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ABSTRACT: We introduce a composite membrane comprising of multi-walled carbon 

nanotubes (MWCNTs) dispersed in a matrix of sulfated nanofibrillar cellulose (SNFC) and 

Nafion. The high negative charge densities of the SNFC and Nafion ionomers enhance the 

cationic selectivity of the composite. The composite is characterized by scanning electron 

(SEM) and transmission electron (TEM) microscopies as well as Fourier transform infrared 

(FTIR) and Raman spectroscopies. Tetrahedral amorphous carbon (ta-C) electrodes modified 

with the composite are investigated as potential dopamine (DA) electrochemical sensors. The 

composite-modified electrodes show significant selectivity and sensitivity towards DA in the 

presence of ascorbic acid (AA) and uric acid (UA) in physiologically relevant concentrations. 

A linear dopamine detection range of 0.05 – 100 µM with detection limits of 65 nM in PBS 

and 107 nM in interferent solution was determined using 100 mV/s cyclic voltammetry (CV) 

measurements. These results highlight the potential of the composite membrane for in vivo 

detection of neurotransmitters.  

1. INTRODUCTION 

Tetrahedral amorphous carbon (ta-C) thin films are highly versatile coatings made using a 

low-cost, patternable, and complementary metal−oxide−semiconductor (CMOS) compatible 

room temperature deposition process1 and are chemically inert.2 Their biocompatibility and 

resistance to fouling,3,4 combined with a wide potential window,5–8 makes them an attractive 

electrode material for in vivo electrochemical sensing of biomolecules. However, a major 

drawback of the ta-C electrodes is the lack of selectivity between various analytes. Various 

surface functionalizations,7,9 doping,6,8,10 and thin film modifications11–14 of the ta-C electrode 

are typically employed to improve the selectivity towards different analytes. In particular, 

modifications with high surface area carbon nanomaterials15,16 have been shown to 

significantly enhance the electrocatalytic properties of the ta-C electrode11–13 for detection of 

biomolecules such as dopamine (DA).  
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Dopamine is a neurotransmitter that plays a vital role in the cognitive and motor control 

functions of the brain. Local in vivo concentrations of dopamine in brain vary between 10 nM 

(overall basal level) to 1 µM (at the time of release events).17 Sensitive and selective detection 

of dopamine requires that the electrode is able to detect nanomolar levels of dopamine in the 

presence of interferents like uric acid (UA) and ascorbic acid (AA) which are typically present 

in concentrations of around 500 µM and 1 mM, respectively. Several studies are reported on 

sensitive detection of dopamine using various electrode materials.18–21 Improved selectivity is 

often achieved using thin films or composites of permselective polymers like Nafion22–24 and 

various functionalized carbon nanomaterials.11,13,15,25 However, to the best of the authors’ 

knowledge, none of these studies have demonstrated both selectivity and sensitivity towards 

nanomolar levels of dopamine in the presence of physiologically relevant concentrations of 

anionic interferents in cyclic voltammetry measurements.  

Integrating high surface area functional nanomaterials in a hygroscopic matrix such as 

nanocellulose can significantly improve the wetting and consequently the response time of a 

hybrid electrode material. Nanofibrillar cellulose (NFC), obtained from plant cellulose, has 

proven to be a promising material for engineered biopolymer membranes and composites in 

numerous applications including filtration, biomimetic membranes, drug delivery, energy 

storage and sensing.26 The fibrils are extracted from the hemicellulose and lignin matrix of 

wood pulp by a combination of mechanical treatments such as grinding and homogenization 

along with chemical pre-treatments to loosen the rigid cellulose structure.27 They comprise 

both crystalline and amorphous regions of cellulosic molecules, with dimensions in the order 

of few nanometers in diameter and up to several micrometers in length.28 Reconstituted 

nanocellulose and nanocellulose/polymer composite membranes have attracted tremendous 

research interest in various applications including electrochemical sensing.29–31 Chemical pre-

treatment of the cellulose nanofibrils enable the introduction of charged (anionic) functional 
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groups such as carboxylic, sulfate, sulfonic or phosphoric groups on the NFCs. Such charged 

NFCs have a high negative ζ−potential and hence form stable colloidal suspensions which have 

been used to effectively disperse nanomaterials for fabrication of functional composites.32–34 

There has been increasing interest in nanocellulose and carbon nanomaterial composites in 

the recent years, especially in energy storage applications35,36 and transparent electronics,32,37  

owing to the highly attractive properties of both these materials, which are often enhanced 

favorably in the composites. Investigation of such composites for electrochemical sensing 

applications are however still limited.38–40 In this study, we propose a composite membrane 

with multi-walled carbon nanotubes (MWCNTs) integrated in a highly sulfated nanofibrillar 

cellulose (SNFC) and Nafion® matrix, for electrochemical detection of dopamine. Introducing 

high surface charge densities in the matrix, using functionalized nanocellulose and Nafion 

ionomers, allows for tailoring of the ion flux in the matrix as well as stable dispersion of 

MWCNTs. An improved selectivity towards cationic DA is observed, due to the combined 

effect of the anionic sulfonic groups in Nafion and sulfate groups in the nanocellulose. Nafion 

further serves as a binder to keep the hydrophilic cellulose matrix adhered to the hydrophobic 

ta-C electrode.  

2. EXPERIMENTAL SECTION 

2.1. Composite preparation. Multi-walled carbon nanotubes grown by chemical vapor 

deposition (CVD) process (purity > 95%) were purchased from NanoLab, Inc. (Newton, MA). 

The MWCNTs are specified to have outer diameter in the range of 30±15 nm and 5–20 µm 

length. The MWCNTs were used as-received in the composite, without pre-treatments. Water 

suspensions (1.5 wt%) of highly sulfated nanofibrillar cellulose (SNFC), 5–10 nm diameter 

and ~200 nm long, were kindly provided by Betulium Oy. The degree of sulfation as specified 

by the manufacturer is 1.8 mmol/g (or average degree of substitution, DS = 0.36). Nafion®       

D-521 (molecular weight 544.135 g/mol) 5 wt% dispersion was purchased from Alfa Aesar. 
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The composite mixture was prepared by dispersing 0.11 g MWCNTs in 12 g of 0.375 wt % 

SNFC and 2 g of 5 wt % Nafion and diluting the mixture with 5.9 g of ethanol (> 99.5 %). The 

final dry weight percentages of MWCNTs, SNFC and Nafion in the mixture were 0.55, 0.225 

and 0.49 %, respectively (MWCNTs : SNFC : Nafion = 2.4 : 1 : 2.2). The ratio of SNFC to 

MWCNTs was chosen to be ~ 1 : 2, as higher ratios of SNFCs resulted in suspensions too thick 

to be drop-casted and lower ratios resulted in inhomogeneous suspensions. The weight 

percentage of Nafion was chosen to be equal to that of MWCNTs to facilitate homogeneous 

functionalization of the MWCNTs by Nafion ionomers and ensure good binding of the 

composite to the hydrophobic electrode surface. After magnetically stirring for 48 hours and 

ultra-sonication for 30 minutes a stable suspension was achieved. As a control test, mixtures 

of MWCNT/SNFC (2.4 : 1) and MWCNT/Nafion (2.4 : 2.2) with same weight percentages 

were also prepared in a similar manner. The suspensions were stored in the refrigerator and 

prior to drop casting on ta-C electrodes, the solutions were ultra-sonicated for 5 minutes. 

2.2. Electrode fabrication. The ta-C thin film electrodes were prepared by filtered cathodic 

vacuum arc (FCVA) deposition on highly conductive, p-type, boron-doped <100> Si wafers 

with < 0.005 Ohm- cm resistivity (Siegert Wafer, Germany). Before deposition of a 7 nm ta-C 

layer, a 20 nm Ti adhesion layer was deposited by means of direct current magnetron 

sputtering. The fabrication and characterization of ta-C electrodes are discussed in detail in 

previous work.8 The ta-C coated wafer was diced with an automated dicing saw (DAD 3220, 

Disco) into 5 mm x 5 mm pieces. The pieces were then packaged onto copper-clad FR4-PBB 

sheets with a 3 mm circular exposed area (0.07 cm2 effective electrode area) using a PTFE film 

(Saint-Gobain Performance Plastics CHR 2255-2). 5 μL drops of the MWCNT/SNFC/Nafion 

ternary composite as well as the control mixtures of MWCNT/SNFC and MWCNT/Nafion 

were drop-cast on the exposed surface of packaged ta-C electrodes and dried at room 

temperature for a minimum of 72 h prior to the electrochemical measurements. The 
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MWCNT/SNFC membranes dried in patches on the hydrophobic ta-C surface and delaminated 

rapidly in the electrolyte solution while the MWCNT/Nafion films contained non uniform 

clusters of MWCNTs in the Nafion matrix (Supplementary Figure S1). The electrochemical 

response of MWCNT/SNFC and MWCNT/Nafion modified ta-C electrodes were 

characterized in a solution containing 50 µM dopamine, 0.5 mM uric acid and 1 mM ascorbic 

acid. The MWCNT/SNFC modified electrodes were unstable due to delamination and the 

MWCNT/Nafion modified electrodes showed lower selectivity towards dopamine 

(Supplementary Figure S2). Therefore only the proposed composite of MWCNT/SNFC/Nafion 

was further characterized in the rest of this work.  

2.3. Characterization. Fourier transform infrared spectroscopy (FTIR) was carried out using 

Bruker Alpha II FTIR spectrometer in attenuated total reflection (ATR) mode. The ATR-FTIR 

samples were prepared by drop-casting the composite and suspensions of individual materials 

on aluminum foil and drying at room temperature. Visible-Raman spectroscopy was performed 

on a Horiba Jobin-Yvon Labram HR confocal Raman system with 514 nm argon (Ar) laser. 

Spot size of 1 µm was used with an Olympus 100x objective. Spectroscopic calibration was 

performed on p-type silicon (Si) wafers (Ultrasil). The planar and cross-sectional morphology 

of the drop-cast composite membrane (5 µl in a 3 mm hole on Teflon taped Si wafer) was 

assessed using Hitachi S-4700 scanning electron microscope. The Teflon tape was removed 

before imaging and both planar and cross-sectional samples were coated with ~5 nm gold-

palladium (Au-Pd) conductive layer by sputtering, for imaging. Non-coated samples prepared 

on ta-C chips were analyzed with energy dispersive X-ray spectroscopy (EDS) at low 

magnification using Tescan MIRA3 scanning electron microscope. High resolution 

transmission electron microscope (TEM) images were obtained using FEI Tecnai F20 at 200 

kV acceleration voltage. TEM samples were prepared by drop casting a highly dilute (1:1000 

in ethanol 99.5 %) solution of the composite on holey carbon copper grids (Agar Scientific). 
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The grids were dried at 70°C on a hot plate prior to imaging. ζ−potentials of a   0.025 wt % 

suspension of SNFCs in 1 mM KCl at pH 3, 5, 7, 9, and 11 were determined with Zetasizer 

Nano-ZS90 (Malvern). 

2.4. Electrochemistry. Electrochemical properties of the composite-modified ta-C 

electrodes were assessed by cyclic voltammetry measurements using a Gamry Reference 600 

potentiostat. A conventional three-electrode setup with an Ag/AgCl reference electrode                     

(+ 0.199 V vs SHE, Radiometer Analytical) and a platinum wire counter was used. 

Conventional outer sphere redox probes Ru(NH3)6Cl3 (hexaammineruthenium (III) chloride, 

Sigma-Aldrich), and K2IrCl6 (potassium hexachloroiridate (IV), Sigma-Aldrich) dissolved in 

1 M KCl (Sigma-Aldrich) were used to characterize the charge selectivity. L-ascorbic acid, 

uric acid and dopamine hydrochloride were purchased from Sigma-Aldrich. CV measurements 

of dopamine were carried out both in phosphate buffer solution (PBS, pH = 7.4), and in a 

physiologically relevant interferent solution containing 1 mM AA and 0.5 mM UA dissolved 

in PBS. Electrodes were immersed in PBS solution 15 minutes prior to the measurements and 

were kept immersed for the duration of the measurements. The electrochemical cell was kept 

at nitrogen overpressure during measurements and all the measurements were carried out at 

room temperature.   

3. RESULTS AND DISCUSSION 

3.1. Physical properties: 3.1.1. Electron microscopy. Planar scanning electron micrograph 

of the composite (Figure 1A) shows a dense fibrous surface over the entire area. The cross-

sectional micrograph (Figures 1B) shows a network of fibers with varying thickness and 

morphology likely due to the presence of both MWCNTs and NFCs, which appear well 

dispersed. This is further observed in TEM images (Figures 1C, D), where similar fibrous 

structures are found, coated by Nafion. The larger MWCNT (> 15 nm diameter), with well-

defined graphitic planes (lattice spacing 0.35 nm) and hollow cores, can be seen (Figure 1D) 
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interspersed with thinner (< 10 nm) nanocellulose fibers which show both amorphous and 

crystalline regions. EDS analysis (Supplementary Figure S3) of the composite film deposited 

on a ta-C coated silicon substrate shows the molybdenum (Mo) and iron (Fe) metal impurities 

from the MWCNTs dispersed throughout the composite membrane.    

 

Figure 1. Planar (A) and cross-sectional (B) SEM images of the composite on Si-wafer; High 

resolution TEM images (C and D) of the composite. Inset in Figure C shows the graphitic 

lattice spacing on MWCNT wall. 

3.1.2. ATR-FTIR. The absorbance spectra of SNFC (Betulium) together with that of 

unmodified nanofibrillar cellulose (from Department of Bioproducts and Biosystems, Aalto 

University) is shown in Figure 2A. Both samples were drop-casted on aluminum foils from 

aqueous suspensions and dried at ambient conditions for 24 hours prior to measurements. The 

SNFC shows strong peaks corresponding to the sulfate group, namely the symmetric C-O-S 
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vibration and assymetric S=O vibration, at around 810 and 1250 cm-1, respectively.41 In 

addition, a strong peak around 620 cm-1 can be observed, likely due to inorganic sulfate 

impurities from the sulfation process. These peaks are entirely absent in the unmodified NFC 

sample. The absorbance spectra of Nafion, MWCNTs and composite are shown together in 

Figure 2B, vertically offset for clarity. Suspensions of 5 wt % Nafion, MWCNTs in ethanol 

and composite mixture were also individually drop-cast on aluminum foils and allowed to dry 

at ambient conditions for 24 hours prior to measurement. The Nafion spectrum shows the 

characteristic CF2 peaks at 512, 625, 1145 and 1200 cm-1 in addition to the sulfonic group 

peaks.42 The composite membrane shows a large absorbance over the entire measurement 

window (400 to 4000 cm-1), similar to that of the MWCNTs. However, in the sulfonic group 

fingerprint region (800 to 1600 cm-1 in Figure 2B), the composite shows distinct peaks 

indicating the functionalization of the MWCNTs by the Nafion and nanocellulose in the 

composite. 

3.1.3. Raman spectroscopy. Raman spectra of the individual components as well as the 

composite, obtained with 514 nm argon laser are shown in Figures 2C and D. The Raman 

spectrum of p-type Si wafer, used as the substrate in all the Raman measurements, is shown in 

Figure 2C, along with Nafion and SNFC spectra, in the 50 to 3000 cm-1 region (vertically offset 

for clarity). Nafion spectrum shows strong peaks at 735, 804, 975, 1060, 1299 and 1374 cm-1. 

The corresponding characteristic Nafion peak associations43 are indicated in the figure. 

Characteristic cellulose peaks corresponding to C-O-C asymmetric (1096 cm-1) and symmetric 

stretching (1122 cm-1) and C-C ring asymmetric stretching (1160 cm-1) of the β-1,4 – glycosidic 

cellulose unit are observed in the SNFC spectrum.44 In addition, a distinct peak at 1060 cm-1 is 

also observed, which can be associated with the symmetric stretching of the sulfone νs(SO3
-) 

from the sulfate functional group. The composite material (Figure 2D) primarily shows the 

intense Raman active D (1344 cm-1) and G (1576 cm-1) bands, as well as the 2D (2689 cm-1) 
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and E2g+D (2927 cm-1) bands arising from the MWCNTs.45 No Nafion or nanocellulose 

contributions could be discerned relative to the Raman signal from the CNTs. No significant 

differences in the D and G band positions were observed in the composite compared to that of 

the individual MWCNTs, indicating that the MWCNTs were mostly unchanged structurally in 

the composite.  

    

Figure 2. ATR-FTIR spectrum of (A) sulfated nanofibrillar cellulose and unmodified 

nanofibrillar cellulose reference, and (B) Nafion, MWCNTs and composite membrane. Raman 

spectra (C & D) of the composite membrane and individual materials on p-type Si substrate 

measured using 514 nm laser wavelength. 
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3.1.4. ζ−potential. The ζ−potential measurements were carried out with 0.025 wt% SNFC 

suspension in 1 mM KCl solution. The values were found to be ~ -27, -40, -40, -50 and                    

-48 mV in pH 3, 5, 7, 9 and 11, respectively, indicating colloidally stable suspensions over a 

wide range of pH.  

3.2. Electrochemical behavior. In vivo detection of dopamine transients requires high 

temporal resolution which can be achieved with fast scan CV measurements. Although higher 

sensitivity and selectivity can be obtained by differential pulse voltammetry (DPV) and slow 

scan rate (< 50 mV/s) CVs, all CV measurements in this work have been made at a scan rate 

of 100 mV/s to obtain results that are more relevant for in vivo measurements. All CV curves 

presented in this work are as measured and have not been smoothed or background subtracted. 

The peak currents are estimated with baseline subtraction for the scan rate studies but for the 

concentration studies and amperometry measurements the peak current values are taken from 

as measured CVs. 

3.2.1. Charge selectivity. In order to investigate the selectivity of the composite membrane 

towards anionic and cationic molecules based on electrostatic effects, 1 mM solutions of 

standard outer sphere redox probes, namely positively charged Ru(NH3)6Cl3 and negatively 

charged K2IrCl6 in 1 M KCl were used. The CVs of composite-modified ta-C electrode at                  

500 mV/s in 1 mM K2IrCl6 and 1 mM Ru(NH3)6Cl3 solutions are shown in Figure 3A. The 

composite shows around 7 times higher sensitivity towards the cationic Ru(NH3)6
+2/+3 probe 

(Ipa = 235 µA at 500 mV/s CV) compared to the same concentration of anionic IrCl6
-2/-3

 probe 

(Ipa = 33 µA at 500 mV/s CV). Four different electrodes were measure at varying scan rates, 

from 25 to 1000 mV/s, in  1 mM K2IrCl6 as well as 1 mM and 5 mM Ru(NH3)6Cl3 solutions. 

The linearization of background subtracted anodic (Ipa) and cathodic (Ipc) peak currents along 

with error bars are shown in Figures 3B, C and D, respectively. The anionic K2IrCl6 shows a 

linear relationship with square root of scan rate, indicating diffusion controlled behavior. At 1 
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mM concentration, the cationic Ru(NH3)6Cl3 follows the direct scan rate, indicating 

electrostatic adsorption in the anionic cellulose matrix, as observed also by Thielemans et al.46 

However with higher concentration (5 mM) in the bulk solution, a diffusion controlled behavior 

is observed.  

Figure 3. Cyclic voltammograms of composite-modified ta-C at 500 mV/s in 1 mM 

Ru(NH3)6Cl3 and 1 mM K2IrCl6 solutions in 1 M KCl (A). The linearization curves of the redox 

currents of 1 mM K2IrCl6 versus square root of scanrate (B), 1 mM Ru(NH3)6Cl3 versus direct 

scan rate (C) and 5 mM Ru(NH3)6Cl3 versus square root of scanrate (D).  

3.2.2. Adsorption of cationic molecules in the composite. The adsorption and enrichment of 

cationic molecules in the composite membrane was further investigated with washout tests for 

both outer sphere redox probe Ru(NH3)6
+2/+3 and the inner sphere cationic analyte dopamine 

(Figure 4) at a scan rate of 100 mV/s. A composite-modified electrode was cycled for                   
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10 minutes in 1 mM Ru(NH3)6Cl3 in 1 M KCl solution, followed by 7 minutes of washout in  

1 M KCl solution. After the washout the electrode was remeasured in blank 1 M KCl solution. 

The oxidation peak of Ru(NH3)6
+2/+3 was negligible in the first cycle after washout, whereas a 

relatively low reduction peak was observed. After 10 cycles, the reduction peak was also 

significantly reduced and the CV followed that of the background in 1 M KCl (Figure 4A). The 

DA washout test was carried out by cycling a composite-modified electrode in 100 µM 

dopamine for 10 minutes, followed by 7 minutes washout in PBS and then remeasuring the 

electrode in PBS. Contrary to Ru(NH3)6
+2/+3 a strong signal of DA was observed, close to the 

intensity of the initial 100 µM DA solution signal, even after 7 minutes of washout in PBS. 

With further cycling the DA signal decreased gradually in intensity, but did not completely 

disappear even after 10 cycles (Figure 4B). These results indicate that while Ru(NH3)6
+2/+3 is 

likely only electrostatically adsorbed inside the composite matrix, the dopamine molecules are 

more strongly bound due to possible specific chemical interactions. To estimate the time 

response of the composite membrane to dopamine injections in physiologically relevant levels, 

amperometric measurements were carried out.  

3.2.3. Amperometric response. The chronoamperometric response of the composite-

modified ta-C electrode to dopamine addition in PBS was measured at a working potential of 

290 mV (vs. Ag/AgCl) under constant stirring. Figure 4C shows the amperometric response 

from 1 µM to 100 µM dopamine injection over a time span of 500 seconds. A well-defined 

oxidation current can be observed already at 1 µM DA injection (inset of Figure 4C) with 

Savitzky-Golay smoothing. The electrode shows a fast time response of less than 1 second for 

the dopamine injections and a steady state current is observed in less than 5 seconds. The 

corresponding steady state current versus dopamine concentration curve is shown in Figure 

4D, where a linear behavior is observed over the range of 1 to 100 µM DA concentration.  
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Figure 4. Cyclic voltammograms before and after washout of 1 mM Ru(NH3)6Cl3 in 1 M KCl 

(A) and 100 μM DA in PBS (B) from compositemodified ta-C electrodes at a scan rate of 100 

mV/s. Amperometric response of the composite-modified ta-C electrode to dopamine injection 

in PBS under stirring, with the inset showing the smoothed data for 1 and 5 μM injections (C) 

and the corresponding current calibration (D).  

3.2.4. Selectivity between DA, AA and UA. Figure 5A shows the cyclic voltammograms of 

unmodified ta-C electrode (black) and the composite-modified ta-C electrode (red), in a ternary 

interferent solution, containing 50 µM DA along with 1 mM AA and 0.5 mM UA, at a scan 

rate of 100 mV/s. The unmodified ta-C electrode is unable to resolve between the different 

analytes and shows an overlapping CV response. The composite-modified ta-C electrode 
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however, shows a clear distinction between the oxidation potentials of the different analytes, 

with significantly improved selectivity.  

 

Figure 5. CVs of unmodified ta-C vs. composite-modified ta-C at 100 mV/s scan rate in 

interferent solution (A) and the response of the composite-modified ta-C at 100 mV/s scan rate 

to AA, UA and DA individually and in same solution (B). CVs of composite-modified ta-C at 

varying scan rates in 100 µM DA solution (C) and the linearization curve of anodic and 

cathodic peak currents of DA versus direct scan rate (D). 

Compared to the unmodified ta-C electrode, all analytes exhibit a shift in the cathodic 

direction on the composite-modified electrode (Figure 5A), with AA exhibiting the largest 

shift. Despite the electrocatalytic effect, the AA peak intensity is found to be highly suppressed 

in comparison to previously reported values in materials functionalized with large surface area 

MWCNTs.11,13 This suppression of AA and UA peak intensity in the composite is likely 

attributed to the large negative charge of the SNFCs as indicated by the ζ-potential 
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measurements, as well as the negative sulfonic functional groups in Nafion. The response of 

the composite-modified ta-C to the individual analytes (1 mM AA, 0.5 mM UA and 50 µM 

DA) in PBS are shown in Figure 5B along with the ternary interferent solution. Both DA and 

UA oxidation peaks can be clearly distinguished despite the broad tail of AA oxidation peak. 

The electrochemical response of dopamine on unmodified ta-C electrodes has been discussed 

in detail in earlier works.13,47 Compared to the unmodified ta-C, the oxidation current of           

100 µM DA in PBS increased by a factor of 30 for the composite-modified ta-C electrode. 

3.2.5. Effect of scan rates. Figure 5C shows the cyclic voltammograms of the composite-

modified ta-C electrode, obtained at varying scan rates (10 to 500 mV/s), in a PBS solution 

with 100 µM DA. The linear curves of anodic (Ipa) and cathodic (Ipc) peak currents of dopamine 

(Figure 5D) are directly proportional to scan rate, indicating adsorption of DA in the composite 

membrane, as observed also in the washout test. Both UA and AA show a diffusion controlled 

behavior, with the redox currents exhibiting a linear relationship with the square root of scan 

rate (supplementary Figure S4 & S5). 

3.2.6. Sensitivity towards dopamine. The dopamine concentration measurements were 

carried out both in PBS and AA+UA interferent solutions by injecting aliquots of dopamine 

from stock solutions, while keeping the electrodes in the cell during the entire measurement 

series. Prior to DA injections, the electrodes were cycled in either the PBS or AA+UA starting 

solutions for 15 measurements of 1 cycle each, at 100 mV/s, to obtain a stable background. 

The last 3 measurements were used to estimate the standard deviation in background current 

(σ) for calculating the limit of detection. After each dopamine injection, the cell was bubbled 

with nitrogen for 5 seconds, followed by a single cycle CV measurement at 100 mV/s. Figures 

6A and B show the response of the composite-modified ta-C electrode to varying 

concentrations of DA in PBS and interferent solutions, respectively. The measurements were 

repeated with three different electrodes in each case, to assess repeatability. A slight 
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background variation from electrode to electrode was observed, likely due to the variations in 

the drop-casting procedure. The calibration curves shown in Figure 6C and D include also the 

electrode to electrode variation, without any background corrections.  

Figure 6. Cyclic voltammograms of composite-modified ta-C at 100 mV/s scan rate, showing 

the sensitivity towards dopamine at varying concentrations in (A) PBS solution and (B) 1 mM 

AA and 0.5 mM UA solution, with insets showing 0 to 2.5 µM DA concentrations. The 

corresponding current vs. concentration calibration curves with standard deviation (N=3) are 

shown in (C) and (D), with insets showing 0 to 2.5 µM DA concentrations. 

The linear current vs. concentration relationships, in the range of 0.05 - 100 µM, in PBS and 

interferent solutions were IDA (µA) = 0.77 * CDA (µM) + 38.37 (R2 = 0.999) and                             

IDA (µA) = 0.64 * CDA (µM) + 67.79 (R2 = 0.997), respectively. A reduction in the slope of DA 

peak current vs. concentration by 16.17% was observed in the interferent solution. Despite this 

decrease in sensitivity, a distinct peak of DA oxidation can still be seen for 500 nM DA (inset 
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of Figure 6B), which corresponds to the dopamine levels expected at the time of release events 

in brain. The sensitivity of the composite-modified ta-C electrode towards DA with varying 

concentrations of AA was further investigated by keeping the DA concentration constant at 1 

µM and varying the AA concentrations from 0.1 to 1.5 mM. The results are presented in Figure 

7, together with the corresponding DA current vs AA concentration calibration. A clear peak 

for 1 µM DA can be observed at all AA concentrations in Figure 7A. The DA peak currents 

plotted in Figure 7B are as observed in the CV scan, without subtracting the AA interference, 

and they follow a linear relationship with respect to the AA concentration. These results clearly 

indicate the potential of the composite-modified ta-C electrodes to measure physiologically 

relevant concentrations of DA at the time of release events, even in the presence of high 

concentrations of interferents. 

 

Figure 7. Cyclic voltammograms of composite-modified ta-C at 100 mV/s scan rate, showing 

the sensitivity towards 1 µM dopamine with varying concentrations of AA (A) and the 

corresponding DA peak current vs. AA concentration curve (B). 

The limit of detection of the composite-modified ta-C electrode was calculated using the 

equation LOD = 3.3 × σ/S (where σ is the standard deviation of the blank CVs (µA) and S the 

slope of the calibration curve (µA/µM)). The LOD of DA in PBS and in interferent solution 

was 65 nM and 107 nM, respectively, in the linear range of 0.05 – 100 µM. Despite the high 

capacitive background current (double layer capacitance = 5.847 ± 0.163 mF/cm2, see 
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supplementary Figure S6), the composite material shows a high selectivity as well as 

physiologically relevant LOD for dopamine.  

Table 1. A non-exhaustive list of publications where DA limit of detection (LOD) is calculated 

using CV measurements in an interferent solution containing UA and AA. 

Electrode material Interferents Linear 
range 
(µM) 

LOD in 
interferent 
solution 
(nM) 

Scan rate 
(mV/s) 
 

Reference 

Pt/CNS 10 µM UA, 
100 µM AA 

0.8 – 2  120 100 25 

GCE / MWCNT / 
PDOP / Pt NPs 

0 – 60 µM 
UA, 0 – 4 mM 
AA 

30 – 120 8800 50 48 

N_MWCNT/Au NPs 100 µM UA, 
500 µM AA 

12 – 322 300 20 49 

MWCNT/SNFC/Nafion 
modified ta-C electrode 

500 µM UA, 1 
mM AA 

0.05 – 100 107 100 This 
work 

Electrode explanations: Pt – platinum, CNS – carbon nanosheets, GCE – glassy carbon 

electrode, PDOP – polydopamine, NPs – Nanoparticles, Au – gold, N_MWCNT – nitrogen-

doped MWCNTs. 

A non-exhaustive list of publications where the limit of detection for dopamine was 

calculated using CV measurements made in an interferent solution containing AA and UA is 

given in Table 1. The more commonly used DPV measurements for determination of LOD in 

interferent solutions have not been included. Wang et al.25 demonstrated a selective DA sensor 

using carbon nanosheets modified platinum (Pt/CNS) electrodes in 100 mV/s CV 

measurements, however the concentrations of interferents used were less than that 

demonstrated in this work. Moreover, a larger linear range has been demonstrated in the current 

work. The as-measured CVs in the interferent solution (Figure 6B) demonstrate the ability of 

the proposed sensor to selectively detect ~500 nM DA in physiologically relevant 
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concentrations of UA and AA even in relatively fast 100 mV/s CV measurements. To the best 

of the authors’ knowledge, this has been demonstrated for the first time in the current work.  

4. CONCLUSIONS 

We have demonstrated a composite made of commercial multi-walled carbon nanotubes 

dispersed in a mixture of highly sulfated nanofibrillar cellulose (SNFC) and Nafion® as a 

modification for tetrahedral amorphous carbon electrodes. The composite-modified ta-C 

electrodes exhibit high sensitivity and selectivity towards dopamine in the presence of 

physiologically relevant concentrations of ascorbic acid and uric acid interferents in cyclic 

voltammetry measurements. The highly negatively charged SNFC enables the dispersion of a 

high concentration of MWCNTs, twice the dry weight of cellulose in the composite, while 

Nafion serves as a binder between the composite membrane and the hydrophobic ta-C 

substrate. Further, the high density of negative functional groups present in both the sulfated 

nanocellulose fibrils and Nafion ionomers enhance the selectivity of the composite towards the 

cationic dopamine molecules. The proposed sensor can selectively detect nanomolar 

concentration of DA in 100 mV/s scan rate CV measurements, in the presence of 1 mM AA 

and 0.5 mM UA. These results demonstrate hybrid nanocellulose-based composites as potential 

electrode materials with tailored charge transport for selective electrochemical detection of 

biomolecules. 
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