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A B S T R A C T   

Carbon nanodots modified with azure A (AA-CDs) have been synthesized and applied as redox mediator of 
bioelectrocatalytic reactions. A deep characterization of AA-CDs nanomaterial has been carried out, proving the 
covalent attachment of azure A molecules into the carbon dots nanostructure. Disposable screen-printed carbon 
electrodes (SPCE) have been modified with AA-CDs, through the action of chitosan polymer (Chit-AA-CDs/ 
SPCE). The Chit-AA-CDs/SPCE electrocatalytic activity towards the oxidation of NADH has been proved, 
obtaining excellent results regarding the low oxidation potential achieved (− 0.15 V vs. Ag) and low detection 
and quantification limits (LOD and LOQ) for NADH, 16 and 53 µM, respectively. The developed electrochemical 
platform has been applied for the construction of a glutamate biosensor by immobilizing L-glutamic dehydro
genase (GLDH/Chit-AA-CDs/SPCE). The morphology of GLDH/Chit-AA-CDs/SPCE platform was analysed by 
AFM at each different step of the electrode modification process. The resulting biosensing platform is capable of 
detect NADH enzymatically generated by GLDH in the presence of glutamate and NAD+. Good analytical pa
rameters were obtained for glutamate analysis using GLDH/Chit-AA-CDs/SPCE, as LOD and LOQ of 3.3 and 11 
µM, respectively. The biosensor has been successfully applied to the analysis of food and biological samples.   

1. Introduction 

Glutamate is the main excitatory neurotransmitter involved in brain 
functions such as cognition, memory and learning. Blood glutamate 
levels remain in a steady state under normal conditions and a healthy 
diet prevents significant fluctuations, but in a variety of brain diseases, 
glutamate levels in either blood, cerebrospinal fluid, or both, can rise 
significantly, causing a serious consequence for the brain [1] and pe
ripheral tissues [2]. Therefore, it is important to control glutamate blood 
level during the diagnosis of some diseases and monitoring of 
treatments. 

Glutamate control is also important in the food industry. The 
ingestion of high concentrations of L-glutamate from food can induce 
the appearance of neurological manifestations such as Parkinson’s and 
Alzheimer’s disease [3]. Despite of these harmful effects, monosodium 

glutamate is one of the most widely used food-additives in commercial 
foods. Indeed, its use has increased over time, and it is present in many 
ingredients and processed foods [4]. European Food Safety Authority 
limits the use of glutamate as additive as a maximum permitted level of 
10 g/Kg [5], which makes necessary to quantify glutamate levels in 
food. 

The need of glutamate determination in a rapid and easy way has led 
to the development of alternatives to the EU official methodologies 
mainly based on ion exchange chromatography coupled to photometric 
detection (IEC-VIS). This method requires a hard sample treatment and 
consumes high analysis times, together with expensive instrumentation. 
All these reasons are leading the scientific communities to develop new 
analysis methods. Among them, electrochemical biosensors are capable 
of providing a fast response, with enough sensitivity and selectivity, and 
furthermore with a minimum sample treatment even in the case of 
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complex matrix, such as blood serum or food [6]. 
Two different enzymes have been traditionally used for glutamate 

biosensor development: Glutamate oxidase (GLOx) and glutamate de
hydrogenase (GLDH). The fact that GLDH is usually more affordable 
than GLOx is the main reason why it is the favourite [6]. Furthermore, 
GLDH presents the advantage of a reaction mechanism independent of 
oxygen concentration. As GLDH is a nicotinamide adenine dinucleotide 
(NAD+) cofactor dependent, the mechanism described for GLDH enzy
matic reaction (1) in this kind of biosensors requires the use of a redox 
mediator (2), essential to carried out the electrochemical detection over 
the working electrode at low potentials (3): 

L − Glutamate+NAD+ ̅→
GLDH NADH + α − ketoglutarate (1)  

NADH +Mediatorox→NAD+ +Mediatorred (2)  

Mediatorred→ne− +mH+ +Mediatorox (3) 

Therefore, the development of electrochemical GLDH biosensor re
quires the use of redox mediator capable to electrocatalyze the oxidation 
of NADH. Among them, phenothiazines stand out [7,8] for the really 
good results obtained, in terms of the low potential required, in partic
ular in the case of azure A (AA) [9,10]. 

In the way of enhancing electrochemical sensor sensitivity, nano
materials have been widely employed with the aim of increasing the 
electroactive area of the working electrode, improving the signal/noise 
ratio [11]. In this sense, carbon nanomaterials as carbon nanotubes 
[12], graphene flakes [13], nanodiamonds [14] and carbon nanodots 
(CDs) [15–17] have been employed during the last years. 

The fast and easy synthetic procedures of chemically modified CDs to 
endow them with specific functionalities open new possibilities of syn
thesizing à la carte nanomaterials. Bottom-up strategies allow choosing 
specific organic moieties that will be present in the final CDs nano
structure with the aim of providing some specific properties. This is the 
case of using some quinones to customize the electrochemical behaviour 
of CDs [18], and porphyrin-containing carbon dots, used to generate 
cytotoxic singlet oxygen upon irradiation, and to induce cell apoptosis 
[19]. Recently, our group has developed a new synthetic procedure to 
incorporate thionine to the CDs nanostructure, granting to CDs with 
electroactivity at potentials close to those described for thionine [20]. 
Considering the great success of AA as NADH electrocatalyst [9,10], we 
think that a similar approach can be carried out in order to obtain CDs 
with AA molecules inserted in their nanostructure, generating a material 
that combines the advantages of CDs and the electrocatalytic activity of 
AA towards NADH oxidation, with the idea of developing improved 
biosensors based on NADH dependent enzymes for application of 
different interesting analytes. 

2. Materials and methods 

2.1. Chemicals 

Sodium chloride, dibasic and monobasic sodium phosphate, L-argi
nine, 3,3′-diamino-N-methyldipropylamine, azure A chloride (AA), 35% 
hydrochloric acid, glacial acetic acid, Chitosan, β-Nicotinamide adenine 
dinucleotide reduced disodium salt hydrate (NADH), β- Nicotinamide 
adenine dinucleotide sodium salt (oxidized form, NAD+), L-glutamic 
acid monosodium salt monohydrate, bovine serum albumin (BSA), 
human serum and all other chemicals used in this work were purchased 
from Merck. L-glutamic dehydrogenase (GLDH; EC 1.4.1.3 ≥35 U/mg 
protein; from bovine liver) were obtained from Merck. The enzymatic 
assay kit for glutamate quantification (K-GLUT 04/18) was purchased 
from Megazyme. 0.1 M phosphate buffer (PB), pH 7.4 was prepared 
using 4.66 g of NaH2PO4 and 8.66 g Na2HPO4 and 1 L of Milli-Q water. 
Enzyme stock solution (40 U/mL) was prepared in 0.1% (w/v) BSA in 
0.1 M PB, pH 7.4 and was stored at − 20 ◦C. All solutions were prepared 

using water purified with a Millipore Milli-Q-System (18.2 MΩ cm). 
Dialysis membrane tubing cutoff in the range of 0.1–0.5 kDa was pro
vided by Spectrum Laboratories. 

2.2. Apparatus 

A CEM Discover microwave system (Matthews (NC), USA) was used 
for AA-CDs synthesis. 

A Cary Eclipse Varian spectrofluorometer were used for fluorescence 
measurements. UV-Vis spectra were recorded using a UV-1900 from 
SHIMADZU spectrophotometer using a quartz cell. 

Fourier transform infrared (FTIR) spectra were recorded from KBr 
pressed pellets of the solid material and precursors in the wavelength 
range 5000–500 cm− 1 using a Brucker IFS60v spectrometer. 

For transmission electron microscopy (TEM), Lacey carbon support 
film copper grids (400 mesh, Electron Microscopy Sciences) were used. 
Images were obtained with a JEOL JEM 2100 electron microscope. 

X-ray Photoelectron Spectroscopy (XPS) analysis of the samples was 
carried out with a Phoibos 150 MCD spectrometer equipped with 
hemispherical electron analyzer, and using an Al Ka X-ray source 
(1486.7 eV) with an aperture of 7 mm × 20 mm. The base pressure in 
the ultra-high vacuum chamber was 2 × 10− 9 mbar, and the experi
ments were carried out at room temperature. A 30 eV pass energy was 
applied for taking the overview sample, whereas 20 eV pass energy was 
applied for the analysis of the following core level spectra: O (1 s), C 
(1 s), and N (1 s). XPS spectra regions were fitted and deconvoluted 
using the fitt-xps software, calibration was done against the Au (4 f 7/2) 
peak set to 84.0 eV for the gold surface sample. For XPS gold AFM plates 
(12 mm × 12 mm, Arrandee TM Supplies, Germany) were modified. 

The atomic force microscope (AFM) images were performed with an 
Olympus cantilever (RC800PSA, 200_20 mm) in an Agilent 5500 mi
croscope. AFM experiments were carried out using a highly ordered 
pyrolytic carbon surface (HOPG). 

Electrochemical experiments were performed using an Autolab 
PGSTAT 30 potentiostat from Metrohm-Autolab. NOVA 2.1 software 
package were employed. Integrated screen-printed carbon electrodes 
(SPCE; 4 mm diameter) from Metrohm-DropSens including a silver 
pseudo-reference electrode and a carbon counter electrode were used as 
electrochemical cells. When molecular oxygen free solutions were 
needed, we used a homemade single compartment cell equipped with a 
nitrogen purge system. 

2.3. Procedures 

2.3.1. Microwave assisted synthesis of Azure A carbon nanodots (AA-CDs) 
AA-CDs were synthesized using 0.5 mmol of L-arginine, 0.3 mmol of 

AA, 0.5 mmol 3,3′-diamino-N-methyldipropylamine and 5.5 mol of 
Milli-Q water. The mixture was irradiated in a microwave system (CEM 
Discover) reaching a constant temperature of 235 ⁰C and a maximum 
pressure of 20 bar during 180 s. The obtained product was dissolved in 
10 mL of Milli-Q water, and the solution was filtered using 0.1 µm 
porous filter. Then, the obtained solution was dialyzed, using a 
0.1–0.5 kDa membrane for 10 days. The resulting solution (2.25 mg/mL 
AA-CDs) was stored in darkness at 4 ⁰C. Carbon nanodots without AA 
(CDs) were also synthesized following the same procedure (except the 
addition of AA) as it is reported in the literature [16]. 

For UV-Vis absorption and fluorescence spectroscopic characteriza
tion, equivalent concentrations of the different nanomaterials and Azure 
A chloride were employed. In this sense, the same amount of Azure A 
chloride as the used during AA-CDs synthesis (0.3 mmol) was dissolved 
in 150 mL of Milli-Q water. Them, before measurements, a 1/20 dilution 
with Milli-Q water was applied in all measured solutions. The final 
concentration of the three solutions under study were 0.11 mg/mL of 
AA-CDs, 0.11 mg/mL of CDs and 100 µM of AA in Milli-Q water. 

E. Martínez-Periñán et al.                                                                                                                                                                                                                     



Sensors and Actuators: B. Chemical 374 (2023) 132761

3

2.3.2. Modification of SPCE with AA-CDs 
10 µL of the AA-CDs solution (2.25 mg/mL) were drop-casted on the 

carbon working electrode, letting them dry at room temperature. Then, 
10 µL of 1 mg/mL chitosan dissolved in 3% (v/v) glacial acetic acid were 
deposited in order to assure the retention of AA-CDs over the SPCE 
surface (Chit-AA-CDs/SPCE). 

2.3.3. Glutamate biosensor preparation 
10 µL of the GLDH stock solution were carefully deposited on the 

Chit-AA-CDs/SPCE and stored for 1 h at 4 ⁰C to assemble the protein to 
the electrode surface (GLDH/Chit-AA-CDs/SPCE). Prior to use, the 
biosensor was rinsed with 0.1 M PB, pH 7.4 to eliminate molecules 
adsorbed on the electrode surface. 

2.3.4. Determination of glutamate in samples 
The developed amperometric biosensor was employed to determine 

the glutamate concentration in both blood serum and food (barbecue 
flavored corn snack) samples using the standard addition method. 
Samples of spiked human serum were used without any previous 
treatment other than dilution in 0.1 M PB, pH 7.4. On the other hand, 
1.000 g of crushed snack was weighed, and 50 mL of water were added. 
To carry out the extraction of glutamate, the solution was left at 70 ⁰C for 
10 min under stirring. Then, the solution was brought to a final volume 
of 100.0 mL and filtered by gravity to eliminate suspended particles. 

Prior to chronoamperometric measurements, a 1:5 dilution in 0.1 M PB, 
pH 7.4 was carried out. The results obtained were validated towards a 
commercial spectrophotometric enzymatic assay kit used following the 
procedure described by the manufacturer. 

3. Results and discussion 

3.1. Synthesis and characterization of Azure A carbon nanodots (AA- 
CDs) 

TEM images (Fig. 1(A)) show the quasi-circular shape of AA-CDs. The 
average diameter size obtained from the measurement of 150 particles 
was 2.8 nm with a standard deviation of 0.8 nm (Fig. 1(B)). The AA-CDs 
show diameter ranging from 1.0 until 5.5 nm. No aggregates were 
observed. 

The UV-Vis spectrum (Fig. 1(C)) of AA-CDs (black line) shows an 
absorption peak at 285 nm related to π-π * transition of the conjugated 
C––C present in the CDs core. This contribution can also be observed in 
the CDs spectrum (red line). A band around 300 nm appears in the AA- 
CDs spectrum associated with the π-π * transition of the phenothiazine 
ring as it can be also observed in the AA spectrum (blue line). In the AA 
spectrum, a maximum at 635 nm associated with a vibrational band 
assigned to the n–π * transitions of the C––N bond of the phenothiazine 
ring is also observed. The peak ascribed to the AA covalently inserted in 

Fig. 1. (A) TEM micrograph of synthesized AA- 
CDs and inset with a higher magnification. (B) 
AA-CDs size histogram obtained from 
measuring 150 particles. (C) UV–Vis spectra 
and (D) fluorescence emission spectra (λexc =

300 nm) of 0.11 mg/mL of AA-CDs (black), 
0.11 mg/mL of CDs (red) and 100 µM of AA in 
Milli-Q water (blue). (E) FT-IR spectra of AA- 
CDs (black), CDs (red), AA (blue) and a 
mixture of CDs and molecular AA (AA+CDs) 
(green). (F) XPS N 1 s and C 1 s regions of AA- 
CDs, CDs and AA+CDs.   
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the carbon nanodots structure (AA-CDs, black line) can be identified as a 
broad band with two peaks contribution at 560 and 614 nm. As can be 
deduced both peaks are close to the peak associated with the pheno
thiazine ring of AA, but they are shifted because of the generation of 
different covalent bonds that attach the ring into the AA-CDs nano
structure. Other experiment that points out the insertion of phenothia
zine ring in the carbon nanodots structure is the fluorescence emission. 
As can be observed in the fluorescence spectra (Fig. 1(D)), AA-CDs 
(black), CDs (red) and AA (blue) solutions emit light at 360 nm when 
are excited with 300 nm wavelength radiation. However, the emission is 
quite more intense in the case of AA-CDs compared with CDs and AA (in 
equivalent concentration). This effect can be attributed to the presence 
of phenothiazine rings inserted in the carbon nanostructure. 

In order to confirm the composition of the new synthesized AA-CDs, 
elemental analysis was carried out. Results indicate 52.58% C, 8.12% H, 
20,78% N, 1.44% S and 17.08% O (calculated). The data obtained for 
non-modified CDs are 50.29% C, 9.04% H, 21.93% N, 0.00% S and 
18.74% O (calculated). As can be expected the presence of S in the case 
of AA-CDs is a consequence of the insertion of the phenothiazine, since S 
is not found in the unmodified CDs, being this result other evidence of 
the presence of the AA in the AA-CDs nanostructure. 

To confirm the insertion of AA molecules in the AA-CDs nano
structure, and to discard the just adsorption of phenothiazine on CDs, 
FT-IR spectrum of AA-CDs were analyzed and compared with the spec
trum obtained for AA, unmodified CDs and a mixed of AA and unmod
ified CDs (AA+CDs) (Fig. 1(E)). AA spectrum (blue line) shows a band 
around 3324 cm− 1 related to primary amines, bands at 2863, and 
2919 cm− 1 derived from the C-H bond stretching vibration, bands at 
1654, 1500, 1326, 1203 and 604 cm− 1 due to secondary aromatic 
amines and bands at 813 and 882 cm− 1 related to the thioether of the 
phenothiazine ring. Unmodified CDs spectrum (red line) shows bands at 
1639 and 896 cm− 1 associated with aromatic amines and the band at 
802 cm− 1 with secondary amine, all of them due to L-Arginine precur
sor, in addition to bands at 3432, 1639 and 1116 cm− 1 (primary amines) 
and the band at 1166 cm− 1 (tertiary amine) coming from 3,3′-diamino- 
N-methyldipropylamine. The FT-IR spectrum of CDs also shows the 
stretching band of OH and NH2 as a broad band centered at 3423 cm− 1, 
the bands around 2915 and 2847 cm− 1 derived from the C-H bond 
stretching vibration; C––O stretching vibrations appears at 1560 cm− 1. 
At 1644 cm− 1 appears a band ascribed to the C––N stretching, while the 
bands at 1457 cm− 1 and 1384 cm− 1 are related to C-N bonds. The 
1080 cm− 1 band correspond to the alcoxy (C-O) stretching vibrations. 
The AA-CDs FT-IR spectrum (black line) shows the bands of CDs besides 
the main bands observed for AA at 1654, 1500 and 1203 cm− 1, but with 
a higher intensity. These results and the difference with the spectrum of 
the mixture (AA+CDs, green line). In particular, the band around 
1628 cm− 1, consequence of the C––N stretching, agree well with the 
insertion of phenothiazine rings in the AA-CDs nanostructure rather 
than a simple adsorption happening at AA+CDs by the generation of 
imide groups. At the same time the band at 2926 cm− 1 is ascribed to N-H 
stretching, probably due to the generation of aldimine groups when 
Azure A is covalently attached into the carbon nanodots structure. 

Complementary, XPS analysis of the AA-CDs, AA+CDs and CDs was 
performed to corroborate the successful insertion of AA in the CDs 
structure. Fig. 1(F) shows the N 1 s and C 1 s core level peaks of the AA- 
CDs (covalent linkage), AA+CDs and CDs samples. High-resolution 
spectrum of nitrogen shows complex features, which were carefully 
decomposed. A best-fit of the N 1 s core level shows three contributions 
at c.a. 400.5–400.0 eV, 401.1–401.66 eV and 403.0–403.5 eV, which 
are assigned to nitrogen in N-(C3), C––N (cycles) and N––C positive 
charges (quaternary) species, respectively [21]. It is remarkable that the 
AA-CDs compound presents an extra forth nitrogen component at 
397.9 eV, which would be assigned to the pyridinic nitrogen (imine) 
structure [21–23], that is, to nitrogen with alone electron pair, located 
either at the edge of the graphitic network or next to a vacancy, and 
bonded to two carbon atoms. The presence of an additional component 

only for the AA-CDs (covalent linkage sample) suggests a chemical 
structure modification, compatible with a covalent interaction between 
the dye AA and the CDs, which does not appear in the AA+CDs case. 
Therefore, the XPS data confirm the results described above, indicating 
the covalent insertion of AA on the nanodots (AA-CDs), whereas for the 
AA+CDs mixture does not occur. Additionally, the C 1 s peak for the 
AA-CDs shows noteworthy changes in its shape respect to the CDs and 
AA+CDs (see Fig. 1(F) C 1 s). Although the C 1 s core level peak presents 
four similar components at 285.2 eV, 286.8 eV, 288.2 eV and 289.9 eV 
for all cases, the ratio between the components is different for the 
AA-CDs. Whereas CDs and AA+CDs show a very similar peak profile for 
the carbon region, the AA-CDs shows a remarkable increase of the first 
carbon component. This fact is in good agreement with the chemical 
modification described above for the AA-CDs. 

Fig. 2. (A) Cyclic voltammetric response of Chi-AA-CDs/SPCE at 10 mV/s in 
0.1 M PB, pH 7.4. (B) Oxidation peak current vs scan rate of the process at E0 

= − 0.63 V. (C) Laviron’s plot showing the dependence of the peak potential on 
the logarithm of scan rate of the process at E0 = − 0.63 V. 
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In summary, FT-IR and XPS complementary techniques prove a 
remarkable difference between AA-CDs and AA+CDs, confirming the 
interaction between the due AA and the CDs in both cases (AA+CDs and 
AA-CDs), and the effective covalently insertion of AA in the CDs struc
ture in the case of AA-CDs. 

3.2. Electrochemical characterization of AA-CD modified electrodes 

SPCEs modified with AA-CDs (Chit-AA-CDs/SPCE) as described in 
the experimental section were electrochemically tested in 0.1 M PB, pH 
7.4. The cyclic voltammogram (CV) (Fig. 2(A)) shows two redox couples 
at formal potentials of − 0.45 and − 0.63 V vs. Ag. These redox couples 
are associated with the oxidation and subsequent reduction of AA [24]. 
From the Tafel slope, it can be determined that the number of electron 
exchange during each redox process is one. In the bibliography it is 
reported that AA immobilized on the electrode surface exchange two 
electrons in a single redox process [10,25]. The unfolding of this process 
in two redox process of a single electron each is probably due to the 
modification of AA phenothiazine ring covalently inserted in the AA-CDs 
nanostructure, being considered another evidence of the CDs modifi
cation. The surface coverage (Γ) of Chit-AA-CDs/SPCE can be evaluated 
from the CV using the equation Γ = QOx/nFA, where QOx is the charge 
obtained after integration of the oxidation peak (E0 = − 0.63 V), F is the 
Faraday constant (96,485 C/mol), n is the number of electrons trans
ferred in the redox process (n = 1) and A is the area of the electrode 
(0.13 cm2). The Γ value was calculated to be (23.9 ± 0.2) pmol/cm2. 

In order to characterize the electrochemical process, the oxidation 
peak current intensity of the redox couple at E0 = − 0.63 V were 
analyzed vs. the scan rate (ν) (Fig. 2(B)). As can be observed, the cor
relation between both parameters is lineal, which implies that it is a 
surface confined electron transfer process. This was an expected result as 

AA-CDs are immobilized on the SPCE working electrode surface through 
the chitosan polymer avoiding the loss of nanomaterial. 

Once it has been proved that the redox process is non-diffusional, the 
apparent electron-transfer rate constant (ks), as well as the electron- 
transfer coefficient (α) have been determined through the Laviron’s 
equations. The anodic and cathodic peak potentials have been plotted vs. 
log (ν) in a typical Laviron’s plot (Fig. 2(C)). From the ratio of the slopes 
of these straight lines, the electron-transfer coefficient (α) and the 
apparent electron-transfer rate constant (ks) have been determined as 
0.60 and 4.7 s− 1, respectively. 

3.3. Electrocatalysis of NADH 

The electrocatalytic activity of the Chit-AA-CDs/SPCE were tested 
using CV at 10 mV/s (Fig. 3(A)). As has been described previously, in the 
absence of NADH (black line) two redox pairs are observed (E0 

=− 0.45 V and E0 =− 0.63 V vs. Ag). However, when 1.0 mM NADH is 
present in the solution, a third peak just at the end of the more positive 
one appears, increasing its current intensity as the NADH concentration 
increases. This new oxidation wave corresponds to the electrocatalytic 
oxidation of NADH by AA-CDs, which in this case presents a slow ki
netic. Despite of the slow rate of the process, the potential at − 0.15 V vs. 
Ag is quite low to carry out the electrooxidation of NADH compared with 
an unmodified electrode, or an electrode modified with CDs (not con
taining AA molecules covalently linked to their structure) as can be 
observed at Fig. 3(B). The electrochemical mechanism determined using 
Nicholson and Shain’s theory, points out an electrocatalytic ECE reac
tion, as it is deduced from the shape of the normalized catalytic peak 
current with square root of scan rate (ICAT /ν1/2) vs. cyclic voltammetry 
scan rate (ν) plot in the presence of 1.0 mM NADH (Fig. 3(C)). 

The amount of AA-CDs used to modify SPCE was optimized (Fig. S1 

Fig. 3. (A) Cyclic voltammetric responses at Chi-AA-CDs/SPCE in the absence (black) and in the presence of 1.0 mM NADH (red) in 0.1 M PB, pH 7.4 at 10 mV/s. (B) 
Cyclic voltametric responses at Chi-AA-CDs/SPCE (red), Chi-CDs/ SPCE (blue), Chi/ SPCE (green) and SPCE (black) in the presence of 1.0 mM NADH in 0.1 M PB, pH 
7.0 at 10 mV/s. (C) Plot of the normalized catalytic peak current (ICAT/v1/2) with the scan rate in the presence of 1.0 mM NADH using Chi-AA-CDs/SPCE. (D) 
Chronoamperometric measurements using Chi-AA-CDs/SPCE at Eap = 0.0 V vs Ag in 0.1 M PB, pH 7.0 at increasing NADH concentrations. (E) Calibration plot 
obtained for NADH determination with AA-CDs/SPCE using chronoamperometry and measuring the steady state current at 60 s. 
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Scheme 1. L-glutamate Biosensor.  

Fig. 4. AFM topographic images and the corresponding topographic profile of: (A) AA-CDs-HOPG, (B) Chit/AA-CDs-HOPG and (C) GLDH/Chit/AA-CDs-HOPG.  
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(A)) trying to obtain the highest electrocatalytic current in the CV 
experiment in the presence of 1.0 mM NADH in the solution. As can be 
observed, the chosen volume of the 2.25 mg/mL AA-CDs suspension was 
10 µL as the electrocatalytic current does not increase when higher 
volumes of the suspension were deposited on the working electrode 
surface. The amount of 1.0 mg/mL chitosan solution employed to 
attached AA-CDs onto the working electrode surface was also optimized 
(Fig. S1(B)). In this case, we had to establish a compromise between the 
intensity of the catalytic peak and the stability of the biosensor in suc
cessive potential scans, choosing as best 10 µL of the chitosan solution. 

We have used this electrocatalytic effect to develop an electro
chemical sensor for NADH. Chronoamperometric curves at constant 
potential of 0.0 V vs. Ag (approx. 60 mV after the NADH electro
oxidation peak process) (Fig. 3(D)) showed that the steady state current 
increases proportionally to the NADH concentration (Fig. 3(E)). The 
figures of merit of the developed sensor were a lineal range from 53 to 
5000 µM and a sensitivity of 2.7 µA/mM. The LOD and LOQ were 
calculated as the concentration of analyte that gave a signal equal to 3 
and 10 times the standard deviation of background current, respectively, 
obtaining values of 16 µM and 53 µM as LOD and LOQ, respectively. 

The catalytic constant (kCAT) for the reaction between NADH and the 
adsorbed AA-CDs was evaluated by chronoamperometry using the pro
cedure described by Galus [26]. A value of 1.57 × 103 M− 1 s− 1 was 
found to be, which is higher than other previously reported by our group 
for nanodiamonds modified by electrografting with AA [14], and in the 
same order of the best NADH sensors described based on the direct 
electrografting of AA on SPCE [10] and on graphene oxide nanolayers 
[9]. 

3.4. L-glutamate biosensor 

A step forward has been carried out based on the results above 
described, using the Chit-AA-CDs/SPCE platform to develop a glutamate 
electrochemical biosensor. The biosensor is based on the detection of the 

NADH generated in the enzymatic reaction by GLDH in the presence of 
NAD+ at different concentrations of glutamate. In the reaction, L- 
glutamate is enzymatically transformed into α-ketoglutarate (see  
Scheme 1). The GLDH based biosensor was developed immobilizing the 
enzyme on the Chit-AA-CDs/SPCE as described in the experimental 
section. 

AFM topography analysis has been employed to follow the different 
steps of the biosensor development. SPCE is a very rough surface. Hence, 
in order to get an adequate carbon planar surface suitable for AFM 
studies, we employed HOPG planar electrode. Fig. 4(A) shows a topo
graphic AFM image of HOPG surface after dropping the solution con
taining AA-CDs. The surface is partially covered with circular structures, 
generating a straight-line distribution of AA-CDs. After chitosan depo
sition (Fig. 4(B)), the surface is completely coated with the polymer and 
AA-CDs can be seen through the chitosan polymer network. In this 
arrangement, AA-CDs are randomly distributed around the surface, not 
only preferably deposited over the HOPG plane edges, which is a 
consequence of their hydrophilic nature, what justified their random 
distribution around the polymer network. Finally, after GLDH immobi
lization on Chit/AA-CDs-HOPG (Fig. 4(C) the surface is completely 
covered by globular structures associated with GLDH. The height profile 
suggests that the enzyme is organized into multiple layers, which is an 
advantage when designing a biosensing platform. 

Cyclic voltammetry was employed to follow the respond of the 
developed biosensor in the presence of glutamate. Fig. S2(A) shows the 
CV response of GLDH/Chit-AA-CDs/SPCE in the absence and in the 
presence of 1 mM glutamate in the presence of the cofactor NAD+. As in 
the case of NADH sensor (Chit-AA-CDs/SPCE), the third peak ascribed to 
NADH electrooxidation appears, showing the proper activity of GLDH 
transforming L-glutamate into α-ketoglutarate and generating NADH. In 
order to study the effects of all biosensor components, control experi
ments were carried out (Fig. S2(B)). No L-glutamate detection occurs 
using electrodes without AA-CDs. Furthermore, the response is quite low 
in the absence of chitosan, which is the responsible of retaining AA-CDs 

Fig. 5. (A) Chronoamperometric response 
(Eap= 0.0 V vs Ag) of the biosensor (GLDH/ 
Chit-AA-CDs/SPCE) in 0.1 M PB, pH 7.4 con
taining 10.0 mM NAD+ after the addition of 
increasing amounts of glutamate. (B) Calibra
tion curve obtained from (A). (C) Concentration 
linear range from (B). (D) Relative response of 
the biosensor to 0.10 mM L-glutamate 
measured in the presence of potentially inter
fering compounds at the concentration of 
0.10 mM. The data presented are the average 
value of three determinations.   
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over the electrode surface, avoiding their migration into the bulk solu
tion and assuring a great electrocatalytic activity and the proper L- 
glutamate detection. 

In order to obtain the best biosensor response, the amount of enzyme 
used in the construction of the biosensor was optimized. In this sense, 
biosensors with increasing amounts of GLDH were prepared and their 
chronoamperometric response at 0.0 V vs. Ag in the absence (Io) and in 
the presence of 0.5 mM glutamate and 10.0 mM NAD+ (Iglut) were 
recorded (Fig. S3(A)). The ratio Iglut/Io increases as the units of enzyme 
included in the biosensing layer increase up to 0.4 U (10 µL of 40 U/ 
mL). For enzyme loadings higher than 0.4 U, a decrease in the ratio Iglut/ 
Io is observed suggesting that there is an excess of enzyme on Chit-AA- 
CDs/SPCE, which would cause a hindrance to charge transfer towards 
the electrode surface. Hence, 0.4 U were selected as the optimal amount 
of enzyme. 

In addition, the effect of the buffer solution pH (from 6.0 to 8.0) on 
the biosensor response was evaluated. The ratio Iglut/Io increases on 
increasing pH up to 7.4 and then decreases (Fig. S3(B)). Considering this 
result, the following electrochemical measurements were carried out 
using 0.1 M PB, pH 7.4. 

Once the work conditions were optimized, the high electrocatalytic 
response mediated by AA-CDs was corroborated by recording the 
biosensor chronoamperometric response at 0.0 V vs. Ag to increasing 
glutamate concentrations in the presence of 10.0 mM NAD+ (Fig. 5(A)). 
The biosensor (GLDH/Chit-AA-CDs/SPCE) current response increases on 
increasing glutamate concentration, following the typical Michaelis- 
Menten behavior (Fig. 5(B)), which confirms that the analytical 
response is controlled by the enzymatic reaction. From the linear part of 

the calibration plot, the figures of merit of the glutamate biosensor were 
obtained. It was observed that the biosensor response presents a good 
linearity with the glutamate concentration up to 125 µM (Fig. 5(C)), 
with a sensitivity (calculated from the slope of the plot) of 0.20 
± 0.02 µA/mM. Detection and quantification limits of 3.3 and 11 µM, 
respectively, were estimated as indicated above. These analytical pa
rameters compare well to those obtained for other amperometric 
glutamate dehydrogenase and glutamate oxidase based biosensors 
(Table 1) with the advantage that in our work the oxidation of the 
glutamate takes place at lower potential. In addition, the reproducibility 
of the proposed biosensor was evaluated comparing the analytical sig
nals obtained using three different devices prepared in the same manner 
and a value of RSD lower than 7% was obtained. 

The storage stability of the biosensor stored at 4 ◦C was evaluated by 
measuring the chronoamperometric response of 0.5 mM glutamate in 
the presence of 10.0 mM NAD+. The response retained more than 85% 
of the initial signal after 2 weeks storage as can be seen in Fig. S4. The 
operational stability of the biosensor was also studied. The chro
noamperometric response of the biosensor was recorded for successive 
measures of 0.5 mM glutamate. The current values are the same for 
more than 30 consecutive measurements (Fig. S5 (A)). Furthermore, the 
biosensor response under continuous hydrodynamic conditions was 
evaluated by setting a constant potential of 0.0 V and monitoring the 
current intensity. Fig. S5 (B) clearly shows a constant current, pointing 
out a good operational stability of GLDH/Chit-AA-CDs/SPCE under 
continuous operation. 

Selectivity is a key parameter in the development of enzymatic 
biosensors focused on the analysis of biological or food samples. For this 
reason, the effect of potential interfering compounds that might affect 
the biosensor response was investigated. Fig. 5 (D) shows the relative 
response as the ratio between the biosensor responses to 0.10 mM 
glutamate in the absence and in the presence of different potential 
interfering substances such as glucose, ascorbic acid, uric acid, lysine, 
and taurine that may be present in the samples. As can be seen, there is 
no significant effect in the response for all the compounds assayed at the 
same concentration of the analyte (0.1 mM), demonstrating that the 
biosensor (GLDH/Chit-AA-CDs/SPCE) can be used for the selective 
determination of glutamate. To assure that the biosensor respond is 
specific to glutamate, an interference study was also carried out in the 
presence of high concentration (0.5 mM) of potential interfering com
pounds. Results clearly showed no effects of the potential interfering 
compounds on the biosensor response (see Fig. S6) even at high 
concentrations. 

MB: meldola blue, p-DAB: poly-1,2-diaminobenzene, SWCNTs: 
Single-walled carbon nanotubes, GCE: glassy carbon electrode, CHIT: 
chitosan, Naf: nafion, GLDH-bacteria: bacteria surface-displayed gluta
mate dehydrogenase, PEI: polyethyleneimine, MWCNTs: multiwalled 
carbon nanotubes, SPCE: screen-printed carbon electrode, OA: octade
cylamine, CPE: carbon paste electrode, Th: thionine, GluOx: Glutamate 
oxidase, cMWCNT: carboxylated multi walled carbon nanotubes, AuNP: 
gold nanoparticles, GO: Graphene oxide, SPPtE: screen printed platinum 
electrodes, PPYox: overoxidized polypirrole, PBNCs: Prussian blue 
nanocubes, Pt-MWCNTs: multiwalled carbon nanotubes decorated with 
Pt nanoparticles. 

3.5. L-glutamate analysis in food and biological samples 

To demonstrate the applicability of the developed biosensor, it was 
applied to the glutamate determination in both food and biological 
samples. Specifically, it was determined the amount of glutamate pre
sent in a corn snack, and, on the other hand, the recovery obtained after 
adding the analyte to a commercial human serum. Prior to the deter
mination, samples were pretreated as described in the experimental 
section. In both cases, the standard addition method was used in order to 
minimize matrix effects. Moreover, the results obtained with the enzy
matic biosensor were compared with those obtained with a commercial 

Table 1 
Comparison of previously reported amperometric glutamate biosensors based on 
glutamate dehydrogenase and glutamate oxidase.  

Electrode Enzyme E (V) 
vs. 
NHE 

Linear 
Range (µM) 

LOD 
(µM) 

Ref. 

MB-p-DAB/ 
SWCNTs/GCE 

Glutamate 
dehydrogenase  

0.197 0 – 100 2 [27] 

MB-CHIT/GCE Glutamate 
dehydrogenase  

0.097 – 2 [28] 

Naf/GLDH- 
bacteria/PEI- 
MWNTs/GCE 

Glutamate 
dehydrogenase  

0.761 10 – 1,000; 
2,000 – 
10,000 

2 [29] 

MWCNTs-CHIT- 
MB/GLDH- 
NAD+-CHIT- 
MB/MWCNTs- 
CHIT-MB/MB- 
SPCE 

Glutamate 
dehydrogenase  

0.297 7.5 – 105 3 [30] 

OA-CPE Glutamate 
dehydrogenase  

0.547 400 – 
10,000; 
10,000 – 
100,000 

100 [31] 

CHIT-MB-/SPCE Glutamate 
dehydrogenase  

0.297 12.5 – 150 1.5 [32] 

Th–SWNTs/GCE Glutamate 
dehydrogenase  

0.190 0.5 – 400 0.1 [33] 

GluOx/cMWCNT/ 
AuNP/CHIT/ 
AuE 

Glutamate 
oxidase  

0.332 5–500 1.6 [34] 

GluOx/Au NPs/ 
GO/CHIT/AuE 

Glutamate 
oxidase  

0.447 200–1,400 23 [35] 

GluOx-BSA/ 
PPYox/ SPPtE 

Glutamate 
oxidase  

0.897 5–1,000 1.8 [36] 

GluOx/CHIT/ 
AuNPs/PBNCs/ 
rGO-Pt 

Glutamate 
oxidase  

0.697 0.05–40 0.04 [37] 

GluOx/ PPYox/ 
Pt-MWCNTs/ 
GC 

Glutamate 
oxidase  

0.697 10–100 0.88 [38] 

GLDH/Chit-AA- 
CDs/SPCE 

Glutamate 
dehydrogenase  

0.197 11 – 125 3.3 This 
work  
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enzymatic kit for the determination of glutamate to validate the pro
posed biosensing method. 

The matrix effect on the biosensor response was evaluated by 
comparing calibration plots obtained in 0.1 M PB, pH 7.4 or by standard 
addition in spiked human serum or snack sample (Fig. S7). As one would 
expect according to the complexity of the matrix, barely different exist 
between the slopes in the case of the serum sample but the differences 
are significant in snack sample. Despite of that, the results summarized 
in Table 2 show the good recovery obtained by triplicated in the analysis 
of the serum spiked with a known amount of the analyte. In the case of 
the snack sample, the glutamate found value agrees well with that ob
tained with a commercial spectrophotometric enzymatic kit used as 
reference method. These results confirm the suitability of the proposed 
methodology for an adequate and accurate determination of glutamate 
in both biological and food samples, without the need of time- 
consuming pretreatment of the sample. 

4. Conclusions 

New AA-CDs nanomaterial has been synthesized and characterized 
proving the insertion of AA in the CDs nanostructure through covalent 
attachment. The electrocatalytic effect of AA molecules for NADH 
electrooxidation is inherited by the carbon nanodots, improving even 
the described electrooxidation potentials for AA molecules attached 
over electrode surfaces. This great electrocatalytic behavior has been 
taken in advantage to develop initially a NADH sensor platform (Chit- 
AA-CDs/SPCE) and in a second step a glutamate biosensor platform 
(GLDH/Chit-AA-CDs/SPCE) immobilizing GLDH enzyme over the 
modified electrode surface. Both platforms have shown great sensitivity 
and low LOD and LOQ for both NADH and L-glutamate determination. 
Finally, the developed L-glutamate biosensor has been successfully 
applied to analyze glutamate in food and biological samples. 
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[10] M. Revenga-Parra, C. Gómez-Anquela, T. García-Mendiola, E. Gonzalez, 
F. Pariente, E. Lorenzo, Grafted Azure A modified electrodes as disposable 
β-nicotinamide adenine dinucleotide sensors, Anal. Chim. Acta 747 (2012) 84–91, 
https://doi.org/10.1016/j.aca.2012.07.043. 

[11] C. Zhu, G. Yang, H. Li, D. Du, Y. Lin, Electrochemical sensors and biosensors based 
on nanomaterials and nanostructures, Anal. Chem. 87 (2015) 230–249, https:// 
doi.org/10.1021/ac5039863. 

Table 2 
Determination of glutamate in different samples with the enzymatic biosensor and with a commercial enzymatic kit.   

Enzymatic biosensor  Enzymatic biosensor Enzymatic kit  

Added Found Recovery  Found RSD Found RSD 

Sample (µM) (µM) (%) Sample (µM) (%) (µM) (%) 
Serum (n = 3) 37.5 39 ± 3 104 Snack (n = 3) 215 ± 6 2.8 218 ± 9 4.1  
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