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Abstract  
A novel biosensor based on carbon nanofibers/diamine oxidase was prepared by modification of 

screen-printing electrodes. The enzyme diamine oxidase was immobilized onto the carbon nanofibers 
modified carbon screen-printed electrodes by drop and dry method followed by cross-linking reaction 
with glutaraldehyde. The presence of norepinephrine in analyzed samples was correlated to increasing 
of cathodic current at -0.60 V. The procedure for preparation of biosensor was optimized. Furthermore, 
the experimental parameters affecting the sensitive properties of biosensors were optimized. In optimal 
conditions of pH and potential applied, the amperometric biosensor was characterized. The biosensor 
shows low detection limit (0.23 mM), good repeatability, and high affinity to norepinephrine ( app

MK = 

21.5 mM) demonstrating good quality performances of the biosensor. In addition, the Hill coefficient (h 
= 1.02) indicates a Michaelis-Menten kinetics of the enzymatic reaction. The biosensor was validated 
by standard addition method and was applied to the quantification of norepinephrine in pharmaceutical 
samples.  

Keywords: diamine oxidase, carbon nanofiber, screen-printed electrode, norepinephrine, amperometric 
biosensor 

1. Introduction
Norepinephrine is an endogenous catecholamine with multiple roles in mammalian 

central nervous systems, and it can be found in the nervous tissue and biological body fluids 
[1]. Norepinephrine is related to the fight-or-flight reaction around the body, increasing heart 
rate, and increasing blood flow to skeletal muscles. When used as an exogenous drug, 
norepinephrine functions as a vasopressor [2].  

Different classical methods for determination of norepinephrine were described, 
including high-performance liquid chromatography [3], gas chromatography [4], ion 
chromatography [5] and spectrophotometry [6]. The classical methods require expensive 
equipment and reagents, the measurements time is large, and require high specialized 
researchers [7].  

In recent years, modified electrodes were used for electrochemical analysis of 
norepinephrine were developed [8]. However, those methods have limitations due to the 
overlap of the electrochemical signals corresponding to electroactive compounds presents in 
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real samples. An alternative to those methods are the electrochemical biosensors. The 
advantages of biosensors comparing to sensors are the improved sensitivity and superior 
selectivity [9].  

The biosensors used for detection and quantification of norepinephrine are principally 
based on tyrosinase immobilized on glassy carbon electrode modified with carbon nanotubes 
[10], multilayer films containing DNA and gold nanoparticles [11] and DeniLite laccase 
immobilized on Pt [12]. 

In order to improve the selectivity and sensitivity novel biosensors are necessary. 
Necessity to develop more sensitive biosensors is a demand in actuality, especially for 
biomedical applications. For this purpose new features could be used, such as the use of 
carbon nanofibers and enzyme diamine oxidase. A favorable design for the construction of 
biosensor is based on screen-printing technology. 

Screen-printed electrodes present some advantages versus conventional electrodes as they 
are appropriate for working with small volumes and permit the development of sensitive, 
accurate and reproducible biosensors [13]. Suitable modification of the electrode surface with 
enzymes increasing sensitivity and/or selectivity and expanding the field of application [13]. 

Amine oxidases (monoamine and diamine oxidases) are found both in the blood and in 
body tissues. The enzymes catalyze the oxidation of biogenic amines, such as tyramine, 
histamine, and dopamine as well as serotonin, norepinephrine, and polyamines, to form 
aldehydes and ammonia (NH3 is generated from the cleaved amine group). In the reaction, 
oxygen (O2) is reduced to form hydrogen peroxide (H2O2) [14].  

Diamine oxidase is a member of the class of copper-containing amine oxidases and 
catalyzes the oxidative deamination of biogenic amines. DAO catalyze the oxidative 
deamination of primary amines to form the corresponding aldehydes, ammonia and hydrogen 
peroxide [15]. 

Carbon nanofibers (CNF) have good mechanical properties, high electrical conductivity, 
and a high and unique surface state, which facilitates surface modification and (bio) chemical 
functionalization including immobilization of biologic active molecules [16]. It will be 
expected that modification of the carbon-based screen printed electrode with carbon 
nanofibers to improve the sensitivity, selectivity and stability of the biosensor. These 
expectations are based on previous results. For instance, for dopamine detection CNF arrays 
can be utilized as an alternative carbon electrode for neurochemical monitoring [17]. In other 
studies were demonstrated that the carbon nanofibers enhance the activity of the surface of the 
electrode and provide a good substrate for the adsorption and voltammetric detection of 
dsDNA [18] or for measuring the activity of proteases [19]. In this work, an electrochemical 
biosensor was fabricated by modification of screen printed carbon electrode with carbon 
nanofibers and diamine oxidase. The electrochemical properties of biosensor were 
investigated for the determination of norepinephrine. It can be used to selectively determine 
norepinephrine in complex solutions by measuring reduction peak current during an 
amperometric experiment. The biosensor shows high sensitivity, selectivity, and repeatability. 
It was successfully applied to quantify the concentration of norepinephrine in pharmaceutical 
samples.  
 
Materials and Methods 
2.1.  Reagents and materials  

Diamine oxidase (DAO, from porcine kidney, ≥0.05 unit×mg-1 solid, EC 1.4.3.6) was 
obtained from Sigma-Aldrich. A 2 mg×mL-1 solution of DAO in buffer phosphate solution 
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(100 mM, pH 7.4) and glutaraldehyde (Sigma-Aldrich) aqueous solution were used for the 
DAO immobilization.  

DL-Norepinephrine hydrochloride, epinephrine hydrochloride, dopamine hydrochloride, 
uric acid, tryptophan, and phenylalanine were purchased from Sigma-Aldrich. Other 
purchased chemicals included sodium hydroxide, hydrochloric acid, calcium chloride, sodium 
chloride, sodium monohydrogen phosphate, potassium dihydrogen phosphate (all from S.C. 
Chemical Company S.A.) and L-ascorbic acid (Riedel-de Haën). 

All solutions were prepared using Milli-Q water (Millipore, Bedford, USA). All reagents 
used were of analytical grade.  

The supporting electrolyte used for the measurements was a 100 mM phosphate buffer 
solution (PBS) of pH=7.4. PBS was prepared in the laboratory from the corresponding 
quantities of mono- and di-phosphate sodium salts. 1M aqueous solutions of NaOH or HCl 
were used to adjust the pH. 

Screen-printed electrodes (4 mm diameter, A=0.1256 cm2) purchased from Dropsens S.L. 
[20], ref. DRP-110CNF (screen-printed carbon electrodes modified with carbon nanofibers) 
were used for biosensor construction. 

Applicability of biosensor was studied by analyzing pharmaceutical formulations of 
norepinephrine. Pharmaceutical samples including Noradrenaline Tartrate Aguettant (1 mL 
solution contain 1 mg norepinephrine in the soluble form of norepinephrine tartrate - 
excipients are sodium chloride, sodium hydroxide or hydrochloride acid) and Levophed 
(norepinephrine bitartrate, 1 mL contains the equivalent of 1 mg base of norepinephrine, 
sodium chloride for isotonicity, and not more than 0.2 mg of sodium metabisulfite as an 
antioxidant) were purchased from pharmacies. 

 
2.2.  Apparatus and measurements 

All electrochemical measurements were carried out by a Biologic Science Instruments SP 
150 potentiostat/galvanostat EC-Lab Express software equipped with a three electrode system 
consisting DAO/CNF/SPE electrode as a working, Ag as pseudo-reference electrode and C as 
auxiliary electrode. 

For dissolving of solid compounds and homogenization of solutions an Elmasonic S10H 
ultrasonic bath was used. For continuous stirring of solutions necessary in amperometric 
measurements a magnetic stirrer (Velp) was used. An Inolab pH 7310 equipment was used for 
pH measurements.  
 
2.3.  Apparatus and measurements 

DAO was immobilized over CNF-carbon thick film by drop-and-dry method followed by 
cross-linking reaction with glutaraldehyde. 90 mL of 100 mM phosphate buffer (pH 7.4) 
containing 2 mg×mL-1 of DAO was added onto 0.1256 cm2 area of CNF-carbon thick film 
(optimal conditions). After drying, the DAO-CNF-carbon films were exposed to vapors of 5% 
(v/v) glutaraldehyde aqueous solution for 15 min at room temperature. The electrode having 
DAO-immobilized in the carbonaceous film was rinsed with PBS to remove unbound DAO 
molecules from the sensitive layer. Finally, the biosensor was dried at 10°C and stored in the 
fridge at 4°C [21]. 
 
3. Results and Discussions 

In this work, carbon nanofibers (CNF) were used as nanostructured matrix for 
immobilization of diamine oxidase (DAO). The screen-printed carbon electrodes modified 
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with carbonaceous nanomaterials are appropriate for the development of electrochemical 
biosensors with an improved active area and rapid electron transfer properties.  

 
3.1.  Optimization of the biosensor fabrication 

In order to establish the optimal quantity of DAO on surface of carbon nanofibers 
modified screen-printed electrode (SPE) different biosensors were prepared increasing the 
quantity of DAO immobilized. Figure 1 shows the variation of biosensor response in function 
of the amount of DAO immobilized on the carbon nanofibers of modified SPE. 

 
 

 
 
 
 
 

Figure 1. Effect of the DAO quantity 
added on the carbon nanofibers modified carbon 

screen-printed electrode surface on the 
biosensor sensitivity for norepinephrine (100 

mM norepinephrine, supporting electrolyte 100 
mM phosphate buffer, pH 7.4). Applied 

potential −0.60 V. 
 
 

 
The reduction current increases as the DAO quantity is increased. For higher quantity 

than 9 mU of DAO a decrease of the biosensor response is observed. This behavior point out 
that at low quantities, DAO enzyme increase the rate of the redox process at the biosensor 
surface. High quantities of DAO can cause diffusion limitation. Consequently, 9 mU of DAO 
was chosen to prepare the biosensor, because no significant variation on the biosensor 
response between 9 and 11 mU of DAO was observed. 

For increasing the biosensor stability the cross-linking of DAO by means of 
glutaraldehyde was necessary. The optimal time for reticulation of enzyme the biosensor was 
studied using biosensors containing the optimal quantity of DAO. The biosensors were 
exposed to glutaraldehyde vapors, in a closed box, during 5, 10, 15 and 20 minutes. After 
cross-linking process, a decrease of the biosensor signal was observed but, in the same time, a 
increasing of the biosensor stability was observed. From the practical point of view, it is 
necessary to exist an equilibrium between stability and sensibility. Therefore, the biosensor 
with the optimal properties for applications in real samples was it exposed to a 5% (v/v) 
glutaraldehyde for 15 min. 

 
3.2. Cyclic voltammetry 

The cyclic voltammograms of DAO based biosensor in 100 mM phosphate buffer 
solution, pH 7.4 and 100 mM norepinephrine (in 100 mM phosphate buffer solution, pH 7.4) 
were shown in Figure 2.  
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Figure 2. Cyclic voltammogram of DAO-
CNF/C-SP biosensor in 100 mM norepinephrine 
solution (100 mM PBS, pH 7.4) (full line) and 

biosensor in 100 mM phosphate buffer solution, pH 
7.4 (dashed line), respectively. Scan rate 0.050 V×s-1. 

 
 
 
 
Cyclic voltammogram of the biosensor immersed in 100 mM phosphate buffer (pH 7.4) 

solution did not present any peak in the potential range studied. As can be observed, in the 
cyclic voltammogram of biosensor in norepinephrine solution two redox pairs related to 
oxidoreduction processes of norepinephrine and norepinephrine-derivative formed by 
biocatalytic action of DAO.  

The enzymatic and electrochemical processes at the biosensor surface are presented in the 
following reaction scheme. 
 

 
 

 
 

H2O2 + 2H+ + 2e-→ 2H2O 
 

The mechanism of detection relies on the detection of hydrogen peroxide, formed in the 
enzymatic reaction. DAO catalyze the conversion of norepinephrine in aminoaldehyde-
derivative, hydrogen peroxide and ammonia. Hydrogen peroxide formed is electrochemically 
reduced at the electrode surface [22]. 

The biosensor detection mechanism is based on the electrochemical reduction of 
hydrogen peroxide, which occurs at relatively high negative potentials (-0.6V) [23]. 

In an amperometric experiment, current flowing through DAO-CNF/C-SP electrode at –
0.60 V was measured as a function of concentration of H2O2 in 100 mM phosphate buffer (pH 
7.4). The electrolyte was stirred uniformly during the experiment. A wide concentration range 
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from 2 μM to 20 mM was studied. Subsequent to each addition of H2O2, the DAO-CNF/C-SP 
electrode shows a rapid response in increasing the current. The response DAO-CNF/C-SP 
electrode is linear with H2O2 concentration in the range from 2-200 mM. The sensitivity of the 
biosensor is 0.295 mA×mM-1, a value similar with the sensitivity obtained for norepinephrine. 

The presence of peaks related to those processes demonstrate that the DAO maintains its 
biocatalytic activity when it was immobilized on CNF-C composite layer. DAO immobilized 
on CNF catalyze the oxidation of norepinephrine. The sharp and intense reduction peak reveal 
a fast electron transfer at DAO immobilized on CNF-C electrode [24]. 
 
3.3. Optimization of the experimental parameters 

The modification of biosensor response on the applied potential was investigated over a 
potential range of -1.0 to 0.0 V, using 100 mM norepinephrine in 100 mM phosphate buffer 
(pH 7.4). 

The effect of applied potential for the DAO-CNF/C-SP electrode on the amperometric 
signal and background current is shown in Figure 3.  

 
 

 
 
 
 
 
 
Figure 3. Current-potential dependence in 100 mM 
norepinephrine (supporting electrolyte 100 mM PBS, 
pH 7.4) under continuous stirring. 
 
 

The maximum of the biosensor signal in solution of target molecule versus background 
current is obtained at -0.60 V. When applied potentials more negatives than -0.60 V, background 
current increases rapidly because of reduction of dissolved oxygen. For that reason, -0.60 V was 
used as the applied potential. This potential is appropriate for an optimal detection because only 
few chemical species present in samples could be reduced at such a low potential [23]. 

The response of the DAO-CNF/C-SP electrode is affected by the concentration of protons 
that are involved in redox reaction at the biosensor surface. The effect of pH for the DAO-
CNF/C-SP electrode in 100 mM PBS containing 100 mM norepinephrine is shown in Figure 4. 

 
 
 
 
 
 
 

Figure 4. The effect of pH value in biosensor 
response. Experimental conditions: 100 mM PBS 

containing 100 mM norepinephrine. 
Applied potential: -0.60 V. 
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The sensitivity increases as the pH changing from 5.4 to 7.4, and then decreases from 7.4 
to 9.4. The pH value of 7.4, at which the cathodic current achieve the maximum value, is in 
good agreement with the activity of free DAO [24]. To obtain the maximum response of 
biosensor, a pH of 7.4 for the electrolyte solution was selected for the following studies. 

 
3.4.  Influence of scan rate on the biosensor response 

Influence of scan rate on the biosensor response studies were carried by registering the 
cyclic voltammograms of the DAO-CNF/C-SP biosensor at different scan rates, from 0.05 to 
0.25 V×s-1 in 100 mM norepinephrine solution (Figure 5). The peak currents varied linearly 
with the scan rate (n) (linear equation of the plot was y=-0.104x-32.8; R2=0.9952. 

The cyclic voltammetry kinetics results point out the cathodic peak currents (Ipc) for 
norepinephrine is kinetically controlled on biosensor surface by charge transfer process. 

 
 
 
 
 
 
 

Figure 5. Cyclic voltammograms of 
DAO-CNF/C-SP biosensor in 100 mM 
norepinephrine (pH 7.4) registered with 

different scan rates. 
 

 
 
 
 
 

The currents of the cathodic peak were proportional to scan rates, pointing to a charge 
transfer limited process (due to the biocatalytic activity of the enzyme immobilized on the 
biosensor surface).  

From the relationship of cathodic peak potential and log of scan rate for an irreversible 
process is given by Eq. (1) [25]. 

 

K
Fn

RT
Epc  

 

log
3.2

              (1) 
 

where Epc is the potential of cathodic peak (V), a is the electron transfer coefficient, na is the number of 
electrons transferred in the redox process, v is the potential scan rate (V×s-1), F is the Faraday constant (F = 
96,485 C×mol-1), R is the ideal gas constant (8.314 J×K-1×mol-1), K is a constant, and T is the temperature (K). 

 
The Tafel slope of norepinephrine calculated was 89.3 mV/decay, that is higher than the 

60 mV/decade estimated for a two-electron rate determining step. The higher Tafel slope 
value could be related to chemical reaction coupled to electrochemical steps or to 
norepinephrine-diamine oxidase interactions in a reaction intermediate [25]. Considering 
na=2, the transfer coefficient determined from the slope of the representation Epc = f(log (υ)) is 
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0.72. Value greater than 0.5 obtained indicate that there is a greater probability of forming 
products in the reaction-activated transition [25]. 
 
3.5. Calibration curve 

Figure 6 showed the variation of the cathodic current of biosensor and the norepinephrine 
concentration (in PBS pH 7.4) at -0.60V (calibration curve). 

 
 

 
 
 
 
 
 
 
 

Figure 6. Calibration curve for the biosensor obtained 
for norepinephrine at - 0.60 V. 

 
 

It can be observed from Figure 6 that the cathodic current relationship is linear with 
norepinephrine concentration in the range from 1 to 40 mM, indicating that the redox reaction 
is one first-order reaction. After that, with additional increasing of norepinephrine 
concentration, the cathodic current increases slowly, and the redox reaction shows a 
modification from first-order to zero-order. The slope of the linear range (the sensitivity) of 
the biosensor is 0.28 mA×mM-1. The detection limit was calculated in accordance with the 
3sb/m criterion. In this criterion m is the slope of the linear range, and sb is the standard 
deviation (n = 7) of the amperometric signals from different solutions of the norepinephrine at 
the concentration level corresponding to the lowest concentration of the calibration plot. The 
detection limit calculated was 0.23 mM. The value obtained is low and the biosensor 
accomplish the requirements of practical applications. 

Additionally, from the calibration data, the Hill coefficient (h) was calculated from 
log[I/(Imax-I)] vs. log [S] plot (the logarithm of norepinephrine concentration). A Hill 
coefficient of 1.02 was calculated for the reduction process (R2=0.952). The value obtained 
for the Hill coefficient was close to unity. Therefore, the kinetics of the enzymatic reaction of 
norepinephrine fitted into a Michaelis–Menten type kinetics [26].  

The apparent Michaelis-Menten constant (
app
MK ) is calculated for the immobilized DAO 

by the amperometic method [26].  
The kinetic parameters were related through equations (2) and (3) and can be calculated 

from the plot of Lineweaver-Burk equation (equation 3): 

app
MKS

SI
I




][

][max

  (2) 

 ox

app
M

SI

K

II maxmax
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  (3) 
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where: [S] is the concentration of norepinephrine, I is the cathodic current at -0.60V, 
app
MK  is the apparent 

Michaelis-Menten constant and Imax is the steady-state current. 
 

The maximum current response (Imax) and apparent Michaelis–Menten constant 
app
MK  

were calculated from the intercept and slope of the equation (3) plot. The Imax is 11.84 mA, 

with 
app
MK  = 21.5 mM. According to the inherent characteristic of Michaelis–Menten constant 

(
app
MK ), the less the value of 

app
MK , the stronger will be the affinity between DAO and 

norepinephrine [26]. This indicates that the biosensor have a wide linearity range for the 
quantification of norepinephrine concentration. 

 
3.6. Interference studies 

In optimal experimental conditions, the influence of different interfering compounds on 
the detection of 50 mM norepinephrine was studied. The result expressed as tolerance limit 
was considered as the maximum concentration of the interfering compounds, which caused an 
±5% relative error in the determination of norepinephrine.  

The concentrations of interfering compounds were 0.1 M for Na+, Ca2+ and Cl−; 10-3 M 
for uric acid, tryptophan, phenylalanine and ascorbic acid. The tolerance ratios of interfering 
compounds to 50 mM norepinephrine were 3000 for Na+, Ca2+ and Cl−, 400 for uric acid, 
tryptophan, phenylalanine and 50 for ascorbic acid. 

However, when the interfering compounds were epinephrine or dopamine, the 
interferences were important. By using cyclic voltammetry as detection method, some small 
difference (0.005V) among reduction peaks were observed. The selective is improving by 
using square wave voltammetry as detection technique (difference among reduction peaks 
were 0.010 V). In the case of amperometric measurements (potential applied -0.6 V) the 
current is proportional with total concentration of biogenic amines present in analyzed 
solution. In the case of histamine the interference is insignificant. Therefore, in practical 
application when the amperometry is used, the catecholamine content of sample is 
determined. Total catecholamine content could be useful in medical diagnosis [27]. 

 
3.7. Biosensor repeatability and stability 

The repeatability of the biosensor response was studied. The amperometric measurements 
were performed in a 50 mM norepinephrine solution. Among replicate measurements the 
biosensor was rinsed with 100 mM PBS of pH 7.4. The relative standard deviation (RSD) of 7 
replicate measurements was 3.8%. Therefore the biosensor could be used repeatedly without 
significant modification of the amperometric response. 

However, the stability of the biosensor in time is reduced. The cyclic voltammogram is 
changing if the biosensor is kept for 1 day at 4°C. The modifications are related to 
degradation of enzyme and oxidation of pseudo-reference electrode made from Ag. 
Therefore, this biosensor is recommended to be used as disposable biosensor. 

 
3.8. Real samples analysis: application in pharmaceutical samples 

DAO-CNF/C-SP biosensor was applied to the quantification of norepinephrine in 
pharmaceutical samples.  

A measured volume of pharmaceutical sample was introduced into the electrochemical 
cell, containing PBS 100 mM of pH 7.4. Amperometric signals were recorded in the optimal 
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conditions (applied potential −0.60 V, constant stirring, pH 7.4). Three replicates were carried 
out for each sample. The contents in norepinephrine of pharmaceutical formulations 
determined with DAO-CNF/C-SP biosensor are presented in Table 1. 
 

 
Table 1. The norepinephrine concentration values (mean of three replicates) founded in pharmaceutical 

formulations by amperometry. 
 Pharmaceutical product 

 Noradrenaline Tartrate 
Aguettant 

Levophed 

Labeled claim (mg×mL-1 norepinephrine) 1 1 

Amount found (mg×mL-1) 0.985 1.042 

Standard deviation (mg×mL-1) 0.004 0.005 

 
As observed in Table 1, the values obtained with the biosensor were close to labeled 

content demonstrating the applicability of biosensor in pharmaceutical analysis. The 
interference effect of excipients in detection of norepinephrine is insignificant. 
 
4. Conclusions 

This work has demonstrated the viability of a DAO-CNF screen-printed based biosensor 
for quantification of norepinephrine. Moreover, it has confirmed that carbon nanofibers 
matrix is appropriate for the immobilization of diamine oxidase. The novelty of this work lies 
in the use of electrochemical disposable screen-printed device, which is based on diamine 
oxidase and detection is based on electrochemical reduction of H2O2. The efforts in the 
development of this biosensor is mainly focused on the improvement of their selectivity and 
sensitivity as well as their miniaturization. The DAO-CNF screen-printed based biosensor 
allows measuring at a low operational potential of -0.6V, thus, reducing the possible 
interfering by compounds present in the complex sample. The biosensor shows high 
sensitivity, selectivity and repeatability for the amperometric detection of norepinephrine. The 
applications of biosensor include quantification of norepinephrine in pharmaceutical samples. 
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