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Abstract 

Enzymatic reactions are used to detect analytes in a range of biochemical methods such as 

enzyme-linked immunosorbent assays (ELISAs). To measure the presence of an analyte, they 

are conjugated to a recognition unit and convert a substrate into a (colored) product that is 

detectable by visible (VIS) light. Thus, the lowest enzymatic turnover that can be detected sets 

a limit on sensitivity. Here, we report that substrates and products of horseradish peroxidase 

(HRP) and β-galactosidase change the near-infrared (NIR, 800-2400 nm) fluorescence of 

(bio)polymer modified single-walled carbon nanotubes (SWCNTs). Therefore, SWCNTs 

translate a VIS signal into a beneficial NIR signal. Moreover, the affinity of the nanosensors 

cause a higher effective local concentration of the reactants for the optical measurement. This 

leads to a non-linear sensor-based signal amplification and translation (SENSAT). We find 

signal enhancement up to ≈ 120x for the HRP substrate p-phenylenediamine (PPD), which 

means that reactions below the limit of detection in the VIS can be followed in the NIR 

(≈ 1000 nm). The approach is also applicable to other substrates such as 3,3’-5,5’-

tetramethylbenzidine (TMB) and direct observation of the HRP reaction.  An adsorption-based 

theoretical model fits the observed signals and corroborates the sensor-based enhancement 

mechanism. This approach can be used to amplify signals, translate them into the NIR and 

increase sensitivity of biochemical assays. 
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Introduction 

Proteins are central building blocks in living organisms. In diseases, they are frequently 

mutated, misfolded, truncated or their concentration is different.1 Accordingly, they present an 

important biomarker for diagnostic applications and basic research.1 Standard techniques for 

the detection of proteins use enzymatic reactions. Prominent examples are enzyme-linked 

immunosorbent assays (ELISA)2,3 or western blots4–7. In both techniques, the protein analyte 

is bound on a surface by a capture antibody and subsequently visualized with a second 

antibody conjugated to an enzyme.1,8,9 The most common enzymes used in these reactions 

are horseradish peroxidase (HRP), alkaline phosphatase and β-galactosidase.1 They catalyze 

the reaction of a colorless substrate into a colored product with known absorption in the visible 

range of the spectrum. 

In order to increase the sensitivity of these assays, a number of alternative signal transduction 

mechanisms have been demonstrated. Examples include the use of femotliter (fL) detection 

volumes10–12, or signal conversion with nanomaterials13–18. Nevertheless, the traditionally used 

absorption-based detection methods still represent the gold standard19, especially in low 

budget settings. As such, ELISAs are often restricted by their sensitivity as well as their 

dynamic range and a method to extend the dynamic range of this assay system would be 

highly beneficial. 

One option could be the addition of an additional molecule or particle that is highly sensitive to 

its chemical environment and amplifies the response generated during the enzymatic reaction. 

Such a method would require minimal adaption of assays as the signal amplifier could be 

added during the read-out step. Carbon nanotubes are cylindrical 1D materials with 

exceptional optoelectronic properties. Semiconducting single-walled carbon nanotubes 

(SWCNTs) do not photo-bleach and fluoresce in the near-infrared region (NIR, 870-

2400 nm).20 In this spectral window, the absorption, scattering and autofluorescence of 

biological samples is reduced.21,22 Depending on the application, different spectral ranges are 

advantageous.23 Moreover, the fluorescence of SWCNTs is sensitive to the chemical 

environment.24 As such, they present an interesting building block for fundamental studies25–27 

and have been used in a variety of optical24,28–30 and electrochemical18,31 biosensing formats. 

To render them capable for the detection of analytes, SWCNTs are functionalized with  

(bio)polymers.32–35 When confined to the surface, the polymer forms pockets that selectively 

interact with analytes.36–38 This concept has been called corona phase molecular recognition 

(CoPhMoRe).36 Functionalization of SWCNTs has led to a number of powerful sensors for 

proteins and peptides,39–48 nucleic acids49–55, different neurotransmitters23,56–59, radical 

species60–65 and other small molecules66–71 that possess sensing capabilities down to the 

single-molecule level72–75. 

Here, we show that fluorescent nanosensors amplify the signal of enzymatic reactions typically 

used in ELISAs. To this end, we identify SWCNT surface modifications that are sensitive to 

substrates or products of important enzymes (β-galactosidase and horseradish peroxidase). 

We investigate how the signal scales with analyte concentration and develop a theoretical 

model for signal enhancement. This approach presents a generic concept to increase chemical 

signals and translate it into a beneficial spectral window. 
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Results 

We hypothesized that the aromatic structure of many colored enzymatic substrates and 

products of ELISAs/western blots could interact with the hydrophobic surface of SWCNTs. As 

the fluorescence of SWCNTs is highly sensitive to the chemical environment this would 

translate into fluorescent changes in the beneficial NIR spectral window (Figure 1). 

Furthermore, if the modified SWCNT surface has a certain affinity for the analyte, the local 

‘effective’ concentration of the analyte should be higher (in terms of the optical measurement) 

than in bulk and therefore higher sensitivities are expected. Compared to other techniques 

requiring major adaptation of the assay, this system could be combined with advanced 

coating59 and read-out23 techniques and amplify signals of reactions used for in vitro 

diagnostics. 

 

Figure 1: Sensor-based signal amplification and translation (SENSAT) of enzymatic reactions by 
nanosensors. In diagnostic assays, enzymatic reactions are commonly used to quantify the concentration of an 
analyte. To this end, they are attached to antibodies that bind to the target molecule and convert a (colorless) 
substrate into a colored product. The NIR-fluorescence of single-walled carbon nanotubes (SWCNTs) can be 
tailored to be sensitive to certain small molecules. Such a SWCNT-biopolymer hybrid with affinity for specific 
analytes could translate the signal into the NIR and amplify it by local analyte enrichment. 

To test this hypothesis, SWCNTs were suspended with phospholipid-polyethylene glycol 

(PEG-PL) and different nucleic acids (Figure 1, Table S1). Subsequently, we tested whether 

the fluorescence changes of these hybrid nanomaterials would be selective for molecules of 

interest. For the enzyme HRP, we selected o- and p-phenylenediamine (OPD and PPD), as 

well as their respective reaction products 2,3-diaminophenanzine and Bandrowski's base (BB). 

The selection of these substrate/product pairs was based on the premise that the substrate 

and the product differ significantly in their size and molecular structure which could lead to 

different affinities for the SWCNT surface. We expected that these molecules change the DNA 

conformation, which would cause a change in fluorescence. Additionally, we tested the 

response of three different benzidine derivatives, which form colored radicals when oxidized 

by HRP and H2O2. Among them, we included 3,3’-5,5’-tetramethylbenzidine (TMB), the most 

commonly used HRP substrate.19 Apart from the popularity of these substrates, it is well 

established that these molecules are oxidized over different radical species while the product 

is typically a charged complex with increased rigidity. For SWCNTs, it is well known that radical 

species modulate the SWCNT response.60,61,63,64,76 Furthermore, we expect that the enzymatic 

product affects the SWCNT conformation thereby leading to a fluorescent response. For the 

enzyme β-galactosidase, we tested the response to ortho-nitrophenyl-β-galactoside (OPNG)  
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Figure 2: Horseradish peroxidase (HRP) substrates and products change NIR fluorescence of SWCNTs. (a) 
Overview of tested SWCNT surface modifications. (b) Selected structures of used HRP substrates (orange) and 
oxidation products (blue). (c) Intensity modulation ([I−I0]/I0) of NIR-fluorescent SWCNT sensors in response to HRP 
substrate and products (10 µM; mean, n=3; SD shown in Figure S2). Red shades indicate a fluorescence increase, 
blue shades indicate a fluorescence decrease. (d) Wavelength shifts (Δλ) of SWCNT sensors in response to HRP 
substrate and products (10 µM; mean, n=3, SD shown in Figure S2). Red shades indicate red shift of the 
fluorescence, blue shades indicate a blue shift. Based on the fluorescence modulation and the final chemical 
structure of the final product, we selected PPD/BB for future experiments (see molecules in (b) with dotted frame).  

and chlorophenol red-β-ᴅ-galactopyranoside (CPRG), as well as their respective reaction 

products. 

The addition of 10 µM substrate/product modified the fluorescence of the modified SWCNTs 

by up to + 164 % in the case of PPD (substrate) and - 87 % for BB (respective product). 

Furthermore, the emission maxima shifted up to 5.8 nm towards higher and 1.7 nm towards 

lower wavelengths. Generally, the addition of HRP substrates/products (Figure 2, Figure S1) 

affected the fluorescence to a higher degree than the addition of β-galactosidase substrates 

(Figure S2 and S3). The most sensitive pair was PPD and BB. Contrary to benzidine 

substrates, which form radical products when converted with HRP, this system allowed us to 

characterize the fluorescence modulation of SWCNTs via a substrate/product system in an 

enzymatically independent way before moving to an enzymatic reaction. Therefore, some of 

the modified SWCNTs can serve as nanosensors to monitor enzymatic reactions. 

To test whether the response would be concentration dependent, we spiked two SWCNT 

suspensions with different concentrations of this analyte pair. For PEG-PL-SWCNTs, solely 

the enzymatic product (BB) lead to a fluorescent change (Figure 3a). Additionally, we observed 

no absorption of the corresponding substrate (PPD) in the visible spectrum (Figure 3b and S4). 

This allowed us to estimate the response during the enzymatic reaction based on the BB 

concentration. Compared to the traditional read-out format, the PEG-PL SWCNTs responded 

to 5 - 10x lower BB concentrations (Figure 3c). 
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Figure 3: Range extension of detection by SWCNT-based nanosensors. (a) Fluorescence modulation of PEG-
PL coated SWCNTs by PPD (10 µM, HRP substrate) and the respective reaction product (BB, 10 µM). (b) 
Absorption of PPD (pink, 10 µM) and BB (blue, from dark blue to light blue 50, 25, 10, 5, 2.5, 1 µM; n=3, mean ± 
SD). (c) Concentration dependent comparison of traditional read-out of BB (absorption changes at 500 nm, 
normalized to value at 50 µM) and respective fluorescence modulation of PEG-PL-SWCNTs (1 nM, ((I-I0)/I0 
normalized to value at 50 µM)). Note that PPD was not detectable in the VIS and only marginally modified the 
fluorescence. Thus, only the read-outs of BB are shown for simplicity (n=3, mean ± SD, raw data in Figure S6). (d) 
(G2T)10-modified SWCNT (0.1 nM) respond to the substrate and the product (both 10 µM, n=3, mean ± SD). (e) 
Concentration-dependent fluorescence changes of (G2T)10-modified SWCNTs (n=3, mean ± SD, normalized data 
in Figure S7). (f) The relative read-outs define the window for the sensor-based signal amplification (SENSAT) for 
(G2T)10-modified SWCNTs (≈ 120x). Note that the calculated signal amplification is only based on the product 
(substrate is not detectable in an absorption read-out). We expect that the nanosensor sensitivity for the substrate 
further enhances the observed signal amplification. Fits are linear for absorption data and modified Langmuir 
adsorption model (see text) with an offset for nanosensor responses (Fit parameters: Table S2-S3, SENSAT for 
PEG-PL in Figure S6c). 

Interestingly, ssDNA-SWCNT hybrid sensors responded to both, the substrate (PPD) and the 

reaction product (BB) (Figure 3d-e). Furthermore, they were more sensitive than SWCNTs 

modified with PEG-PL. For PPD, first effects were seen at concentrations > 2.5 nM and the 

response saturated at concentrations of 2.5 µM, thereby spanning approximately three orders 

of magnitude. For BB, dose-dependent effects were observed > 50 nM while 5 µM quenched 

the fluorescence almost completely. Compared to the read-out in the visible (only BB 

detectable) this shift the detection limit to approximately 50x lower concentrations. 

Interestingly, we observed a non-linear dependency between the responses generated with 

the classical and the NIR translated read-out. Due to the different magnitudes for PEG-PL- and 

DNA-modified sensors, we hypothesized that this dependency is based on the affinity of the 

substrate/product for the nanosensor. We call this mechanism sensor-based signal 

amplification and translation (SENSAT). It should be generic for any fluorescent material or 

molecule with a certain affinity for the analyte. Hence, we were interested to better understand 

the magnitude of amplification. To this end, we normalized the response generated by the 

nanosensor and the absorption read-out (Figure 3c, Figure S6). To be able to compare the 

different signals, both data sets were normalized (see SI for details). As expected from 

Lambert-Beer’s law, the absorption data can be accurately described with a linear equation 

(Table S3). 

https://doi.org/10.26434/chemrxiv-2023-lb2hz ORCID: https://orcid.org/0000-0003-0638-9822 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2023-lb2hz
https://orcid.org/0000-0003-0638-9822
https://creativecommons.org/licenses/by/4.0/


6 
 

In contrast, fluorescence modulation of SWCNTs should be proportional to surface 

coverage (θ).56 We assumed a reversible binding between analyte (A) and recognition sites 

(R) on the nanosensor: 

A + R ⇄ AR. 

Then, the (relative) surface coverage θ can be described with a Langmuir adsorption model: 

θ =
[𝐴]

𝐾𝑑 + [𝐴]
  

where [A] is the analyte concentration and Kd is the dissociation constant. As the photophysical 

translation of a binding event depends on the exciton diffusion length, as well as the exciton 

size, we assumed a non-linear relationship (exponent n) between the observed fluorescence 

change ([I-I0]/I0) and the surface coverage. Incorporating a factor to account for the offset factor 

between the end (IE) and the non-zero start response/signal (IS) of the sensors we get:  

(I-I0)

I0
= IS + (IE − IS)θ𝑛 . 

This model described and fitted our data very-well (Figure 3, Table S2). The ratio between the 

fitted NIR signal and the fit of the normalized absorption yields the signal amplification (SA) 

(details in SI): 

SA =
NIR-signal 

Absorption 
= 𝐼𝑆 + (𝐼𝐸 − 𝐼𝑆)

(
[𝐴]

𝐾𝑑 + [𝐴]
)

n

𝑎 + 𝑏[𝐴]
 . 

Plotting the respective functions yields an enhancement factor of ≈ 6x for PEG-PL SWCNTs 

(Figure S6c) and ≈ 120x for (G2T)10-modified SWCNTs (Figure 3f) for BB. As PPD does not 

absorb in the visible, we had no reference value to compare the observed fluorescence 

enhancement with a traditional read-out. However, we expect that the consummation of the 

PPD during the enzymatic reaction reverses this positive modulation thereby amplifying the 

negative signal generated from BB. 

To explore the opportunities generated by the sensor-based signal enhancement during an 

enzymatic reaction, we next monitored the HRP-based oxidation of PPD to BB with different 

SWCNT surface modifications. As expected, the enzymatic turnover of the reaction led to a 

decrease of the fluorescence (Figure S8). Importantly, the fluorescence decreased only upon 

addition of all reaction components. At reaction times > 60 min, the effect of H2O2 was 

negligible suggesting that the observed response is caused by the formation of BB. Sensors 

which performed better in our initial screening (Figure 2, Figure S8) also allowed a more 

precise monitoring of the reaction. Furthermore, it was possible to follow the reaction when 

SWCNTs were immobilized (Figure S9). Combined with the 2D excitation-emission spectra 

(Figure S10), this suggests that the mechanism behind the fluorescence decrease is not 

aggregation based. 

To avoid desorption effects during the next experiments, we turned our interest to solution-

based experiments. In solution, we observed that low SWCNT concentrations lead to a higher 

signal change and that high PPD ratios lead to a decrease of the SWCNT response beyond 

the saturation of the sensor (Figure S11). To minimize this effect, we adjusted the 

concentration ratio accordingly. 

To showcase the sensitivity of the nanosensors, we first ran the HRP-catalyzed oxidation 

reaction at PPD concentrations that were below the detection limit of a classical plate reader 

(Figure 4d - f, Figure S4). Along with the fluorescent decrease we observed a blue shift that  
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Figure 4: NIR monitoring of HRP reactions at concentrations below the detection limit of absorption 
measurements. (a) Reaction scheme of the PPD oxidation. (b) Conventional, absorption-based read-out below the 
absorption-based detection limit of the substrate/product. The reaction of PPD (1 µM), H2O2 (100 µM) and 
HRP (100 pM) was carried out without SWCNTs (n=3, mean ± SD). (c) Fluorescent changes of (G2T)10-SWCNTs 
(0.1 nM) during the same reaction with SWCNTs (n=3, mean ± SD). (d) Absorption changes during the reaction 
with varying HRP concentrations at 500 nm, the absorption maximum of Bandrowski's base (n=3, mean ± SD). (e) 
Fluorescence intensity changes of the reaction with varying HRP concentrations (n=3, mean ± SD). Fits are based 
on a modified Langmuir adsorption model (see text) with an offset. Wavelength shifts are shown in Figure S11. 

correlated with the HRP concentration (Figure 4e and g, Figure S12). Interestingly, this peak 

shift seemed to be 5x to 10x times more sensitive than the intensity change. Together with the 

different equilibrium dynamics, this suggests a complex interplay between the different 

analytes and the binding sites on the SWCNT surface. 

PPD and BB are classical ELISA reactants but in most current assays other molecules are 

used. Therefore, we tested next if it would be possible to use a substrate system with a broader 

use. Today, TMB is the most widely used substrate in ELISAs.19 Its oxidation processes over 

a radical intermediate that can be followed at 370 nm/650 nm (TMB-I) and 450 nm (TMB-II) 

respectively (Figure 5a).19,77,78 

To test how SWCNTs with different surface modifications would respond to the formation of 

oxidized TMB products, we incubated TMB for 30 min with HRP and H2O2, with H2O2, as well 

as without HRP and H2O2 and stopped the reaction with H2SO4 (50 µL, 1M). Addition of 2 µL 

of the reaction mixtures without HRP generally led to a fluorescence increase, while a 

fluorescent decrease was observed for reactions in which the enzyme was present (Figure 

5b). Based on the fluorescent changes, we selected (C)30-modified SWCNTs for our next 

experiments. 

We observed a similar product conversion for mixtures that were illuminated with light matching 

the excitation of SWCNTs and those that were stored in the dark (Figure S13). This suggests 

that a potential oxidation of the TMB by an excited state of the SWCNT is not likely. Next, we 

repeated the reaction with different HRP concentrations (Figure 5c – d). As expected, we 

observed a concentration dependent decrease of the fluorescence. 
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Figure 5: Monitoring and NIR translation of HRP reactions with TMB substrate. (a) Reaction scheme of the 
TMB oxidation.19,77,78 (b) Fluorescence modulation of different SWCNTs (198 µL, 0.5 nM) upon the addition of 2 µL 
from a solution of TMB (100 µM), incubated for 30 min with and without H2O2 (100 µM) and HRP (100 pM) and 
stopped after 30 min, with 50 µL 1 M H2SO4 (n=3, mean ± SD). (c) Signal translation between the reaction read-out 
in the visible and the NIR regime. The reaction of TMB, H2O2 and varying HRP concentration was stopped after 30 
min, the absorption (red) was measured and 10 µL, from the reaction volume (total 250 µL) was transferred to a 
well containing C30-SWCNTs (n=3, mean ± SD). (d) Concentration dependent fluorescence and absorption 
changes (n=3, mean ± SD). € Relative responses and sensor-based signal enhancement (SENSAT). (f) The fits 
from both read-outs define the optimal SENSAT window (≈–1 - 20 pM). It is centered around the enzyme 
concentration causing 50 % response (light blue, mean ± SE), which depends on the enzymatic turnover and the 
affinity of the products for the nanosensors. Note that (e) and (f) are based on data from (d). Fits are linear for 
absorption data and modified Langmuir adsorption model (see text). Fit parameters: See table S2-S3. 

As for the PPD reactions, we observed a non-linear dependency between the responses 

generated with the classical and the NIR translated read-out. Based on the absorption spectra 

(Figure 5c), we first excluded the presence of TMB-I. Consequently, we assumed that only 

TMB and TMB-II modify the SWCNT fluorescence. Assuming substrate saturation, the TMB-II 

concentration [A] depends on the conversion rate (k) and the enzyme concentration [HRP]: 

[𝐴] = 𝑘[𝐻𝑅𝑃]. 

For HRP concentrations ≤ 25 pM, we observed a near-linear dependence between the HRP 

concentration and the absorption of the product (Figure 5c). At higher concentrations, we 

observed substrate depletion. Therefore, we restricted our analysis to HRP concentrations 

below 25 pM. 
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For this concentration range, the data from both methods can be readily described with our 

adsorption model and a linear equation (Figure 5c). To compare the both approaches, it is 

convenient to plot the response by normalizing the fluorescence to 0 and 1 and normalizing 

the absorption to 1. When plotting the response of both methods (Figure 5e), one observes a 

clear signal amplification in the nanosensor read-outs. Dividing the NIR read-out by the 

absorption read-out yields an enhancement factor of ≈ 2.5. The maximal signal enhancement 

is centered around the enzyme concentration causing 50 % of the response 

(4.35 ± 0.49 pM HRP), which illustrates that SENSAT depends on the affinity for the analyte. 

This amplification is smaller than the one observed for PPD but we underline that the basic 

concept of SENSAT remains valid and optimization of reaction conditions could further improve 

it.  

A simulation of SENSAT for a larger parameter space exemplifies the potential for optimized 

nanosensors (Figure 6). It shows that depending on affinities (Kd values) amplification by 

multiple orders of magnitude is possible for the pure enzyme products (Figure 6a). In enzymatic 

reaction conditions this is also possible (Figure 6b) even though our current implementation of 

SWCNTs-based sensors did only show smaller amplification factors. 

 

 

Figure 6: General parameter space for sensor-based signal enhancement and translation (SENSAT) at 
different experimental conditions. (a) Simulated enhancement by fluorescence relative to absorption. Note that 
some parameters from figure 3f have been used (BB product, (G2T)10-SWCNT nanosensors (0.1 nM)). (b) 
Simulated enhancement factor for the whole enzymatic reaction. Note that some parameters from figure 5f have 
been used (TMB as substrate (100 µM), C30-SWCNT sensors (0.5 nM), stopped after 30 min). The grey reference 
lines in both plots represent the experimentally determined values. Note that the signal amplification is restricted by 

the sensor saturation at high concentrations and the lower limit of the sensor.  

However, we anticipate that an optimization of reaction conditions including concentrations of 

the enzyme, buffer conditions, reaction stop conditions etc. will further increase the 

amplification. Most importantly, the SWCNT surface chemistry could be tailored to find sensors 

with enhanced affinity for TMB. This could shift amplification into the 10-100x range (Figure 

6b). For example, a DNA oligonucleotide with n nucleotides yields 4n potential variations that 

will affect sensing.79,80 Additionally, the introduction of sp3- and guanine-defects can further 

extend the chemical space needed for high affinity TMB biosensors.44,45,81–84 It is therefore 

likely that unique corona phases with enhanced affinities exist, which further advance the 

sensing capabilities of nanosensors. Another possibility is to immobilize the nanosensors 

directly on the ELISA substrate. Recent advances in SWCNT coating showed that long-term 

stable sterile coatings are possible.59 Therefore, there are many opportunities to optimize these 

systems and integrate it into existing standard ELISAs and significantly increase their 

performance. 
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Our findings lay the foundation of sensor-based signal amplification and translation (SENSAT) 

for enzymatic reactions of small molecules. We expect that exploring larger libraries and 

tailored surface chemistries will further advance the limits of this approach. In this context, 

highly sensitive nanosensor coatings and the NIR read-out with standard components 

showcase the potential for rapid integration in ELISAs and western blots.23,59  

Conclusion 

In summary, we present a straightforward method to translate the turnover of enzymatic 

reactions into the NIR spectrum and amplify the optical signal by using a nanosensor. To this 

end, we used as model system tailored SWCNTs, which are sensitive to different substrates 

and products used in typical ELISAs and western blots. Conceptually, this presents a novel 

approach for a signal translation to a different spectral region with a non-linear signal 

enhancement that is applicable to any fluorescent sensor/probe. Most importantly, the 

nanosensor amplifies the signal compared to absorption-based read-outs of colored products. 

This way it is possible to follow enzymatic reactions in the NIR below the normal limits of 

detection. The nanosensors can be easily added to and enhance the signal. Therefore, this 

approach can boost the performance of analytical techniques in which low detection limits of 

the enzymatic substrates and products are desirable. 
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Graphical Abstract 

 

ELISA substrates and products modulate the near-infrared fluorescence of single-walled 

carbon nanotubes (SWCNTs) modified with specific (bio)polymers. The affinity of these 

nanosensors for the analyte increases the effective local concentration compared to normal 

absorption measurements. This causes a signal enhancement, which improves the readout of 

enzymatic reactions. 
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