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ABSTRACT: Neurotransmitters are released by neuronal cells to exchange information. Resolving their spatiotemporal pat-
terns is crucial to understand chemical neurotransmission. Here, we present a ratiometric sensor for the neurotransmitter 
dopamine that combines Egyptian Blue (CaCuSi4O10) nanosheets (EB-NS) and single-walled carbon nanotubes (SWCNTs). 
They both fluoresce in near infrared (NIR), which is beneficial due to ultra-low background and phototoxicity. (GT)10-DNA 
functionalized monochiral (6,5)-SWCNTs increase their fluorescence (1000 nm) in response to dopamine, while EB-NS serves 
as stable reference (936 nm). A robust ratiometric imaging scheme is implemented by directing these signals on two different 
NIR sensitive cameras. Additionally, we demonstrate stability against mechanical perturbations and image dopamine release 
from differentiated dopaminergic Neuro 2a cells. Therefore, this technique enables robust ratiometric and non-invasive im-
aging of cellular responses. 

Fluorescent materials are important in many applications 
for example as optical labels or molecular sensors. In par-
ticular, near-infrared (NIR) fluorescence offers several ad-
vantages for the study of biological systems1,2. In the NIR au-
tofluorescence as well as absorption and scattering is 
greatly reduced compared to visible light2. Therefore, sig-
nals in the NIR show higher tissue penetration, better sig-
nal-to-noise ratios and substantially lower phototoxicity1. 

One NIR fluorescent material are single-walled carbon 
nanotubes (SWCNTs), which do not blink nor bleach3. Fur-
thermore, SWCNTs can be chemically functionalised to de-
tect a wide range of biomolecules4. SWCNTs can be concep-
tualized as rolled up graphene sheets of variable length3–5. 
Their (n,m)-chirality determines their optoelectronic prop-
erties and consequently in semiconducting SWCNTs their 
bandgap3. For example, (6,5)-SWCNTs possess an emission 
maximum close to 1000 nm but the exact emission wave-
length depends on surface functionalization and solvent4. 

The NIR fluorescence of semiconducting SWCNTs is best 
described by excitons and very sensitive to the chemical en-
vironment4,6. This offers the possibility of using SWCNTs as 
building blocks for (bio)chemical sensors. In addition, to in-
crease the colloidal stability of SWCNTs in polar solvents 
such as water non-covalent functionalization with DNA, 
peptides, proteins, or polymers has been employed7–13. 

Furthermore, functionalization tailors SWCNTs for ana-
lyte detection4. So far reactive oxygen species14–18, small 
molecules19–22, sugars23, peptides24, proteins25–27, dopa-
mine28,29 and serotonin30,31 and even pathogens32,33 have 
been detected. SWCNTs offer high spatiotemporal resolu-
tion, making them suitable for imaging as well as cytometric 
approaches34. In addition to direct sensing, indirect sensing 
is performed, e.g. by detecting the product of an analyte’s 
chemical reaction14,35. Ratiometric sensing with SWCNTs 

provides an even more robust approach6,33,36–40. Beyond in-
tensity-based sensing, there are emerging methods such as 
NIR fluorescence lifetime imaging (FLIM) using SWCNTs41. 
In addition to fluorescence as readout, SWCNTs can also be 
used as sensors for electrical signal transduction42. For 
long-term studies, SWCNTs can also be injected intrave-
nously in mice and demonstrate high biocompatibility43. 

Commercially available SWCNTs contain mixtures of dif-
ferent chiralities and thus show spectral overlap and con-
gestion. However, purified single chirality SWCNTs provide 
well-defined spectra. Thus, they promise sensing with even 
higher selectivity and sensitivity which makes them prefer-
able6,32,36. Single chirality (6,5)-SWCNTs for example have 
already been used in various sensing applications showing 
benefits for biosensing 6,32,36–38. 

Another promising NIR emitting fluorophore for biopho-
tonics is based on Egyptian Blue (CaCuSi4O10, EB)44,45. EB is 
the oldest artificial pigment manufactured by mankind, it 
has been identified in artworks dating back to 2500 BC in 
ancient Egypt, where it was used to decorate various pieces 
of art46,47. At present times, EB is attracting interest as a 
novel NIR fluorophore. EB has a tetragonal crystal structure 
consisting of parallel layers of silicate tetrahedra weakly 
bound by calcium ions48. The photophysical properties of 
EB are attributed to copper ions (Cu2+) being part of the sil-
icate framework. Their 2B2g-2B1g electronic transition is 
causing the NIR fluorescence of EB49. Bulk EB has a broad 
excitation spectrum in the visible wavelength range, from 
550-700 nm and emits fluorescence with remarkable stabil-
ity at about 936 nm45,49,50. Furthermore, EB fluorescence is 
characterized by a very high quantum yield (up to 30 %) 
compared to typical NIR fluorescent dyes and a fluores-
cence lifetime (100–150 µs) longer than the vast majority of 
NIR fluorescent material51–53. Due to the weak interlayer 
bonds, it is possible to exfoliate EB into Egyptian Blue 
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nanosheets (EB-NS) for example by simple long-term stir-
ring in hot water44. This approach has been improved by 
planetary ball milling and surfactant assisted bath soni-
cation, which improved monodispersity54. Importantly, the 
characteristic NIR fluorescence remained constant upon ex-
foliation to EB-NS55. 

EB-NS offer great potential in the biomedical field for bi-
oimaging, sensing, tissue engineering, or even photother-
mal therapy. The biocompatibility of EB-NS has been 
demonstrated by cell viability assays and in vivo studies52,55. 
Beyond, functionalization of EB-NS has been demonstrated 
and used for targeting of cells56. Due to its high brightness, 
the NIR fluorescence of EB-NS can be imaged even using 
standard Si-based cameras, which are less sensitive for NIR 
signals52. The remarkable stability of the EB-NS fluores-
cence provides further opportunities as reference material 
in ratiometric sensors33.  

One of the disadvantages of fluorescence measurements 
are perturbations by mechanical movements or variations 
in the light path or intensity. Ratiometric approaches using 
two (related) signals can improve accuracy and compensate 
for such external factors57. Ratiometric measurements mit-
igate such effects of environmental variations58. This self-
referencing/self-calibrating property makes ratiometric 
sensors particularly robust and reliable in dynamic envi-
ronments59,60.  

A variety of ratiometric probes/sensors based on organic 
fluorescent molecules have been developed for applications 
such as sensing, imaging and biomedical applications58,61,62. 
There are also a few examples of SWCNTs that have been 
used for ratiometric concepts especially using chirality en-
riched SWCNTs6,32,36–38,40. Here, one chirality serves as non-
responsive reference and the other as analyte responding 
component. The sensor´s response to analytes as e.g. dopa-
mine can be further tuned through SWCNT functionaliza-
tion29. Thereby, the detection of nitric oxide, hydrogen per-
oxide, pyrophosphate, different pathogens, riboflavin, and 
dopamine has been shown6,63. Overall, ratiometric fluores-
cent sensors promise many advantages but their implemen-
tation for novel analytes as well as spectral unambiguity 
and robustness remains a challenge.  

In this paper, we present a ratiometric sensing approach 
by combining the fluorescence properties of SWCNTS and 
EB-NS for the NIR imaging of catecholamines such as dopa-
mine. 

Experimental 

Exfoliation of EB to EB-NS  

The exfoliation process from EB powder to EB-NS was 
carried out as previously shown in a two-step exfoliation 
procedure 54. In the first step, 8 g of EB powder (Kremer Pig-
mente) was introduced into a 50 mL agate grinding jar 
(Retsch) together with 200 5 mm agate grinding balls and 
4 ml deionized water. The mixture was milled 4 times in a 
PM 100 planetary ball mill (Retsch) at 600 rpm for 15 min 
with 5 min cooling breaks in between. The resulting slurry 
was transferred to a reaction vessel and diluted with deion-
ized water to a volume of 100 ml. To remove larger parti-
cles, liquid phase centrifugation was applied. The necessary 

centrifugation parameters were calculated with a modified 
Stokes equation 52. 

 

𝑡 =
18 ∗ 𝜂

(𝜌𝑘 − 𝜌𝑤) ∗ 4𝜋2 ∗ 𝑓2 ∗ 𝑑²
ln (

𝑟

𝑟0

) (1) 

 

The variables are the settling time (t), the dynamic viscos-
ity of medium (water, η), the grain density (ρk), the medium 
density (ρw), the rotation frequency (f), the grain diameter 
(d), the distance between the rotor's fulcrum and sedi-
ment's height (r) and the distance between the rotor's ful-
crum and suspension's surface (r0). To remove particles 
with a hydrodynamic radius (𝑟ℎ𝑦𝑑) larger than 1 µm, 50 ml 

of the milled EB dispersion was centrifuged in a 50 ml reac-
tion vessel (Sarstedt) using a 5810R Centrifuge (Eppendorf) 
equipped with an A-4-62 rotor (Eppendorf) for 4 min at 
1650 rpm. After the centrifugation, the supernatant con-
taining only nanoparticles 𝑟ℎ𝑦𝑑 ≤ 1µ𝑚 was decanted and 

stored whereas the pellet was resuspended in water. This 
centrifugation step was repeated five times while always 
storing the supernatant and redispersing pellet in each iter-
ation.  

For the second step the EB-NBS dispersion was diluted to 
a concentration of 2 mg/ml and sodium dodecyl benzyl sul-
fonate (SDBS, Sigma-Aldrich GmbH) was added at a concen-
tration of 1 wt %. The so-obtained dispersion was sonicated 
in the ultrasonic bath Sonorex RK 103 (Bandelin Elec-
tronic). 15 ml of this dispersion was filled in a 25 ml glass 
bottle (Schott), which was then sealed with PTFE tape. Sub-
sequently, the glass bottle was bath sonicated for 6 h at 
60 °C. Afterwards, to achieve the desired size of EB-NS, 
more size selective centrifugation (30 ml dispersion in a 
50 ml reaction vessel, 4 min at 2900 rpm) was conducted. 
The EB-NS were then dried and dispersed in ultrapure wa-
ter in a subsequent short sonication step.  

Preparation of SWCNTs samples  

To obtain purified (6,5)-SWCNTs the SWCNTs were puri-
fied according to the aqueous two-phase extraction proto-
col by Li et al64,65. SWCNT chirality was separated in a three-
step approach with the SWCNTs being in between two 
aqueous phases. The phases contained dextran (MW 70 
kDa, 4 % m/m) and polyethylene glycol (MW 60 kDa, 
8 % m/m) and varied in their pH values due to the addition 
of HCl. The final bottom phase yielded almost monochiral 
(6,5)-SWCNTs and was diluted with 1 % sodium deoxycho-
late (DOC) solution to ensure stability. To remove residual 
dextran polymer from the separation, the DOC-SWCNTs 
were dialyzed with a 300 kDa dialysis bag against 1 % DOC 
5 times with a change of the 1 % DOC solution. 

We then performed a surfactant exchange from DOC to 
(GT)10 ssDNA, by combining 200 µl SWCNTs with 10 µl PEG 
6k in 40 % water and 20 µl 2 mg/ml (GT)10. Under vortex-
ing, 200 µl MeOH was added dropwise to the mixture fol-
lowing by the addition of 530 µl isopropyl alcohol. The dis-
persion was then centrifuged for 2 min at 23000 g to re-
move the supernatant. The pellet was resuspended in PBS 
and sonicated in a bath sonicator until all components had 
dissolved. The centrifugation and resuspending cycles were 
repeated until the pellet no longer had a white sheen. The 
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pellet was allowed to dry. 50 µl PBS and 50 µl (GT)10 
(2 mg/ml in PBS) were added to the pellet and sonicated 
briefly to combine the components. This was followed by a 
tip sonication at 30 % amplitude for 20 min and a final cen-
trifugation for 20 min at 23000 g. The final supernatant was 
collected and the SWCNT concentration was measured us-
ing a Jasco V-770 UV–visible/NIR spectrophotometer for 
absorbance measurements. Therefore, 0.5 % 
SDBS/SWCNTs solution was transferred to a 10 mm path 
polystyrene cuvette (SARSTEDT) and the absorbance was 
measured with a wavelength range of 400 nm to 1350 nm. 
From the E11 absorption feature the concentration was cal-
culated by estimating the area under the curve using a 
method published elsewhere66. 

Preparation of the ratiometric NIR sensor  

For the ratiometric sensor in dispersion 0.1 nM SWCNTs 
of CoMoCAT- or purified (GT)10-(6,5)-SWCNTs were mixed 
with 0.76 mg/ml EB-NS in PBS and measured in a 96 well 
plate (Thermo Fisher Scientific). For the ratiometric sensing 
on surface, 0.05 mg/ml EB-NS and 0.5 nM (GT)10-(6,5)-
SWCNTs were used. The nanomaterials were incubated for 
30 min on a 35mm-glass-bottom petri dish (MatTek) and af-
terwards, the glass was washed three times with PBS prior 
to measurement. 

NIR Fluorescence spectroscopy  

For NIR fluorescence spectroscopy a custom-made setup 
was used, containing a Gem 561 laser (Laser Quantum). The 
laser was focused into a IX73 microscope (Olympus) 
equipped with a 20x objective. For spectroscopy, a Sham-
rock 193i spectrograph (Andor Technology) coupled to an 
array NIR detector (Andor iDUs InGaAs 491) was connected 
to the microscope. For spectroscopy measurements, 200 µl 
of the respective sensor dispersions were placed in a 96-
well plate with glass bottom and positioned above the ob-
jective. Fluorescence data was acquired via the Andor SOLIS 
software. The laser power was set to 100 mW, exposure 
time to 1 s and input slit width to 500 nm. Data analysis and 
plotting were performed using Python.  

Ratiometric NIR Fluorescence imaging  

For NIR fluorescence spectroscopy a custom-made setup 
was used, containing a Gem 561 laser (Laser Quantum). The 
laser was connected to a IX73 microscope (Olympus) 
equipped with a UPlanSApo 60x Oil Microscope Objective 
(Olympus). The fluorescence signal was split using a di-
chroic mirror with a cut-on wavelength of 955 nm (T 955 
LPXR, AHF analysentechnik AG). The fluorescence then was 
captured using two cameras, for the signal λ<955 nm (EB-
NS-channel) the PCO edge 4.2 bi (Excelitas) for the signal 
λ>955 nm (SWCNT-channel) the NIR InGaAs Camera XEVA 
(Xenics) was used.  

 

Ratiometric NIR Fluorescence Analysis  

To calculate the ratiometric image response, the images 
recorded by the two cameras for the measurements were 
analyzed using ImageJ. For this purpose, the videos were 
opened as a stack in ImageJ and the SWCNT-channel was di-
vided by the EB-NS-channel. The first 10 (characterization 
on the surface) or 50 (with cells) images were averaged and 
subtracted from the rest of the image to obtain background-
corrected images. This was then divided by the averaged 
image to obtain the ratiometric response. The ratiometric 
response was then colour-coded. 

Cell Culture 

Mouse Albino neuroblastoma (Neuro 2a) cells were cul-
tured in Dulbecco's Modified Eagle Medium (DMEM, Gibco) 
supplemented with 10 % fetal bovine serum (FBS, Gibco), 
1 % Penicillin/Streptomycin (Pen/Strep, Gibco) and 1 x 
MEM Non-Essential Amino Acids (neAA, Gibco), in a 37 °C 
incubator with 5 % CO2. For differentiation 50000 cells 
were seeded in 35 mm glass dishes (Mattek) in RPMI 1640 
medium without phenolred (Gibco) supplemented with 
10 % FBS, 1 x neAA and 100 µM dibutyryl cyclic adenosine 
monophosphate (dbcAMP, Sigma) in a 37 °C incubator with 
5 % CO2 for 4 days.  

Ratiometric NIR Fluorescence imaging of cells 

The sensor was applied to the cells using a painting ap-
proach67. Prior to measuring the differentiation medium 
was removed and replaced with 1 nM purified (6,5)-
SWCNTs and 0,05 mg/ml EB-NS in Hanks' Balanced Salt So-
lution (HBSS, Gibco) supplemented with 2 mM CaCl2 and in-
cubated for 10 min. The cells were carefully washed three 
times with HBSS with 2 mM CaCl2 and placed on the micro-
scope for imaging. The focus was adjusted to the optimal 
level for both SWCNTs and EB-NS. The same setup as men-
tioned above was used. 

The cells were measured for 1 minute before 100 mM KCl 
was added to the calcium-enriched medium to ensure a 
background measurement. After the addition of KCl, the 
cells were imaged for additional 6 minutes. Ratiometric NIR 
fluorescence analysis was performed as described above. 

 Results and Discussion 

Ratiometric sensor design 

The exceptional stability of EB-NS fluorescence in the NIR 
suggests potential as reference material in ratiometric sen-
sors as shown before with bulk EB33. The straightforward 
exfoliation of EB-NS as well as the low cost of EB is another 
advantage of this nanomaterial. In contrast, SWCNTs are 
very sensitive to their environment and the purification of 
single chirality SWCNTs is more challenging6.  
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FIGURE 1: Schematic ratiometric sensor design and imaging concept: a) Interaction of the utilized nanomaterials with ex-
posure to dopamine. Functionalized SWCNTs will show an increase of their fluorescence under exposure, the fluorescence of 
EB-NS remains unchanged. b) Ratiometric imaging setup: Both components of the nanosensor are adsorbed (painted) on the 
biological samples of interest. Upon excitation with visible green light (561 nm) they exhibit near-infrared fluorescence. The 
fluorescence signals of the two nanomaterials are separated by a dichroic mirror and the spatially and temporally resolved 
signals are imaged simultaneously on two different cameras.  

 

Therefore, we decided to use EB-NS as a reference mate-
rial and specifically functionalized SWCNTs as sensor mate-
rial (Figure 1a). The goal of this sensor design was to use 
both materials for ratiometric imaging of the neurotrans-
mitter dopamine in cell experiments (Figure 1b). In a simu-
lation, we observed, that EB-NS and SWCNTs in a combina-
tion were suitable to use them as ratiometric sensors (Fig-
ure S1). For this purpose, we created an optical setup that 
allows parallel imaging of both fluorescence signals at the 
same time (Figure 1b). To produce a ratiometric sensor for 
dopamine we first established one material as non-reactive 
and one reactive component to the substance of interest 
(dopamine). For this purpose, SWCNTs were functionalized 
with single-stranded (GT)10 DNA to make them sensitive to 
catecholamine neurotransmitters including dopamine6,67. 
Commercially available CoMoCAT-SWCNTs were measured 
before and after addition of dopamine. A fluorescence inten-
sity increase of 110 % was observed at the peak wavelength 
at 999.5 nm (FIGURE 2a). In addition, fluorescence spectra 
of purified (6,5) SWCNTs, which were also functionalized 
with the same DNA sequences, were collected (FIGURE 2b). 
Here, fluorescence intensity increased by 260 % in re-
sponse to dopamine EB-NS fluorescence spectra showed as 
expected no response to dopamine (FIGURE 2c). 

To obtain a ratiometric sensor optimized for fluorescence 
spectroscopy measurements, both components were com-
bined in such a way that the spectral maxima of 936.5 nm 
(EB-NS) and 999.5 nm (SWCNTs) were similar in height. We 
found concentrations of 0.76 mg/ml EB-NS and 0.1 nM 
SWCNTs to be optimal.  

With commercially available CoMoCAT-SWCNTs the rati-
ometric sensor responded to dopamine (Figure 2d). How-
ever, the fluorescence increased only by 37 % and the 
broader spectrum of CoMoCAT-SWCNTs overlapped with 
the EB-NS signal, which makes signal changes ambiguous. 
In contrast, for the ratiometric sensor based on single chi-
rality (6,5)-SWCNTs, the fluorescence increased by 280 %. 
Additionally, the spectral overlap is minimal because other 
chiralities other than (6,5), namely (8,3) and (7,6) did not 
congest the spectrum. The cleaner spectrum of monochiral 

SWCNTs was also visible in the absorption spectrum (Fig-
ure S2). In control measurements of the ratiometric sensors 
(Figure S3), we could not detect any changes in fluorescence 
in response to the buffer PBS. Usually, a normalized Inten-
sity 𝐼𝑛𝑜𝑟𝑚 is calculated by subtracting the start intensity 𝐼0 
from the measured Intensity 𝐼: 

 

𝐼𝑛𝑜𝑟𝑚 =
𝐼 − 𝐼0

𝐼0

 (1) 

 

Here, the start intensity was calculated by averaging over 
the first values before analyte addition in order to compen-
sate for any fluctuations. For our ratiometric approach 𝐼 is 
substituted by the intensity ratio 

 

𝑅 =
𝐼𝑆𝑊𝐶𝑁𝑇𝑠

𝐼𝐸𝐵𝑠

 (2) 

 

and with that the ratiometric response 𝑅𝑛𝑜𝑟𝑚.𝑟𝑎𝑡. can be 
defined as: 

 

𝑅𝑛𝑜𝑟𝑚.𝑟𝑎𝑡. =
𝑅 − 𝑅0

 𝑅0

 (4) 

 

With the intensity of the SWCNTs (𝐼𝑆𝑊𝐶𝑁𝑇) and the Inten-
sity of the EB-NS (𝐼𝐸𝐵) this equals:  

 

𝑅𝑛𝑜𝑟𝑚.𝑟𝑎𝑡. =

𝐼𝑆𝑊𝐶𝑁𝑇

 𝐼𝐸𝐵
−

𝐼𝑆𝑊𝐶𝑁𝑇,0

 𝐼𝐸𝐵,0

𝐼𝑆𝑊𝐶𝑁𝑇,0

 𝐼𝐸𝐵,0

 (5) 

For ratiometric sensing utilizing the fluorescence spectral 
intensities, a ratiometric spectral response was calculated 
based on the fluorescence intensities at 936.6 nm and 
999.5 nm as 𝐼𝑆𝑊𝐶𝑁𝑇 and 𝐼𝐸𝐵 respectively. When the  
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FIGURE 2: Ratiometric NIR sensing of dopamine in solution. a)-e): NIR-fluorescence spectra before and after the addition 
of (100 µM) dopamine (DA). Errors shown as shades = SD (n=3). a) NIR-fluorescence spectra of (GT)10-SWCNTs (0.1 nM). b) 
NIR-fluorescence spectra of (GT)10-(6,5)-SWCNTs (0.1 nM). c) NIR-fluorescence spectra of EB-NS (0.76 mg/ml). d) NIR-
fluorescence spectra of a ratiometric sensor (EB-NS and (GT)10-SWCNTs). e) NIR-fluorescence spectra of a ratiometric sensor 
(EB-NS and (GT)10-(6,5)-SWCNTs). f) Calibration curve of a ratiometric sensor EB-NS and (GT)10-(6,5)-SWCNTs), as rati-
ometric spectral response. The blue curve shows a sigmoidal fit given by Hill equation (R²=0.994). Error bars = SD (n=3) 

 

ratiometric sensor was read out using fluorescence mi-
croscopy, a ratiometric imaging response was calculated 
based on the intensity values of the two cameras employed 
as ISWCNT and IEB respectively. With the ratiometric spectro-
metric response the sensitivity of our sensor was deter-
mined (Figure 2f, Figure S4, Table S1) and it detected dopa-
mine in the range from 10-9 M to 10-4 M. 

Ratiometric sensing on surfaces 

For cell experiments sensors are typically immobilized on 
the same surface as the cells or on the cells as so-called 
“paint”. Therefore, we next characterized the ratiometric 
sensor on surfaces. For this purpose, the sensor was incu-
bated on a glass surface and the performance was first 
measured by fluorescence spectroscopy and then via imag-
ing. The microscopy setup included two cameras for simul-
taneous imaging. Because EB-NS fluorescence is closer to 
the visible we used a Si-based camera for EB-NS, while the 
fluorescence of the SWCNTs was captured by an InGaAs 
camera. To account for the broader spectral range of the EB-
NS compared to the SWCNTs, and for the different detection 
levels of the two different cameras employed, the concen-
trations of EB-NS and SWCNTs were adjusted. The compo-
sition of the sensor was changed in a way that similar signal 
levels could be detected by both cameras. The EB-NS con-
centration was therefore lowered and the SWCNT 

concentration was increased due to the broader spectrum 
and higher quantum yield of the material and the camera. 
Finally, 0.05 mg/ml EB-NS and 0,5 nM purified (6,5)-(GT)10-
SWCNTs were incubated on a glass surface for 30 min and 
washed twice prior to measurements in PBS. The surface-
coated ratiometric sensor showed a similar spectral re-
sponse to dopamine as in solution (Figure 3a) and no re-
sponse to PBS buffer (Figure S5).  

In comparison to measurements in solution the spectral 
peaks were less intense as well as the change by dopamine, 
which can be attributed to the impact of the sensor density 
and glass substrate for example by local charges 

Next, sensor responses were measured using fluores-
cence microscopy (Figure 3b, Figure S6, Table S2) and 
showed a sensitivity in the range of 10-8 M to 10-5 M. The 
lower response at high dopamine concentrations can be at-
tributed to dopamine polymerization as reported before68. 
This ratiometric sensing enables spatially resolved imaging 
of the dopamine concentration (Figure 3c, Movie S1), as the 
ratiometric image response can be calculated for each pixel 
individually. As expected, signals of EB-NS in the Si-based 
camera did not alter upon dopamine addition. In contrast, 
SWCNTs became brighter.  
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FIGURE 3: Ratiometric NIR sensing of dopamine on surfaces. a) NIR-fluorescence spectra of the adsorbed components of 
the ratiometric sensor before and after the addition of dopamine (100 µM) in PBS. b) Calibration curve of the adsorbed rati-
ometric sensor, as ratiometric image response. The blue curve shows a sigmoidal fit given by Hill equation (R²=0.999). Error 
bars = SD (n=3). c) Fluorescence microscopy images of the adsorbed ratiometric sensor before and after the addition of do-
pamine (100 µM) in the two different channels and shown as ratiometric image response. 

 

Benefits of ratiometric sensing and imaging  

Next, we assessed the advantages of using a ratiometric 
approach. To quantify the robustness of the sensor to vari-
ations in light intensity without dopamine addition 
(FIGURE 4a, Figure S7) images were recorded at different 
excitation power. For this, the excitation laser was tuned up 
to 22 mW. Both signals increased but the ratiometric re-
sponse remained constant, which demonstrates one of the 
advantages of a ratiometric approach. Next, we tested the 
ratiometric response with a fluctuating excitation laser and 
the addition of dopamine over a time period of 80 s FIGURE 
4b, c, Movie S2). The fluctuations can be used to simulate 
disturbances in the environment, such as an inhomogene-
ously absorbing medium. Again, the ratiometric response, 
was not influenced by laser fluctuations. Consequently, do-
pamine can be robustly detected by our approach. 

Ratiometric imaging of dopamine release from neuronal 

cells 

In a final step, the performance of the sensor was tested 
in a biological system with Neuro 2a cells. Neuro 2a cells 
originate from a neuroblastoma of the mouse neural crest 
and are used to study neuronal development, differentia-
tion, etc.69. Various agents have been used to induce neu-
ronal differentiation in Neuro 2a cells such as transforming 
growth factor beta1 (TGF beta 1), bone morphogenetic pro-
tein 4 (BMP4), glial cell-derived neurotrophic factor (GDNF) 

or retinoic acid (RA)69. Furthermore, dibutyryl cyclic aden-
osine monophosphate (dbcAMP) differentiates these cells 
into a dopaminergic phenotype70. 

Therefore, to study dopamine release we differentiated 
Neuro 2a cells into dopaminergic cells by applying dibutyryl 
cyclic adenosine monophosphate for four days and then in-
cubated them with the ratiometric sensor for 10 min prior 
to measurement. First, the cells were imaged without a trig-
ger and then dopamine release was triggered by adding KCl 
(100 mM), which caused Ca2+ influx into the cells and exo-
cytosis71. For a precise localization of the cells, we took 
brightfield images (FIGURE 5a) and measured the fluores-
cence intensities of the selected areas (FIGURE 5b,c, Movie 
S3). In the EB-NS-channel there was no change in intensity 
over time, while in the SWCNT-channel intensity increased 
after stimulation around and under each cell. The rati-
ometric response showed that the cells release dopamine 
during stimulation, and we were able to monitor the release 
and extracellular diffusion of dopamine from each cell over 
time. Additionally, the ratiometric response of surfaces 
/sensors without cells, slightly decreased by the addition of 
KCl (Figure S8), but there was a strong increase of the rati-
ometric image response with cells (FIGURE 5d). This indi-
cates an intensity change triggered by the dopamine exocy-
tosis of the cells by KCl, although the trigger substance 
slightly quenches the SWCNT’s fluorescence. 
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FIGURE 4: Robustness of the ratiometric sensor to perturbations. a) Image intensities for varying excitation power. Error 
bars = SD (n=3). b) Image intensities for varying excitation power and upon addition of dopamine (100 µM). c) Corresponding 
fluorescence microscopy images at different time points for varying excitation power and upon addition of dopamine 
(100 µM). 

 

The integration of EB-NS and SWCNTs into a ratiometric 
sensor ensures increased sensitivity and selectivity for the 
detection of dopamine even in complex cellular environ-
ments. The synergistic interaction of nanosheets and nano-
tubes minimizes interference from cellular components and 
provides a clear and specific signal triggered by dopamine 
release from the differentiated Neuro 2a cells upon KCl 
stimulation72. This enables the monitoring of exocytosis 
events in real time, e.g. the release of dopamine triggered by 
a stimulus. In addition, good temporal (up to 10 frames per 
second) and spatial resolution can be achieved as already 
seen with other SWCNT biosensors4,67,73,74. Furthermore, ra-
tiometric sensors can also be used in different cell types75.  

A NIR fluorescent sensor provides several advantages 
compared to other methods such as HPLC, genetically en-
coded fluorescent probes or electrochemical methods76,77. 
HPLC offers high chemical sensitivity, but the temporal and 
especially spatial resolution is limited in addition to the in-
vasiveness76. Genetically encoded fluorescence sensors 
have been very successful, but they so far do not emit in the 

NIR and cells or organisms have to be transfected. Electro-
chemical methods also suffer from limited spatial resolu-
tion and invasiveness78. Therefore, our NIR ratiometric ap-
proach adds a new technical possibility to the field.  

Furthermore, the presented ratiometric approach offers 
several routes to further push the sensing performance. 
SWCNTs with quantum defects show higher quantum yields 
and increase brightness38,65,79. Furthermore, the selectivity 
is determined by the surface chemistry of SWCNTs. For DNA 
it is known that the sequence affects the selectivity for do-
pamine29. Further exploration of the sequence space as well 
as combination with quantum defects are likely to further 
increase figures of merit such as selectivity and robustness 
in complex environments such as cell medium. EB-NS are a 
new research topic and improvements in heterogeneity and 
colloidal stability/surface chemistry could enhance image 
quality by providing a more homogenous coating (FIGURE 
4c)52. Functionalization of both nanomaterials to target the 
sensors to specific biological sites represents another op-
portunity56.  
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FIGURE 5: Ratiometric NIR imaging of dopamine release from neuronal cells. a) Brightfield image of differentiated Neuro 
2a cells in HBSS with 2 mM CaCl2. Regions of interest are marked by dashed circles. b) Corresponding fluorescence images of 
EB-NS, SWCNTs and the resulting ratiometric response. c) Ratiometric image response from the marked regions of interest 
of cells over time shows release of dopamine after addition of 100 mM KCl. d) Ratiometric image response after KCl stimula-
tion of Neuro 2a cells in contrast to a control (KCl addition to sensor without cells). Error = SD, n=3 for the control and n=9 
for the cells. 

 

For example, instead of relying on random physisorption 
on the cell surface one could target both EB-NS and SWCNTs 
to specific surface receptors or locations on cells. From a 
measurement perspective, fluorescence lifetime imaging 
(FLIM) could be an alternative and combined with the rati-
ometric approach. The differences in fluorescence lifetime 
varying by several orders of magnitude between SWCNTs 
and EB-NS is a major advantage here. SWCNT-based sen-
sors have been used for FLIM by measuring the lifetimes on 
the order of 100 ps-1 ns, which can increase signal to noise 
ratios41. The much longer lifetime of EB-NS on the order of 
10 µs could be differentiated and this combination holds the 
potential to further increase figures of merit such as tem-
poral resolution52.  

Conclusion 

In conclusion, we present a ratiometric NIR sensor ena-
bling biosensing and imaging of the important 

neurotransmitter dopamine. The combination of single chi-
rality (6,5)-SWCNTs as analyte sensitive nanomaterial and 
EB-NS as non-responding internal reference allows for ro-
bust and stable measurements. By using single chirality 
(6,5)-SWCNTs spectral overlap is avoided, which increases 
signal-to-noise ratios. The high photostability and fluores-
cence emission in the NIR of both nanomaterials further im-
proves this approach providing measurements with high 
spatiotemporal resolution and minimal autofluorescence, 
scattering and light absorption. An advantage of the rati-
ometric system is that it compensates for fluctuations in en-
vironmental conditions and thus, provides improved imag-
ing of the analyte (dopamine). In addition, we have shown 
that the ratiometric sensor can be applied to cellular sys-
tems to detect dopamine release. This ratiometric sensor 
paves the way for new insights into dopamine communica-
tion between neuronal cells and related diseases. 
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