SWCNTs and based on the absorbance spectrum of the final bottom phase 

(Figure S2 d) nearly all peaks could be assigned to (6,4)-SWCNTs. The two large peaks at 

586 nm and 885 nm correspond to the E22 and E11 excitonic transitions of (6,4)-SWCNTs, while 

the peak at 414 nm could result from incomplete separation of metallic SWCNTs as the E33 

transition is located at wavelengths < 400 nm and the peak intensity further decreased after 

metallic separation. The small peaks at 534 nm and 773 nm are known to be phonon sidebands 

of (6,4)-SWCNTs.[43,69,70] Based on fitting all semiconducting chiralities present in the starting 

material compared to the final bottom phase and comparing the resulting area of each peak 

assuming simplified the same absorption cross section for all SWCNTs, the purity of the 

material thus improved from 9.4 % containing (6,4)-SWCNTs to > 95% (Figure S2 a, d). 

Since in the optimized surfactant mixture (6,4)-SWCNTs remained in the bottom phase after 

metallic separation and did not migrate into the top phase, the next step was to test whether the 

two-step separation procedure could be reduced to a one-step separation by the simultaneous 

addition of HCl and NaClO at the beginning. Interestingly, based on characterization via 

absorption spectra, this led to the same but faster result and pure (6,4)-SWCNTs remained in 

the bottom phase (Figure S2 f). As a result, this process also did not require a mimic phase and 

we were able to extract large amounts of (6,4)-SWCNTs (Figure 2 a). To further confirm the 

purity of the (6,4)-SWCNTs, 2D excitation-emission plots were acquired before (CoMoCAT-
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SWCNTs) and after phase separation, in which the individual chiralities can be uniquely 

assigned based on their associated transitions (Figure 2 b). It is evident that the main emission 

at 980 nm, originating from the (6,5)-enriched CoMoCAT-SWCNTs, shifted after phase 

separation to the (6,4)-SWCNT emission around 880 nm. In addition, there is a very weak 

emission at 985 nm, which is identical in emission to that of (6,5)-SWCNTs. However, the 

excitation wavelength shifted from 567 nm to 580 nm and therefore it is more likely that this 

feature corresponds to the phonon sideband of (6,4)-SWCNTs.[69] 

 

Figure 2. One-step large-scale isolation of (6,4)-SWCNTs. a) One-step aqueous two-phase 

extraction is used to isolate (6,4)-SWCNTs from other chiralities, providing a highly scalable 

approach. b) 2D excitation-emission plot before (CoMoCAT-SWCNTs) and after phase 

separation ((6,4)-SWCNTs). 

 

Moreover, Raman spectra were acquired before and after (6,4)-SWCNT separation (Figure S3) 

and the intensity ratios of Raman G/D bands were calculated, which are generally used to 

monitor covalent sidewall reactions in SWCNTs and are thus a measure of the defect number 

on the SWCNT surface.[71] The results indicate a lower defect ratio after SWCNT purification 

(increase from 15.1 to 18.3) due to the sorting out of impurities. 

Since it is known that additional separation steps lead to stronger interfacial trapping of 

SWCNTs between the dextran and PEG phase[64,65], the extraction yield between the two- and 

one-step separation was calculated and compared. For this purpose, the absorption spectra are 

additionally shown rescaled in Figure S2 a 3 f (right axis), so that the different volumes of the 
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two separation phases and dilutions during absorption measurements were quantitatively 

considered. While in the two-step separation about 10.8% of all (6,4)-SWCNTs remained in 

the bottom phase without metallic separation and thus were accessible for (6,4)-SWCNT 

separation, 70.9% migrated to the top phase, and 18.3% of the non-extractable (6,4)-SWCNT 

were lost in the interfacial layer. After the second separation step, approximately half of the 

10.8% (6,4)-SWCNTs got lost in the bottom phase, so that the extraction yield was calculated 

as 5.1%. Reduction to a one-step separation approach resulted in a direct effect on the yield of 

extractable (6,4)-SWCNTs with an increase from 5.1% to 7.4% (Figure S2 g). A precise 

understanding of these interfacial losses would be necessary for further improvement of the 

extraction yield. E.g. it has been shown that the molecular weight of the commonly used 6 kDa 

PEG/70 kDa dextran ATPE system can be changed, which also affects interfacial trapping.[72,73] 

However, this one-step ATPE can be scaled up to extract (6,4)-SWCNTs easily, quickly, and 

inexpensively on a large scale (Figure 2 a, Figure S4). Furthermore, the remaining SWCNTs 

in the top phase could be recycled. This was demonstrated by precipitation, washing, and 

filtering of the SWCNTs in the ATPE top phase to remove the surfactant shell surrounding the 

SWCNTs and then drying them, which provided the SWCNT material for other sensing or 

ATPE experiments (Figure S5). Here, we showed the redispersion of these SWCNTs in 1% 

DOC, using a superacid-surfactant exchange based on previous literature[74], avoiding further 

SWCNT shortening by tip-sonication. 

2.2. Comparison of detection efficiency 

The use of NIR fluorophores for biomedical imaging is a steadily growing trend due to 

advantages such as lower scattering and autofluorescence of biological samples leading to 

higher signal-to-background ratios (SBR). While NIR imaging has long been limited to the so-

called NIR-I window (700 3 900 nm), the discovery of new NIR-II (1000 3 1700 nm) 

fluorophores and improvements on the detector side are now extending imaging to the NIR-II 
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window, which is expected to further improve the SBR due to further reduced scattering and 

autofluorescence in this wavelength range.[35] However, the detector side must also be 

considered, and for NIR-II imaging, InGaAs cameras must inevitably be used. Even though 

their performance has improved in recent years, Si cameras are still the best-developed and are 

superior in all aspects such as quantum efficiency, resolution and noise (dark current). 

In a first step we developed a simulation, considering the parameters of fluorophores and 

biological samples based on a specific biological scenario and typical parameters on the 

detector side (InGaAs vs Si camera). This helped us to choose the right fluorophore wavelength 

for a desired application. In our scenario, SWCNTs are present in solution and it is assumed 

that their fluorescence can be selected arbitrarily in wavelength, while retaining their advantage 

of a large stokes shift between excitation and emission, largely preventing the excitation light 

from passing through the filters to the detector. Furthermore, components of a standard 

microscope such as the typical wavelength-dependent power density of an LED for excitation, 

wavelength-dependent transmission curves of necessary optics, as well as optical interference 

factors such as the dark current of the detectors as well as autofluorescence and absorption of 

biological samples were considered (Figure S6). Here, the scenario is focused on imaging cells 

in phosphate-buffered saline (PBS) buffer as we will show experimentally in the further course. 

Detailed assumptions and calculations can be found in the Supporting Information (Table S1). 

For comparison, the respective SBR of the two camera types when imaging cells in PBS with 

SWCNTs is shown (Figure 3 a). Here, the wavelength refers to the peak wavelength of 

SWCNTs. For Si cameras, a sweet spot is obtained at about 906 nm, thus SWCNTs with (6,4)-

chirality are an excellent fit. For InGaAs cameras, there is no real sweet spot since no 

autofluorescence was included/exists for the NIR region. In addition, the quantum efficiency 

increases steadily over a wide wavelength range (slightly increasing from 985 nm to 1575 nm) 

while the scattering from soft tissue and of other typical fluorophores present in cell cultures 
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decreases. The drop in SBR around 1435 nm results from the absorption of water at this 

position. The highest SBR occurs at about 1629 nm before the quantum efficiency of the camera 

drops sharply. Overall, the SBR is lower for InGaAs cameras due to the higher impact of black 

body radiation and dark current (Figure S6), which is mainly determined by the band gap of 

the material system used.  

Figure 3. Increased signals by using (6,4)-SWCNTs. a) Simulation of the wavelength-

dependent signal-to-background ratio (SBR) when imaging fluorophores in biological tissue in 

PBS using a Si or InGaAs camera. Autofluorescence of soft tissue (100 µm thickness) and 

typical autofluorescence from biological samples as well as absorption of water are included. 

The wavelength refers to the peak wavelength of SWCNTs. Highlighted areas show the main 

emission of (6,4)- and (6,5)-SWCNTs. b) Normalized fluorescence spectra of (6,4)-, and 

CoMoCAT-SWCNTs collected with an InGaAs detector weighted with the quantum efficiency 

of a typical InGaAs camera. Concentration was adjusted based on the area under the curve of 

the E11 transitions in a range of 810 3 1350 nm. c) Normalized fluorescence spectra of the same 

data weighted with the quantum efficiency of a Si camera.  

However, every simulation is a specific scenario and here imaging of cells in a thin tissue like 

environment is mimicked. Since the background signal of Si cameras is reduced compared to 

InGaAs cameras, Si cameras are more sensitive to weak signals, while InGaAs cameras 

approach the same SBR with increasing signal strength.  
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To evaluate the detection efficiency of the obtained (6,4)-SWCNTs independently of the dark 

current of both camera systems and only based on the differences in quantum efficiency, they 

are compared with the parental (6,5)-enriched CoMoCAT-SWCNTs. For this purpose, their 

surface functionalization after ATPE was exchanged for 1% DOC and the concentration of each 

SWCNT material was adjusted by matching the area under the absorbance curve of the E11 

transitions in a range of 810 3 1350 nm (Figure S7 a, b). The wavelength-dependent 

fluorescence of these SWCNTs was recorded with an InGaAs detector and is shown after 

conversion based on the typical quantum efficiency of an InGaAs camera and a standard Si 

camera, normalized to the respective maximum (Figure 3 b, c). 

For CoMoCAT-SWCNTs, which are best detected with an InGaAs camera, the (6,5)-SWCNTs 

emitting around 980 nm contribute to around 2/3 of the fluorescence signal with the Si camera, 

despite the higher sensitivity of the camera to lower wavelengths. This is based on the simplified 

assumption that the area under the curve can be considered a measure of signal strength. While 

the (6,4)-SWCNTs are barely detected by the InGaAs camera, the comparison using a Si camera 

shows that they appear 1.7 x brighter than CoMoCAT-SWCNTs. Although CoMoCAT-

SWCNTs detected with an InGaAs detector show higher absolute intensity values (Figure S7 

c - e), it makes detection with Si cameras using (6,4)-SWCNTs promising. 

Another advantage in terms of imaging and sensing applications is the significantly higher 

resolution of Si cameras in relation to the absolute number of pixels (here 2048 x 2048 vs. 320 

x 256 pixel). Even though higher resolution InGaAs cameras (640 x 512 pixel) are now 

available, this means that Si cameras have about 13-51 x higher resolution. In general, 

SWCNTs as nanoscale devices (dimensions 0.78 nm x 600-1000 nm) are limited by the 

resolution limit of optical microscopy. According to the Abbe/Rayleigh criterion, the smaller 

the wavelength is, the smaller the resolution limit becomes. For example, the maximum 

resolution for fluorescence microscopy with (6,4)-SWCNTs using a good 100x oil immersion 
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objective (here ü = 885 nm, NA = 1.45) is about 372 nm, which decreases with increasing 

wavelength (412 nm for (6,5)-SWCNTs with ü = 980 nm). Especially for imaging applications, 

resolution thus plays an important role, and it9s not surprising that super-resolution microscopy, 

also with SWCNTs[75377], is increasingly used. According to the Nyquist criterion, SWCNTs 

must therefore be at least 2.3 pixels apart to still be perceived as separate structures.[78] In the 

case of InGaAs cameras, the optical resolution limit is thus further limited due to the low pixel 

number. While two parallel, single (6,4)-SWCNTs at a distance of 372 nm can still be 

separately resolved with a typical Si camera (here 1 px ~ 65 nm at 100x magnification), this is 

not the case with typical InGaAs cameras (here 1 px ~ 444 nm, Figure 4 a). The required pixel 

size would have to be at least 162 nm or smaller. Further details of the simulation can be found 

in the supporting information.  

Since we wanted to use SWCNTs to capture the dynamics of biological processes in time and 

space, the next step was to evaluate the imaging quality of individual SWCNTs and how 

sensitive they act as dopamine sensors on the single sensor level with the two camera systems. 

For this purpose, SWCNTs were rendered sensitive to dopamine by exchanging the surface 

functionalization from surfactant to (GT)10-ssDNA, which is known from other studies[37,58,79] 

to respond to dopamine with an increase in intensity (Figure 4 b). 

Subsequently, both dopamine-responsive (GT)10-(6,4)-SWCNTs and (GT)10-CoMoCAT-

SWCNTs were immobilized on glass and the same image section was imaged at 100x 

magnification in a standard microscope using both an InGaAs and Si camera. Compared to the 

wavelength-dependent images in Figure 3 and Figure 4 b, a conventional white-light LED was 

used for excitation instead of a specific laser, and images were acquired before and after the 

addition of 10 µM dopamine with an exposure time of 1 s (Figure 4 c, d). 
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Figure 4. Increase of sensitivity and resolution. a) Simulation of the camera signal of two 

fluorescent point sources (880 nm) whose structure sizes (diameter 100 nm) are below the 

resolution limit of optical microscopy. With increasing pixel size/decreasing resolution (left to 

right), the structures can no longer be imaged separately. From left to right with 100x objective 

(NA = 1.45): 65 nm (pixel size Si camera), 162 nm (theoretical Nyquist pixel size), 444 nm 

(pixel size InGaAs camera). Scale bars represent 400 nm. b) (GT)10-(6,4)-SWCNTs in solution 

show a fluorescence increase after the addition of 100 µM dopamine. c) Comparison of the 

sensitivity of single (GT)10-(6,4)- and d) (GT)10-CoMoCAT-SWCNTs (multiple SWCNTs and 

one inset of a single SWCNT) immobilized on a glass surface. Fluorescence images are 

recorded with an InGaAs and a Si camera before and after adding 10 µM dopamine at 1 s 

exposure time. e) Corresponding fluorescence intensities of single SWCNTs from c) and d, 

mean ± SE, n = 10, f) Fluorescence images of a single (GT)10-(6,4)-SWCNT captured with a Si 

camera at different exposure times. g) Corresponding height traces and h) signal-to-noise ratio 

(SNR) of the images in f) (mean ± SE, n = 6). Scale bars of multiple SWCNT images represent 

20 µm, and of single SWCNT images represent 1 µm. 

 

The images show that SWCNTs are randomly arranged on the surface, but when looking at 

individual SWCNTs, the higher resolution of the Si camera compared to the InGaAs camera 
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becomes directly apparent. Comparison of absolute fluorescence brightnesses between the two 

camera systems must be considered cautiously because it depends on the choice of pixels to be 

analyzed. However, the comparison of the absolute intensities of SWCNTs before dopamine 

addition again shows that, based on the InGaAs camera, CoMoCAT-SWCNTs appear 

significantly brighter compared to (6,4)-SWCNTs and, in terms of sensitivity, show a larger 

intensity change after dopamine addition (6.7% increase compared to 2.1%, Figure 4 e). In 

contrast to the previous findings (Figure 3) (GT)10-(6,4)-SWCNTs appear only slightly brighter 

than the CoMoCAT-SWCNTs imaged with the Si camera, but show a significantly higher 

sensitivity for dopamine (51.3% increase instead of 13.2%). The differences in intensity 

comparison between the two SWCNT materials could be due to the exchanged functionalities, 

as Figure 3 compares surfactant-dispersed SWCNTs and here ssDNA-wrapped SWCNTs are 

compared. In general, surfactant-dispersed SWCNTs are brighter.[80] In addition, in a previous 

study, it was shown that the sensor response was in some cases enhanced for monochiral 

sensors.[66] This may be because the exact replacement process does not appear to be identical 

between the different fabrication routes (direct sonication for (GT)10-CoMoCAT-SWCNTs and 

functionalization exchange for (GT)10-(6,4)-SWCNTs).[81] 

Lower exposure times for (GT)10-(6,4)-SWCNTs were tested to see how fast SWCNTs could 

be imaged with the Si camera (Figure 4 f). Down to 50 ms, single SWCNTs can be sufficiently 

distinguished from the background, which is also shown in the intensity traces (Figure 4 g). In 

addition, at these higher frame rates dopamine could still be detected (Figure S8 a). This was 

also possible for a second standard microscope setup (see 4. Experimental Section/Methods 

for details) equipped with a Si camera that had a higher quantum efficiency in the wavelength 

region of interest but only a 60x objective, which is common among scientists studying cell 

cultures (Figure S8 b). Here, dopamine detection at frame rates between 4 3 10 fps was easily 

possible with both setups, but at higher frame rates single SWCNT traces showed higher noise. 
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For further quantification, we calculated the SNR based on previous literature[82,83] by taking 

images with and without illumination and dividing the averaged signal ��������	
 minus the 

mean noise �������
� without illumination by the standard derivation of the signal ������	
 

(Equation (1), Figure 4 h). 

��� =  
��	����������	����� 

�!������
         (1) 

 

As the frame rate increases, the signal-to-noise ratio decreases, but still has high values > 30 at 

10 fps. A similar procedure was followed with the (GT)10-CoMoCAT-SWCNTs images with 

the InGaAs camera. Here, the single SWCNTs contrast was less good because of the lower 

resolution (Figure S9 a, b). In addition, although the signal-to-noise ratio showed higher values 

for lower frame rates compared to the imaged (6,4)-SWCNTs with the Si camera, both camera 

systems performed equivalently with the respective SWCNT material at high frame rates of 20 

and 40 fps (Figure S9 c). This is probably due to the fact that the Si camera has a lower dark 

current, which was also evident when measuring the noise of the two camera systems, which 

increased for the InGaAs camera with increasing exposure time, while it remained constant for 

the Si camera (Figure S8 d). 

Overall, the (6,4)-SWCNTs in combination with a Si camera and a standard LED for excitation 

are thus well-suited to keep up in performance with previous studies in which single SWCNTs 

were imaged with InGaAs cameras using high laser powers (~500 mW) and framerates of 10-

15 fps.[36,37] 

2.3. High-sensitivity imaging of cellular dopamine release 

Finally, to test the (6,4)-SWCNT sensors in a biological application, dopamine-releasing 

pheochromocytoma cells (PC12) were cultured on nanosensors immobilized on glass. To 

improve cell adhesion, the sensor layer was additionally coated with collagen, which did not 

alter the sensitivity for dopamine detection (Figure S10 a). Figure 5 a) and b) show the bright 
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field image of such cells and the corresponding NIR channel of fluorescent (GT)10-(6,4)-

SWCNTs.  

 

Figure 5. Spatiotemporal imaging of dopamine release from neural progenitor cells. a) 

Bright field image of PC12 cells cultured on glass coated with (GT)10-SWCNTs and b) SWCNTs 

intensity change from ROIs (red circles in a)) during cell stimulation imaged with a Si camera. 

c) Color-coded normalized intensity changes at different time points show a steady increase of 

SWCNT fluorescence at the cell area, which indicates continued dopamine release. All scale 

bars represent 10 µm. 

 

After stimulation of cells with potassium buffer, there was an immediate increase in SWCNT 

fluorescence that occurred only locally at the cell surface, indicating dopamine release from 

cells (Figure 5 c, d). Here, each detector pixel was treated as a sensor to respond to the intensity 

changes over time. The increase in intensity occurred over several minutes, which can be 

attributed to continuous dopamine release. Such temporal dopamine release is also consistent 

with amperometric measurements, in which the release lasted for approximately three 

minutes[84] or continued for several minutes with subsequent stimuli.[85,86] Moreover, a control 

experiment in which the same stimulus was added to the sensors without cell cultivation showed 
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no signal change in the sensors (Figure S10 b), suggesting triggered dopamine release by 

dopaminergic PC12 cells. 

3. Conclusion 

 

In summary, we tailored NIR fluorescent nanosensors for optimized imaging and sensing 

applications with Si cameras. The simple and fast protocol for separating large amounts of 

monochiral (6,4)-SWCNTs make these SWCNTs now accessible to the broader community 

because they can be detected and imaged in 8normal9 optical microscopes. In addition, the 

exemplary tailoring of SWCNTs for dopamine detection demonstrates the potential to resolve 

processes with high spatial and temporal resolution with increased sensitivity. This method thus 

makes SWCNTs accessible as NIR building blocks for sensors and labels for the entire field of 

(bio)imaging. 

4. Experimental Section/Methods 

 

All materials were purchased from Sigma-Aldrich unless specified otherwise. 

SWCNT Surface Modification 

Surface modification of (6,5) chirality-enriched CoMoCAT- (Sigma-Aldrich, product no. 

773735) with 1% DOC was performed by mixing 1 ml of SWNCTs (4 mg;ml-1 in DI water) 

with 1 ml of aqueous 2% m/m DOC. This mixture was tip sonicated in an ice bath (36 W output 

power 3 25 min at 30% amplitude, Fisherbrand Model 120 Sonic Dismembrator) and 

centrifuged (2 × 30 min, 16100 g, 4 °C) to remove aggregates. The supernatant yielded 

homogenously dispersed 1% DOC-SWCNTs for further experiments. 

 

For surface modification of CoMoCAT-SWCNTs with (GT)10-ssDNA, a recently published 

protocol was used.[87] 100 µl of SWCNTs (2 mg;ml-1 in PBS) were mixed with 100 µl ssDNA 

(2 mg/ml in PBS), followed by tip sonication (ice bath, 10 min at 30% amplitude) and 

centrifugation (2 × 30 min, 16100 g, 4 °C). 

For recycling of SWCNTs after ATPE, SWCNTs were precipitated with methanol, washed with 

isopropanol and water, and filtered. After drying overnight (oven, 40 °C), SWCNTs were 
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collected and represented the SWCNT material for further experiments. SWCNTs were 

resuspended in 1% DOC with superacid-surfactant exchange based on previous literature.[74] In 

short, SWCNTs were dissolved in chlorosulfonic acid at a concentration of ~0.5 mg;ml-1. 

Droplets of 10 µl each were added to an aqueous solution of 0.5 M NaOH and 1 wt/v% DOC 

until the pH reached a value of 11. 

 

SWCNT Separation 

Separation of (6,4)-SWCNTs was based on a modified ATPE protocol by Li et al.[65] To find 

the optimal parameters, SWCNTs were separated in a two-phase aqueous system containing 

the polymers PEG (MW 6 kDa, 8% m/v) and dextran (Carl Roth, MW 70 kDa, 4% m/v) and 

the surfactants DOC (0.025% m/v), SDS (0.5% m/m) and SC (varying from 0.5% to 0.9% m/m 

in 0.1% steps), with DOC added via CoMoCAT-SWCNTs dispersed in 1% DOC. A certain 

volume of HCl (0.5 M) was added for pH-driven separation (here: 110 µl 3 190 µl in 20 µl steps 

for an 8 ml batch). After addition of all chemicals, the mixture was homogeneously mixed for 

60 s and phase separation was accelerated by subsequent centrifugation (30 min at 3046 g, 

20 °C). 

After finding the optimal SC concentration, (6,4)-SWCNTs were separated from all other 

semiconducting and metallic chiralities in a one-step approach by simultaneously adding a 

certain volume of HCl and NaClO (Honeywell) with 10-15% available chlorine for pH-driven 

and electronic separation (here: 750 µl of 0.5 M HCl and 170 µl NaClO for a 40 ml batch, 

resulting in a pH of 5.9 for the bottom phase). The final bottom phase yielded monochiral (6,4)-

SWCNTs. 

For characterization of the resulting bottom and top phases, absorption spectra were recorded 

with a corresponding mimic (without SWCNTs) for baseline subtraction. For better comparison, 

spectra were subsequently background corrected in the form of Ae-bü based on previous 

literature.[88,89] The purity was calculated by fitting the respective SWCNT E11 chirality peaks 

under the absorbance curve from each ATPE phase and dividing the area of the (6,4)-SWCNT 

peak by the total area of all peaks. The extraction yield was calculated by determining the 

concentration of (6,4)-SWCNTs in the respective ATPE phase. This was calculated based on a 

previously published method.[87,90392] 

The bottom phase was dialyzed against 1% DOC for at least three days (300 kDa dialysis bag, 

Spectra/Por Spectrum Labs). The 1% DOC solution was renewed daily to replace the residual 

dextran with DOC and obtain a stable 1% DOC-(6,4)-SWCNT solution. 
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Monochiral SWCNT Surface Exchange to ssDNA 

Exchange of 1% DOC-(6,4)-SWCNT to ssDNA-(6,4)-SWCNTs was based on kinetic exchange 

via dialysis. Purified (6,4)-SWCNTs were concentrated to an absorbance of 2.0 at the E11 

transition (880 nm) using molecular weight cut-off centrifugal filters (Amicon Ultra-15, 

30 kDa). 1 ml of these SWCNTs was mixed with 100 µl of ssDNA ((GT)10, 2 mg;ml-1 in PBS) 

and dialyzed against 1x PBS for three days (1 kDa dialysis bag, Spectra/Por Spectrum Labs). 

1x PBS was renewed daily. After completion of dialysis, the solution within the dialysis bag 

was centrifuged (15 min at 16100 g). The supernatant yielded the material for further 

experiments. 

 

NIR Spectroscopy 

Absorption spectra for the characterization of SWCNT samples were recorded using a JASCO 

V-780-ST spectrophotometer in the wavelength range of 400 3 1350 nm in 0.5 nm steps in 

quartz cuvettes (Hellma, 10 mm optical path). 

2D NIR fluorescence spectra were recorded with 10 s integration time using a spectrometer 

(Shamrock 193i, Andor Technology Ltd.) connected to a microscope (Olympus IX73). A lamp 

(LSE341, LOT-Quantum Design) was used in combination with a monochromator (MSH-150, 

LOT-Quantum Design) for excitation in the range of 400 3 700 nm in 5 nm steps. 

 

Raman Spectroscopy 

Raman and dopamine response fluorescence measurements were carried out using a confocal 

Raman microscope (inVia InSpect from Renishaw) at an excitation of 532 nm (10 mW laser 

power) with an integration time between 10 3 60 s. For dopamine response measurements in 

solution, 2 µl of a freshly prepared dopamine solution (dopamine hydrochloride in 1x PBS) was 

added to 200 µl of (GT)10-(6,4)-SWCNTs in a 96-well plate, resulting in a concentration of 

100 µM dopamine. 

 

SWCNT immobilization for single SWCNT imaging 

Glass bottom Petri dishes (Ibidi) were treated with oxygen plasma (Atto B, Diener electronic, 

0.6 mbar) for 20 s. Directly after plasma cleaning, surfaces were coated with 300 µl of an 

APTES solution (1 wt % APTES/H2O in ethanol) and incubated for 1 hour at room temperature. 

Petri dishes were washed with ethanol and subsequently H2O and dried with N2. 150 µl of a 

0.1 nM SWCNT solution was added and incubated overnight at 4 °C. To remove non-

immobilized SWCNTs the surface was rinsed three times with 1x PBS. 
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Imaging of Single SWCNTs 

SWCNTs were imaged in two different setups. The first setup consisted of an inverted 

microscope (Nikon Eclipse Ti2) equipped with a 100x objective (CFI Plan Apochromat 

Lambda D 100x Oil/1.45/0.13). A white LED (CoolLED pE300 Lite, 100% power) was used 

in combination with a 560 ± 40 nm bandpass filter for the excitation of SWCNTs via the E22 

transitions. Excitation light was eliminated from emission via an 840 nm long-pass filter. The 

NIR fluorescence was imaged either with a Si camera (Hamamatsu Orca Flash 4.0) with 2048 

x 2048 pixels or an InGaAs camera (Xeva 1.7 320 TE3 USB 100 Xenics) with 320 x 256 pixels, 

cooled down to 190 K. 

The second setup consisted of an inverted microscope (Nikon Eclipse Ti2) equipped with a 60x 

objective (CFI P-Apo 60x Lambda Oil/1.40/0.13). A green LED emitting at 555 nm (Lumencor 

Spectrax Chroma, six independently controllable light sources, 100% power) was used in 

combination with a 550 ± 49 nm bandpass filter for SWCNT excitation. Excitation light was 

eliminated from emission via a bandpass filter in the range of 785 3 1000 nm. The NIR 

fluorescence was imaged with a Si camera (Hamamatsu Orca Fusion BT) with 2304 x 2304 

pixels. For dopamine response measurements with immobilized SWCNTs, 20 µl of a freshly 

prepared dopamine solution (dopamine hydrochloride in 1x PBS) was added to 2 ml of PBS in 

the petri dish, resulting in a concentration of 10 µM dopamine. 

The third setup used to perform the cell experiments consisted of an inverted microscope 

(Olympus IX73) equipped with a 100x objective (UPlanSApo/1.35/0.13-0.19). A 561 nm laser 

at 250 mW (Gem 561, Laser Quantum) was used for SWCNT excitation. Excitation light was 

eliminated from emission via a 780 nm long pass filter. The NIR fluorescence was imaged with 

a Si camera (PCO edge 4.2 bi) with 2048 x 2048 pixels at 500 ms exposure time.  

 

Cell Experiments: PC12 cells were purchased from ATCC (CRL-1721) and cultivated 

according to the supplier9s protocol. In short, cells were cultivated in a humidified 5% CO2 

atmosphere at 37 °C in T-75 flasks (Sarstedt) with a sub cultivation ratio of 1:4 every four days. 

Cells were grown in 16 ml RPMI-1640 medium (Thermo Fisher Scientific) supplemented with 

10% heat inactivated horse serum (Thermo Fisher Scientific), 5% fetal bovine serum, 

100 units;ml-1 penicillin and 100 µg;ml-1 streptomycin (Thermo Fisher Scientific). 

For cultivation and differentiation of PC12 cells on top of SWCNT-coated glass surfaces, 

surfaces were incubated overnight at 4 °C with a collagen solution (Bornstein and Traub Type 

I) for better cell adhesion.  
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200,000 cells were plated on SWCNT-coated glass surfaces and incubated for 4-7 days in 

RPMI-1640 medium supplemented with 1% horse serum, 100 units;ml-1 penicillin, 100 ¿g;ml-

1 streptomycin and 100 ng;ml-1 nerve growth factor in a humidified 5% CO2 atmosphere at 

37 °C. For dopamine release experiments, the cell medium was exchanged to 1 ml 1x PBS 

supplemented with MgCl2 and CaCl2. To stimulate dopamine release, 18.68 µl of a 3 M KCl 

solution was added, resulting in a final concentration of 55 mM KCl.  
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High sensitivity near-infrared imaging of fluorescent nanosensors 

 

 

 

(6,4)-SWCNTs fluoresce in the near-infrared (880 nm) and can be chemically 

functionalized with DNA to act as sensors. They provide access to the sweet spot between 

the efficiency of (Si) cameras of standard microscope equipment and the advantages of the 

near-infrared, which is shown by high-resolution mapping of dopamine release from cells. 

  


