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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Synthesis of Chevron-like graphene 
nanoribbons by solution-based proced
ure (GNR). 

• GNR as platform for covalent anchoring 
of lactate oxidase (LOx) via diazotation. 

• GNR led to improved electrochemical 
biosensors for lactate determination. 

• LOx affords selectivity & GNR together 
with covalent enzyme immobilization 
sensitivity.  
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A B S T R A C T   

We have designed and prepared an electrochemical biosensor for lactate determination. Through a diazotation 
process, the enzyme lactate oxidase (LOx) is anchored onto chevron-like graphene nanoribbons (GNR), previ
ously synthesized by a solution-based chemical route, and used as modifiers of glassy carbon electrodes. In a first 
step, we have performed the grafting of a 4-carboxyphenyl film, by electrochemical reduction of the corre
sponding 4-carboxyphenyl diazonium salt, on the GNR-modified electrode surface. In this way, the carboxylic 
groups are exposed to the solution, enabling the covalent immobilization of the enzyme through the formation of 
an amide bond between these carboxylic groups and the amine groups of the enzyme. The biosensor design was 
optimized through the morphological and electrochemical characterization of each construction step by atomic 
force microscopy, scanning electron microscopy, cyclic voltammetry and electrochemical impedance spectros
copy.The cyclic voltammetric response of the biosensor in a solution of hydroxymethylferrocene in presence of L- 
lactate evidenced a clear electrocatalytic effect powered by the specific design of the biosensing platform with 
LOx covalently attached to the GNR layer. From the calibration procedures employed for L-lactate determination, 
a linear concentration range of 3.4 ⋅ 10− 5– 2.8 ⋅ 10− 4 M and a detection limit of 11 μM were obtained, with 
relative errors and relative standard deviations less than 6.0% and 8.4%, respectively. The applicability of the 
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biosensor was tested by determining lactate in apple juices, leading to results that are in good agreement with 
those obtained with a well-established enzymatic spectrophotometric assay kit.   

1. Introduction 

The scientific community must try to improve the life quality of the 
citizens, who, due to changes in the way of life, demand foods and 
beverages ready-to-eat, fresh-like and with high nutritional value and 
flavour. Lactic acid-fermented foods (dairy products, meats, vegetables, 
and fish products) are known from ancient times and have been natu
rally produced by the microflora present in the raw material [1]. 
Nowadays, lactic acid bacteria (LAB) are also used in some fermented 
foods and are responsible for advantages at different levels: food pres
ervation/safety (reduction of toxic and antinutritive compounds and 
production of antifungal compounds), nutritional (reduction of sugars, 
production of bioactive peptides, short chain fatty acids or poly
saccharides), organoleptic (texture and aroma) and technological fac
tors. In particular, the use of LAB to ferment items such as vegetables 
and fruits is a trend leading to produce fashionable products such as 
smoothies [2], because these products are better sold by the industry 
when their consumption is associated with health benefits. 

In the processes where LAB are implicated, there is a logical pro
duction of lactic acid and the chemical profile of the above detrimental 
and beneficial compounds changes accordingly. So, the amount of lactic 
acid is related to the concentration of both healthy chemicals and toxic 
molecules present in fruits and vegetables [1–3]. 

In the food industry, for lactic acid determination, electrochemical 
enzyme-based biosensors represent an interesting alternative to other 
methodologies, as it is evidenced by recent publications [4–10], since 
they combine high sensitivity and selectivity provided by the electro
chemical detection and the biological recognition element, respectively. 
In addition, the electrochemical methods have attracted attention 
because they offer low-cost equipment with a high easy-of-use, which 
are miniaturized and portable [11,12]. In this field, the development of 
biosensors based on low dimensional materials has attracted great in
terest as a way to improve the performance towards the analysis of the 
target [13]. Integration of nanomaterials and proteins leads to enhanced 
analytical characteristics, such as sensitivity, reproducibility and sta
bility, as a consequence of a synergistic effect between them. Proteins 
recognize the target providing selectivity while nanomaterials facilitate 
the events from analyte recognition to signal generation due to their 
unique characteristics. Among them, their high surface area assists the 
load of the protein by providing a high number of immobilization sites, 
whereas their biocompatibility benefits the preservation of the enzyme 
catalytic activity and the nanomaterial structure can exert a protective 
effect against denaturation of the enzyme due to the external medium, 
thus enhancing the stability and reproducibility [14]. Accordingly, 
nanomaterials such as silver, gold, manganese dioxide or diamond 
nanoparticles, as well as other carbon-based nanomaterials, have been 
integrated with proteins, such as antibodies and enzymes, and widely 
employed for biosensing [15]. In particular, among the carbon-based 
nanomaterials, the isolation and characterization of graphene almost 
two decades ago have opened up a wide range of nanomaterials with 
excellent tuneable properties. Graphene nanoribbons consist of rela
tively narrow strips of sp2 carbon atoms. Their width and structure at the 
edges alter the observed band gaps. Graphene sheets or carbon nano
tubes are some of the precursors to obtain nanoribbons by top-down 
methodologies while the assembling of molecular building blocks, 
either on-surface or solution-based, is the basis of bottom-up procedures 
[16]. The latter have attracted a great attention since they provide 
uniform and highly defined structures, in contrast with the top-down 
strategies that lead to rather undefined and randomly shaped nano
ribbons. Knowledge fields where nanoribbons are being applied are 
Li-ion batteries [17], energy storage [18], sensing [16], heavy metal 

decontamination [19], and fuel cells [20]. In the particular field of 
enzymatic biosensors, the employment of GNR as nanomaterial for 
improving the performance has not been widely explored, yet, as evi
denced by the low number of works published since 2015 [21]. There 
are few reports and most of them are devoted to the determination of 
glucose. Furthermore, they require the employment of GNR in 
conjunction with other nanomaterials such as silver nanoparticles, 
manganese dioxide nanoparticles or carbon nanotubes [22–27]. How
ever, since GNR have a higher number of open-ended structures than 
carbon nanotubes and graphene, leading to a large surface area and a 
high density of reaction edges, their use can help to the immobilization 
of the enzyme. 

The development of GNR-based enzymatic biosensors involves the 
functionalization of the GNR with the enzyme, which can be achieved by 
a direct adsorption procedure or by covalent attachment. Procedures 
based on direct adsorption can be problematic since the enzyme is 
weakly bound to the surface and, therefore, they are usually less effec
tive due to the lack of stability and reproducibility of the modification. 
In contrast, the chemical modification of GNR, involving functional 
groups covalently attached, can be a more adequate alternative. In this 
case, the covalent approach requires the incorporation of compounds 
with carboxylic groups on the GNR that allow a covalent bond with the 
amine groups of the enzyme. A well-established route for functionali
zation of carbon nanomaterials consists in the employment of aryl dia
zonium salts with different functional groups, such as electron 
withdrawing or electron donating groups [18,28–30]. Since its first 
application 20 years ago, this strategy remains active and its significance 
for biosensing applications is undoubtedly recognized [31]. The func
tionalization of carbon nanomaterials allows tailoring the interface 
properties and facilitates the immobilization of the biorecognition 
element. The most common mechanism involves the formation from 
diazonium compounds, after taking an electron from the carbon 
network and releasing of nitrogen gas, of an aryl radical that is subse
quently incorporated to the lattice [28]. Azo-coupling has been used to 
modify nanostructures such as graphene, carbon nanotubes and, even, 
the transformation of the relative inert transition metal dichalcogenides 
has been recently achieved [32]. Among the advantages of the use of 
diazonium salts, it is worth mentioning the covalent bonding, the speed 
of the reaction, and the simplicity of the method [33]. To the best of our 
knowledge, there is no work in which the grafting of graphene nano
ribbons has been explored. 

Considering together the last mentioned facts, we present the 
development of a biosensor for lactic acid determination based on the 
covalent immobilization of the enzyme lactate oxidase onto a bottom-up 
synthesized graphene nanoribbons-modified glassy carbon electrode. 
GNR were functionalized via diazonium chemistry with a molecule 
containing a carboxylic group that forms an amide bond with the amine 
groups of the enzyme. The fabrication steps of the biosensor were 
electrochemically and morphologically characterized by cyclic voltam
metry (CV), electrochemical impedance spectroscopy (EIS), scanning 
electron microscopy (SEM) and atomic force microscopy (AFM) tech
niques. The applicability of the biosensing platform in real sample 
analysis is evaluated by analyzing lactate in apple juices. 

2. Experimental 

2.1. Reagents 

Hydroxymethyl ferrocene (HMF), N-(3-dimethylaminopropyl)-N′- 
ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), 
N-methyl pyrrolidone (NMP), 4-aminobenzoic acid, sodium nitrite, L- 

R. Sainz et al.                                                                                                                                                                                                                                   



Analytica Chimica Acta 1208 (2022) 339851

3

(+)-lactic acid lithium salt 97% and lactate oxidase (LOx) lyophilized 
powder (source Aerococcus viridans) containing 39 units/mg solid, were 
purchased from Merck (Darmstad, Germany). Lactate oxidase stock so
lutions were prepared dissolving 2.6 mg of the LOx lyophilized powder 
in 500 μL of 0.1 M phosphate buffer pH 7.0, aliquoted (10 μL) and stored 
at − 30 ◦C. A commercial kit for lactate determination based on photo
metric measurements was purchased from Neogen (Lansing, Michigan, 
USA). For the solution-based synthesis of GNR, phenanthrene-9,10- 
quinone, 1,3-diphenylacetone, N-bromosuccinimide (NBS), diphenyla
cetylene, bis(1,5-cyclooctadiene)nickel(0) (Ni(COD)2) and iron tri
chloride were also purchased from Merck (Darmstad, Germany). 
Phosphoric acid was supplied by Scharlab S.A. (Sentmenat, Barcelona, 
Spain) and employed for preparation of 0.1 M phosphate buffer. Ultra
pure water was obtained by a Milli-Q™ system of Merck Millipore 
(Darmstad, Germany). 

2.2. Instrumentation and materials 

Cyclic voltammetric and electrochemical impedance spectroscopic 
measurements were carried out using an Autolab PGSTAT 302 N with 
GPES software from Metrohm Autolab (Utrecht, Netherlands) equipped 
with a Frequency Response Analyzer (FRAII). A Ag/AgCl (1.0 M KCl), as 
a reference electrode, a platinum wire, as a counter electrode, and a 
modified glassy carbon electrode (GC, geometric area of 7.07 mm2), as 
working electrode were employed for electrochemical measurements. 
All solutions were deaerated with nitrogen gas before measurements. 

The AFM characterization was performed with two systems: a 
Nanoscope IIIa from Veeco (Plainview, New York, United States) for the 
topographical and force curve analysis and a PicoPlus from Agilent 
(Santa Clara, California, USA) for the single pass Kelvin Force Micro
scopy (KFM) measurements under nitrogen atmosphere. For the former, 
silicon cantilevers (Veeco) with a nominal radius of curvature of 8 nm 
were used with two different nominal constant forces, namely 40 N/m 
and 1–5 N/m, the latter being used for the LOx-containing samples. Due 
to the unavoidable presence of large and rough aggregates (see below) 
the imaging conditions required the employ of relatively high free 
oscillation amplitudes (A0) and setpoints of 0.8xA0 to 0.9xA0. For the 
electrical measurements, Pt coated tips, model ANSCM-PT-20, from 
AppNano (Mountain View, California, USA) with a radius smaller than 
40 nm were employed. From the single pass KFM measurements two 

types of images can be obtained: an image where the signal is the 
Contact Potential Difference (CPD), whose changes are related to 
changes in the surface potential, and other image where the signal is 
proportional to the gradient of the tip-sample capacitance (∂C/∂z). 
Relative changes in this signal can be related to differences in the local 
dielectric constant [34]. In all these measurements, it was necessary to 
address carefully the tip to a given region on the sample surface, using 
the attached optical microscope, to avoid the large GNR structures. 

SEM images were obtained with a NOVA NANOSEM 230 equipment 
from FEI (Hillsboro, Oregon, USA) operating with a low-voltage and 
high contrast detector (vCD). The landing electron beam energy was 
6–7 keV. 

2.3. Procedures 

2.3.1. Synthesis of graphene nanoribbons 
The synthesis of chevron-like GNR was performed following a pre

viously reported procedure [35]. Monomer was obtained from 
phenanthrene-9,10-quinone in three steps, including bromination with 
NBS, condensation with 1,3-diphenylacetone, and reaction with diphe
nylacetylene. Then, Ni(COD)2-promoted polymerization of the mono
mer followed by FeCl3-promoted cyclodehydrogenation led to 
chevron-like GNR (Fig. 1). NMP was employed as solvent for preparing 
the graphene nanoribbons suspension (0.5 mg mL− 1). The suspension 
was obtained by treating the mixture with an ultrasonic probe (ampli
tude of 70%) for 2 min. 

2.3.2. Preparation of the electrochemical biosensor platform 
GC electrodes were polished with alumina powder (0.3 μm), soni

cated in water/ethanol for 3 min and dried with N2. The GC surface was 
modified by deposition of 5 μL of GNR and dried at 70 ◦C in an oven 
during 2 h (system denoted as GC/GNR). The electrografting modifica
tion of this surface was carried out by 4-aminobenzoic acid diazonium 
salt formed in situ by diazotization of 4-aminobenzoic acid solution (1 
mM) in 0.5 M HCl at 4 ◦C, adding 0.5 mL of NaNO2 solution (2 mM) 
under N2 atmosphere and leaving the reaction to proceed for 5 min. 
After this time, the electrochemical reduction was carried out by per
forming 5 cyclic voltammetric scans from +0.6 V to − 0.6 V (system 
denoted as GC/GNR/BzA). Once the grafting was complete, the car
boxylic group activation for enzyme bonding was achieved by adding 

Fig. 1. Solution synthesis of chevron-like GNR and preparation of the lactate oxidase-based biosensor.  
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10 μL of a solution mixture containing 200 mM of N-(3-dimethylami
nopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) and 47 mM N- 
hydroxysuccinimide (NHS) onto the GC/GNR/BzA surface. After rinsing 
with water, 6 μL of lactate oxidase were dropped on the electrode sur
face and left them to dry at room temperature (system denoted as GC/ 
GNR/BzA/LOx). The electrodes were kept at 4 ◦C until their use. 
Biosensor platforms with the enzyme immobilized by direct adsorption, 
instead of by a covalent approach, were also prepared. In this case, after 
the grafting process, 6 μL of lactate oxidase were dropped on the surface 
and left them to dry (without carrying out the activation of the car
boxylic group of the benzoic acid with EDC and NHS). This system was 
denoted as GC/GNR/BzA/Loxads. 

2.3.3. Preparation of the samples for AFM and SEM measurements 
Samples for AFM and SEM measurements were prepared on glassy 

carbon rods in the same way described in the previous section for the 
electrochemical biosensors. In other previous AFM measurements on a 
similar system [16], we employed silicon as a substrate instead of GC, 
because GC is rougher and poorer in reflecting. In contrast, the flatness 
and high reflectance of silicon allowed us to locate the flat and terraced 
GNR aggregates. In this work, we have adopted a different approach 
since we have chosen to study the real system. This choice poses some 
practical problems because we are then unable to address the tip to
wards a flat and terraced GNR aggregate. Rather, we had to address the 
tip towards a zone free of large aggregates but this does not guarantee 
that some smaller tridimensional aggregates are present and, conse
quently, can alter the tip status when found during the tip scanning 
process. Notwithstanding, good quality topographical images of isolated 
and small GNR flakes have been taken although they did not show the 
neat terraced morphology found on those imaged on the silicon sub
strate [16]. Likewise, good quality KFM images have been obtained. It 
should be noted that the different wettability of NMP on GC with respect 
to that of silicon substrates can also influence the size and degree of 
aggregation of the GNR structures found on the surface. In fact, the NMP 
drop containing the GNR flakes is spread much better on GC than in 
silicon, which implies that is more probable to find smaller GNR flakes 
on the GC surface, as it is the case. 

2.3.4. Lactate determination in apple juice samples by a standard addition 
procedure 

An aliquot of apple juice from a local market (Madrid, Spain) was 
filtered through 0.45 μm syringe filter and analysed by a standard 
addition procedure. The employed procedure is as follows: i) several 
solutions were prepared by mixing an aliquot of 250 μL of the filtered 
apple juice with increasing amounts of a standard containing a known 
concentration of lactate and made up to 5.00 mL in volumetric flasks 
with 0.1 M phosphate buffer containing 1 mM of HMF, ii) the electro
chemical responses of the GCE/GNR/BzA/LOx biosensor towards the as- 
prepared solutions were recorded. 

3. Results and discussion 

3.1. Construction and characterization of the biosensing platform 

The development of the biosensor involves several steps, summa
rized in Fig. 1, where the GNR synthesis is also shown. 

The procedure includes: i) the modification of the transductor, a GC 
electrode, with chevron-like graphene nanoribbons that have been 
synthesized through a solution-based chemical approach, ii) the for
mation of an aryl diazonium layer that exposes carboxylic groups to the 
outside and iii) the covalent immobilization of the biological element, 
lactate oxidase, to the device. The surface resulting after each building 
step has been characterized by AFM, and/or SEM and EIS. 

3.1.1. Modification of GCE with GNR 
First, we have studied by AFM the surface of the polished GC, which 

displays a series of grooves, around 30 nm deep, and widths in the 
150–400 nm range (data not shown). These grooves are the consequence 
of the initial polishing and many of them run along parallel directions. 
At short length scales, a small granular structure is observed. As 
mentioned above, even given the practical problems for AFM imaging 
derived from the rough and poor reflecting character of the GC surfaces, 
we have preferred to carry out the measurements employing this sub
strate instead of the usually employed in AFM (mica, silicon or highly 
oriented pyrolytic graphite) in order to study the real system. Over this 
GC surface, GNR were deposited. As commented before, GNR were 
synthesized using a solution-based chemical approach that, in compar
ison with on-surface synthesis procedures, yields bulky amounts of GNR, 
allowing their deposition on different substrates. In contrast with top- 
down methodologies, in particular those based on unzipping of carbon 
nanotubes, the solution-based synthesis also leads to more structurally 
well-defined and homogenous GNR. However, this type of GNR has been 
scarcely employed for developing biosensing platforms. 

Fig. 2a shows a SEM micrograph obtained on a GC surface modified 
with GNR. In this image, different aggregates are observed with a large 
range of lateral sizes, from the submicron scale up to 4–5 μm wide. 

The morphology of the aggregates can be either quite rough or flat at 
the SEM scale. Precisely, Fig. 2b depicts a detail of one of these flat 
aggregates. The dispersion in sizes and morphologies of the GNR de
posits turns the AFM characterization into a complex task since the large 
or even submicron aggregates are indeed quite rough for the AFM 
technique and their imaging can damage the tip condition irreversibly. 
One of these aggregates is shown in the AFM image of Fig. 2c. Here, the 
rough morphology, with height differences close to 1 μm, is evident. For 
this reason, we have focused our analysis on the regions relatively free 
from such structures with the hope of finding smaller GNR flakes or 
aggregates. One example is displayed in Fig. 2d, where on the GC surface 
different flat flakes can be distinguished. Their thickness varies in the 
20–40 nm range. The presence of these flakes is even more evident in the 
corresponding phase-contrast image (Fig. 2f) since they yield a quite 
different contrast than the surrounding GC surface. Moreover, the lateral 
size of these structures in the phase-contrast image is appreciably larger 
than that of the corresponding topographical ones. This fact suggests 
that even thinner GNR flakes must be present, which are difficult to 
detect topographically due to the rough surface of the underlying GC 
surface. 

Fig. 2e is a 3D view of the flake marked with a rectangle in Fig. 2d. 
Here, it can be appreciated the extreme flatness and the stepped 
morphology of the flake. The root mean square roughness of a terrace is 
close to 0.5 nm. Finally, to assess the different properties of these flakes 
with respect to the GC substrate, we also performed single pass KFM 
imaging (see Fig. 2 g-i). Fig. 2g shows a zoom of a GNR flat flake whereas 
Fig. 2h and i shows the CPD and capacitance gradient images, respec
tively, taken simultaneously. Clearly, the flake presents higher CPD and 
lower capacitance gradient signals than the GC surface, which confirms 
the different electrical properties of the flakes. It is worth noting, as 
commented above, that the GC surface at this level of resolution displays 
a sort of granular nanometer structure. One issue to discuss is the nature 
of the interaction between GNR and GC. These data do show that there 
are GNR lying parallel to the GC surface. This adsorption geometry 
suggests that π-π stacking may be ruling the interaction between GNR 
and GC. In fact, it has recently been stated that the GNR-GC interaction is 
via π-π stacking [36]. The fact that many carbon atoms are involved in 
the adsorption is consistent with this type of interaction [37]. In this 
sense, it is worth noting that the GNR structures remain on the GC 
surface after repetitive washing of the surface as well as during the 
sample measurement. 

3.1.2. Aryldiazonium electrografting at GC/GNR surface 
The next step of the biosensor development consists in modifying the 

GC/GNR surface with 4-aminobenzoic acid by electrografting of the in- 
situ generated diazonium cations. In a first step, the diazonium salt is 
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formed from 4-aminobenzoic acid molecules by a standard diazotization 
procedure. Afterwards, they are electrochemically reduced leading to a 
covalent bond between carbon atoms of the GNR-modified electrode 
surface and the benzoic acid. This latter process is achieved through the 
cyclic voltammograms recorded with a GC/GNR electrode immersed in 
the solution containing the in-situ generated 4-carboxyphenyl diazo
nium cations. As Fig. 3a shows, during the first scan, an irreversible peak 
close to − 0.4 V, corresponding to the reduction of diazonium cations to 
radicals, is obtained. The intensity of this peak decreases with successive 
scans (see the thick arrow in the figure), indicating that the electro
grafting is successfully taking place. 

Next, we have evaluated by CV (Fig. 3b) the blocking properties of 
the benzoic acid layer, electrografted after a given number of reduction 
cycles in a ferri/ferrocyanide solution. The repulsion between the 
negatively charged carboxylic groups and the [Fe(CN)6]3-/4- anions 
hinders the access of the redox probe to the electrode [38], allowing to 
follow the electrografting process. Fig. 3b shows the typical cyclic vol
tammogram for [Fe(CN)6]3-/4-, which becomes clearly distorted when 
the benzoic acid is on the electrode surface. As expected, the increase of 
the irreversibility and the decrease of the intensity of the peak current 
are produced as a consequence of the successive electrografting cycles 
(indicated by the thick arrows in the figure). The higher the number of 
cycles employed, the higher the extent to which the electron transfer 
between the redox probe and the electrode surface becomes hindered. 

In order to confirm this result, we performed EIS measurements to 
evaluate the charge transfer process occurring at the electrode interface. 
Fig. 3c shows Nyquist diagrams in a solution containing [Fe(CN)6]3-/4- 

for GC/GNR/BzA where the benzoic acid was electrografted after a 
given number of cycles (n = 1, 2, 3, 5, 7). As can be observed, the 
electron-transfer resistance (RCT) increases with the number of cyclic 
voltammetric scans employed for electrografting. 

According to these results, we selected to apply 5 cycles for the 
reduction of the in-situ generated 4-carboxyphenyl diazonium cations. 
This number of electro-reduction scans assures that the 4-carboxyphenyl 
diazonium cations are reduced, as can be seen in Fig. 3a, where the 
irreversible peak at − 0.4 V disappears after the fifth scan. 

We have also studied by AFM how the diazonium layer wets the GC 
substrate by measuring the GC/BzA surface (not shown). This analysis 
shows how this layer does not affect the overall morphology of the un
derlying substrate. In addition, the corresponding phase-contrast image 
obtained simultaneously with the topographical one shows a uniform 
and homogeneous contrast, which indicates that the diazonium layer 
fully covers the surface. 

In order to estimate the diazonium layer thickness, we first per
formed a scratching procedure. It consists of sweeping in contact mode a 
given area during several minutes in order to remove the soft outer 
layer. Then the image mode is switched to the dynamic mode again and 
a large area containing the scratched area is imaged with the same tip 

Fig. 2. (a) SEM image of the GC/GNR sample. The bar indicates 10 μm. (b) SEM image of a flat aggregate of the same sample. The bar corresponds to 4 μm. (c) 3D 
AFM image of one of the rough aggregates found in the GC/GNR surface. (d) AFM image of a flat area of the GC/GNR sample in which several flat GNR flakes are 
observed. The bar corresponds to 2 μm. (e) 3D AFM image of the flake marked with a rectangle in (d). (f) Phase-contrast image taken simultaneously to the 
topography of (d). The bar indicates 2 μm. (g) Topographic AFM image of a flake of the GC/GNR sample. The bar corresponds to 500 nm. CPD (h) and ∂C/∂z (i) 
images taken simultaneously to the topography in (g). The bars indicate 500 nm. 
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(Fig. S1). The change in the phase contrast between the scratched and 
unscratched areas confirms that the soft BzA layer has been effectively 
removed. In this way, it can be obtained an estimation of the layer 
thickness, which results to be close to 9 nm. This value can be an 
overestimation because some layers of the GC surface can be also 
removed. However, a more local analysis was done (see below, discus
sion of Fig. 5d) through force curve analysis that led to a BzA layer 
thickness close to 4 nm. 

Next, we analysed by AFM the morphology of the GC/GNR/BzA 
system. One example is shown in Fig. 4. 

In this image, taken on a relatively rough zone of the glassy substrate, 
a clear GNR flake zone is observed at the top right part of the image. 
These flakes display a smooth surface, with a surface roughness of 0.5 
nm, which is very similar to that found on the bare flakes. As noted 
above when discussing the GC/BzA system, the diazonium layer does 
not appreciably affect the morphology and roughness of the GNR 
structures under these imaging conditions. However, it is worth to note 
that the phase-contrast image displays a rather homogeneous contrast, 
considerably lower than that of Fig. 2f for the bare GNR on GC. This is a 
consequence of the BzA layer deposited on the whole surface. The fact 
that still some phase-contrast does exist between the GC/BzA and GNR/ 

BzA structures is due to the imaging conditions as well as to the thinness 
of the BzA soft organic layer [39]. 

3.1.3. GC/GNR/BzA/LOx surface 
Once the grafting is made, the carboxylic group is activated by 

adding a solution containing EDC and NHS onto the GC/GNR/BzA 
surface, before placing it in contact with the enzyme. The biosensing 
platform, containing all the elements (GC/GNR/BzA/LOx), was visual
ized by AFM. For this study, the LOx concentration used was consider
ably lower than that used in the final device in order to be able to locate 
the smaller GNR flakes. Fig. 5a shows an isolated flake in the bottom half 
part of the image. The flake has a lateral size of 600 nm and a thickness 
in the 10–15 nm range. A higher resolution image of the surface of the 
flake is displayed in Fig. 5b. The vertical scale has been enhanced in 
order to better show the globular structures found on the top of the flake. 
The size of these structures is in the 8–14 nm range. Taken into account 
the extreme flatness of the GNR flakes (see Fig. 2), the globular struc
tures can be ascribed to the LOx molecules. The sizes measured on this 
flake are slightly larger than those previously imaged under buffer 
conditions on LOx monolayers [40]. This can be due to the measuring 
conditions in air. Fig. 5c shows a three-dimensional view of the top of 

Fig. 3. (a) Successive scans recorded with GC/GNR 
in a medium containing 4-aminobenzoic acid diazo
nium salt. For clarity only scans 1 (black line), 2 
(green line), 3 (blue line), 5 (red line) and 7 (grey 
line) are shown. Scan rate 200 mV s− 1, E (V) vs Ag/ 
AgCl |1 M KCl. (b) Cyclic voltammograms and (c) 
Nyquist plots recorded in 0.1 M phosphate buffer pH 
7 containing [Fe(CN)6]3-/4- (1 and 5 mM for CV and 
EIS, respectively) with GC/GNR/BzA where BzA has 
been electrografted after 1, 2, 3, 5 and 7 reduction 
cycles. The response of GC/GNR before the electro
grafting process is also shown in CV (orange curve in 
b). Other conditions for CVs in 2b: scan rate 100 
mVs− 1; E (V) vs Ag/AgCl |1 M KCl. Other conditions 
for EIS: Measurements at open circuit potential using 
a sinusoidal voltage of 10 mV amplitude in the fre
quency range 105 Hz-10− 1 Hz for EIS. The thin arrows 
indicate the scan direction whereas the thick ones 
mark the evolution of the measurements with the 
successive reduction cycles from 1 to 7. (For inter
pretation of the references to colour in this figure 
legend, the reader is referred to the Web version of 
this article.)   

Fig. 4. Topographic (a) and phase-contrast (b) AFM images taken simultaneously in the dynamic mode of the GC/GNR/BzA surface. Note that the vertical scale bar 
of the phase-contrast image is the same than that of Fig. 2e. The bars indicate 250 nm. 
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the flake in order to better appreciate these globular structures. It can be 
appreciated the rougher surface, compared to that of the bare flakes, as 
well as the different globular structures. Similar analyses were per
formed on larger 3D aggregates where globular structures were also 
imaged (not shown). In these cases, the measured size of the globular 
structures was higher, probably due to tip convolution effects and the 
degraded tip condition after measuring such rough 3D agglomerates. 

Fig. 5a also suggests that around the GNR flakes, where the 
morphology is akin to that of the GC substrate, there are also small 
nanometer rounded structures, which was confirmed by taking higher 
resolution images (not shown). However, due to nanometer granular 
morphology of the GC itself, it cannot be confirmed whether these 
structures are LOx molecules. 

In order to further assess this issue, we performed force curve anal
ysis with the same tip on the GC and GC/GNR/BzA surfaces as well as on 
this surface (Fig. 5d). That one taken on the GC surface mostly shows a 
horizontal behaviour at the left of the graph followed by a linear 
dependence with a positive slope (the different regions in the force curve 
are marked in the inset of Fig. 5d). In contrast, the one obtained on GC/ 
GNR/BzA shows after the horizontal regime a marked curvature before 
reaching the linear behaviour with the same slope than that observed on 
the GC surface, the latter regime corresponding to the situation where 
the tip has gone through the soft layer and has reached the harder un
derlying surface. Due to the presence of this initial curvature, the force 
curve is shifted to the right and its lateral extent corresponds to the 
thickness of the BzA layer [41] that results to be close to 4 nm. This value 
is in agreement with others reported previously where a sort of multi
layer deposition was observed [42–44]. On the GC/GNR/BzA/LOx 
surface, the force curve presents also a marked curved region, associated 
to the sampling of soft material, before reaching the constant positive 
sloped region characteristic of probing the harder GC surface. This 
initial curved region leads to the shift of the curve respect to that taken 
on GC, allowing to estimate the thickness of the soft layer around 11 nm. 
Taking into account that the thickness of the BzA layer is around 4 nm, 
we can conclude that LOx molecules are indeed adsorbed on the surface, 
and the LOx layer thickness (around 7 nm) agrees with that of one LOx 

monolayer [40]. 

3.2. Response of GC/GNR/BzA/LOx biosensor 

In our design of the electrochemical sensor, and keeping in mind the 
goal of improving the analytical properties of the resulting biosensor 
towards the determination of lactate, we have focused on the use of GNR 
in the fabrication of the device and on the adoption of a covalent 
approach for enzyme immobilization. In the development of biosensing 
platforms, the immobilization of the enzyme onto the transducer plays a 
key role in the resulting performance of the device since it is essential 
that the enzyme retains its full catalytic activity and stability after the 
immobilization process. In our case, the enzyme (LOx) has been cova
lently attached to the activated carboxylic groups of the BzA (see Fig. 1), 
which forces the enzyme to position itself in such a way that it can bind 
through its amino groups to the activated carboxylic groups exposed 
from the surface. This could affect its active center and alter its catalytic 
activity. In order to verify that the enzyme retains its capability for 
lactate recognition after being immobilized onto the modified electrode, 
we have recorded the cyclic voltammetric response of the GCE/GNR/ 
BzA/LOx system in a solution containing 1 mM of hydrox
ymethylferrocene in the absence (Fig. 6, curve a) and in the presence of 
L-lactate (Fig. 6, curve b). 

In the absence of lactate, the typical redox signal around +0.3 V 
corresponding to the pair redox Fe2+/Fe3+ is observed. In the presence 
of lactate, the CV shows an increase of the anodic peak current together 
with a decrease of the cathodic one, which is the typical behaviour for 
catalytic processes involving an enzyme and a redox mediator [45]. The 
enzymatic reaction proceeds according to the following pathway:  

L-lactate + (LOx)ox → Pyruvate + (LOx)red                                         (1)  

(LOx)red + (HMF)ox → (LOx)ox + (HMF)red                                       (2)  

(HMF)red→ (HMF)ox + 1 e− (3) 

In this system, the enzyme LOx catalyzes the oxidation of lactate to 
pyruvate, while the oxidized form of the soluble redox mediator 

Fig. 5. (a) Topographic AFM image of the GC/GNR/ 
BzA/LOx sample where a flake is observed close to 
the middle and lying on top of a groove. The bar in
dicates 1 μm. (b) Zoom of the flake observed in (a) in 
which the z-scale has been enhanced to make visible 
the globular structures on its surface. The bar in
dicates 200 nm. (c) 3D view of the top of the flake of 
(b). The image is 200 nm × 200 nm wide. (d) Force 
curves obtained with the same cantilever on the GC 
(black), GC/GNR/BzA (red) and GC/GNR/BzA/LOx 
(dashed green) surfaces. The corresponding thickness 
of the soft layers is indicated. In the top-left inset is 
plotted a zoom of the graph corresponding to the 
dashed circle in the main plot. In this inset, the 
different regions, referred to in the text, are indicated. 
(For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web 
version of this article.)   
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(HMFox) accepts the electrons involved in the process, regenerating the 
enzyme and turning into its reduced form (HMFred). The re-oxidation of 
HMFred on the electrode surface leads to the response that can be 
observed in curve b. The magnitude of this catalytic current can be 
employed as the analytical signal in the determination of lactate con
centration. In this detection strategy, HMF replaces O2 (the natural 
electron acceptor), allowing to follow its response at +0.3 V, instead of 
detecting the hydrogen peroxide that is generated when O2 is employed 
as electron acceptor. The employment of the redox mediator allows 
minimizing the contribution of interfering substances that could be 
oxidized at the high potential required for H2O2 detection. 

To know whether the covalent approach is more effective than the 
adsorption of the enzyme in an unspecific way, we have also registered 
the cyclic voltammetric response towards lactate of the GCE/GNR/BzA/ 
Loxads biosensor (Fig. 6, curve c). In this case, before adding the enzyme 
onto the GCE/GNR/BzA surface, we have not performed the activation 
of the carboxylic groups avoiding the covalent binding. As can be 
observed in Fig. 6c, in the presence of lactate, the CV shows an increase 
of the anodic peak current, but this increase is smaller than that obtained 
in curve b. Furthermore, the cathodic peak current is not reduced, which 
suggests that the enzyme is working in a less effective way than when it 
is covalently attached. 

On the other hand, as mentioned before, it is known that the use of 
GNR in the development of electrochemical sensors also influences the 
final characteristics of the device. In particular, GNR are good candi
dates for electroanalytical applications due to their properties associated 
with a great number of rich edge defects and chemically active sites. To 
evaluate the effect of the GNR on our device, we have recorded the CV 
response in the presence of lactate when the biosensor does not contain 
GNR, that is, in which the diazotization step was performed on a bare GC 
electrode instead of on a GNR-modified one. As can be observed in 
Fig. 6, the CVs obtained for GC/BzA/LOxads (curve d) and GC/BzA/LOx 
(curve e) show an increase of the anodic peak current with respect to 
that obtained in the absence of lactate, but appreciably smaller than 
those obtained in curves b and c, reflecting the effect of the absence of 
GNR. Moreover, the cathodic wave does not show the decrease typically 
associated to a catalytic behaviour. 

3.3. Determination of lactate: analytical data 

Fig. 7 shows the calibration curve obtained by plotting the current 

intensity measured at +0.3 V in the cyclic voltammograms recorded 
with the GC/GNR/BzA/LOx sensor in solutions containing increasing 
concentration of lactate. 

For each concentration value, it is shown the average of the intensity 
current obtained for three measurements together with the standard 
deviation (n = 3). In the concentration range of 3.4 ⋅ 10− 5 – 2.8 ⋅ 10− 4 M, 
we obtain a linear relationship whose equation is I (A) = (1.6 ± 0.8) ×
10− 8 + (5.5 ± 0.1) × 10− 6 [Lactate] (mM) (r = 0.997). A sensitivity 
value of 5.5 × 10− 6 A/mM was obtained from the slope of the linear 
range of the calibration curve. Detection (LOD) and determination limits 
(LOQ) were calculated as 3σ/slope and 10 σ/slope, respectively, where σ 
corresponds to the standard deviation of the background current (n = 5) 
and slope is the slope (sensitivity) of the linear range of the calibration 
curve. Values of 11 μM and 34 μM, were found, respectively. We want to 
highlight that this LOQ is far low enough to control the growth of 
selected LAB strands in the industrial fermentation of foods and bever
ages from the beginning of the process until the fermented product is 
ready [46–49]. For example, specific strains in winemaking gave rise to 
(1.8 ± 0.1) 10− 3 M [47], 0.013769 ± 0.000547 M in blueberry juice 
[46], 0.0850 ± 0.0006 M in the Turkish non-alcoholic beverage Şalgam 
[48] and as high as 1.15 ± 0.04 M in orange juice milk-based beverages 
[49]. 

Fig. 6. Cyclic voltammograms in 0.1 M phosphate buffer containing 1 mM 
HMF recorded with: GC/GNR/BzA/LOx in the absence (curve a) and in the 
presence (curve b) of 0.4 mM of lactate, GC/GNR/BzA/LOxads (curve c), GC/ 
BzA/LOxads (curve d) and GC/BzA/LOx (curve e) in the presence of 0.4 mM of 
lactate. Other conditions: E (V) vs Ag/AgCl |1 M KCl. Scan rate: 10 mV s-1. The 
arrow indicates the scan direction. 

Fig. 7. (a) Cyclic voltammograms recorded in 0.1 M phosphate buffer con
taining 1 mM of HMF in the presence of increasing lactate concentrations. Other 
conditions: scan rate: 10 mV s-1; E (V) vs Ag/AgCl | 1 M KCl. The arrow in
dicates the scan direction. (b) Calibration curve obtained from cyclic voltam
metric measurements in (a) (current intensity measured at +0.3 V with respect 
to the response of HMF in the absence of lactate). 
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In order to establish undoubtedly that the best analytical properties 
are obtained for the GC/GNR/BzA/LOx biosensing platform, we have 
also obtained the calibration curves for the biosensors that do not 
include GNR and/or the biosensors where the enzyme was not cova
lently bonded. Fig. S2 displays the calibration curves for sensors pre
pared by: direct adsorption of the enzyme on a bare glassy carbon 
electrode (GC/LOxads, curve a) and for the GC/GNR/BzA/LOx (curve b), 
GC/GNR/BzA/LOxads (curve c), GC/BzA/LOxads (curve d), GC/BzA/LOx 
(curve e) systems. The linear concentration range and the sensitivity 
obtained from the linear part of the calibration curves displayed in 
Fig. S2 are summarized in Table S1. From these data, it is clearly 
concluded that the greater sensitivity and the wider linear concentration 
range are obtained for the GC/GNR/BzA/LOx biosensor. Moreover, the 
worst results are obtained for biosensors that do not include GNR and in 
which the enzyme is directly adsorbed onto the electrode surface (GC/ 
LOxads and GC/BzA/LOxads), followed by biosensors that do not include 
GNR but the enzyme is covalently bonded (GC/BzA/LOx). Finally, the 
linear concentration range and the sensitivity obtained for biosensors 
containing GNR, but in which the enzyme is adsorbed (GC/GNR/BzA/ 
LOxads), is worse than those obtained when the enzyme is covalently 
immobilized. 

The accuracy and precision of the method are summarized in 
Table S2. The accuracy, expressed as relative error (Er,%), has been 
evaluated by recovery tests performed by triplicate for different level of 
lactate concentration (0.15 mM, 0.20 mM and 0.25 mM). Er values 
correspond to the difference between the expected value and the 
average of the lactate concentration found from the three measure
ments. The precision of the method was evaluated in terms of repro
ducibility (measurements performed with different GCE/GNR/BzA/LOx 
biosensors for different levels of lactate concentrations and inter-day 
measurements) [50]. For all the concentration levels assayed, relative 
errors (Er) less than 6.0% and relative standard deviation (RSD) less 
than 8.4% were calculated, indicating that lactate can be detected with 
the GC/GNR/BzA/LOx biosensor with good accuracy and precision. 

Finally, to evaluate stability, GC/GNR/BzA/LOx biosensors were 
prepared and kept at 4 ◦C for 30 days. The biosensor retained 95% of 
their initial response after the storage period, indicating a good stability. 

Table 1 summarizes the analytical properties obtained with different 
biosensing platforms for lactate determination found in the literature. 
The detection limit obtained with our biosensing platform is similar, or 
even better, than those obtained with other recently reported electro
chemical biosensors, most of them requiring the combined use of 
different nanomaterials in their design. 

3.4. Interference study 

In order to evaluate the selectivity of the method, glucose, fructose, 
ascorbic acid, tartaric acid and citric acid were studied as potential in
terferences in lactate determination since these compounds are typically 
present in juices. The study was performed by recording the GC/GNR/ 
BzA/LOx biosensor response before and after adding increasing amounts 
of each potential interferent to a solution containing a fixed amount of 
lactate (1.5 10− 4 M). According to the criteria that a given compound 
interferes at a concentration level enough to produce a variation on the 
initial analytical signal higher than 10%, we found that the presence of 
glucose, fructose, ascorbic acid, tartaric acid and citric acid interferes for 
the concentrations summarized in Table S3. 

3.5. Analytical application: determination of lactate in juices 

The applicability of the sensor was evaluated for lactate determina
tion in apple juices because this sample is a target of the food industry 
and there is a need for controlling the growth (so the fermentation) of 
LAB. As described in the experimental section, only filtration was car
ried out, as pretreatment of the juice sample, before performing the 
analysis by standard addition procedure. To this end, different aliquots 

of 250 μL of apple juice were mixed with increasing volumes of a 
standard solution of lactate before made up all of them to a final volume 
of 5.00 mL in volumetric flasks, employing 0.1 M phosphate buffer (pH 
7) containing 1.0 mM hydroxymethylferrocene. In addition, one solu
tion containing only the aliquot of 250 μL of sample, without addition of 
lactate, was prepared in the same way. This corresponds to [Lacta
te]added = 0. From cyclic voltammetric measurements (Fig. S3), it was 
found that the current increases with lactate addition according to I (A) 
= (6.3 ± 0.5) x 10− 7 + (7.9 ± 0.2) x 10− 6 [Lactate]added (mM), r =
0.992. The sample concentration was obtained by extrapolation of this 
straight line to y = 0. From this value, and after taking into account the 
dilution of the sample (1:20), a lactate concentration of 1.59 ± 0.07 mM 
in the apple juice was found. The assays were carried out in triplicate. 

To validate the result obtained by the electrochemical-based meth
odology, the apple juice samples were further analysed with a com
mercial enzymatic lactate assay kit according to the manufacturer’s 
instructions (Neogen). The measurement is based on the spectrophoto
metric determination at 340 nm of the nicotinamide adenine dinucleo
tide formed from lactate through two coupled reactions catalyzed by L- 
lactate dehydrogenase and glutamate-pyruvate transaminase. A lactate 
concentration of 1.55 ± 0.07 mM (n = 3) was obtained. In order to 
compare statistically the results obtained by both electrochemical and 
spectrophotometric measurements, we applied the Student t-test, 
obtaining a tcal value (tcal = 0.70) lower than the tabulated one (ttab =

Table 1 
Analytical properties of lactate biosensors found in the literature.  

Work Electrode Modification Linear Concentration 
Range (mM) 

Detection Limit 
(μM) 

[51] LOx/PtNPs/GCNF/ 
SPCEs 

0.01–2.0 6.9 

[52] LOx/AuNPs/ZnO NRs/ 
Au 

0.01–0.6 6 

[53] LDH/rGO/AuNPs/ 
SPCEs 

0.01–5 0.13 

[54] LDH/rGO-PhNHOH/ 
GC 

Up to 0.090 2.5 

[55] MWCNTs/CS/LOx/ 
SPBGE 

0.03–0.24 22.6 

[4] FTFME/b-Cyt/ 
engineered LOx 

0.5–20 410 

[5] g-p MgO-tC-SP/NTQ/ 
LOx 

Up to 50 300 

[6] Pd electrode/Flex-GO/ 
LOx 

1–100 1000 

[7] SPCEs/PtNPs/PANI/ 
MXene/LOx 

0.005–5 5 

[8] Pt/rGO/CNTs/AuNPs/ 
LOx 

0.05–100 2.3 

[9] Au SGGT/PC/ 
CeO2NPs/LOx 

0.003–0.3 0.3 

[10] Ni foam/TiO2/ 
graphene/LOx 

0.05–10 19 

[41] Au/DNPs/LOx 0.05–0.7 15 
[56] Au/MPTS/DNPs/LOx 0.053–1.6 16 
[57] GC/MoS2/LOx 0.056–0.77 17 
This 

work 
GCE/GNR/BzA/LOx 0.035–0.28 11 

Lactate oxidase (LOx), platinum nanoparticles (PtNPs), graphitized carbon 
nanofibers (GCNF), screen printed carbon electrodes (SPCEs), gold nanoparticles 
(AuNPs), zinc oxide nanorods (ZnO NRs), Lactate dehydrogenase (LDH), 
reduced graphene oxide (rGO), glassy carbon electrode (GC), multiwalled car
bon nanotubes (MWCNTs), chitosan (CS), basal-plane like screen-printed 
graphite electrodes (SPBGEs), flexible thin-film multiplexed electrodes 
(FTFME), b-type cytochrome protein (b-Cyt), screen-printed graft-polymerized 
MgO-templated carbon (g-p MgO-tC-SP), 1,2-naphthoquinone (NTQ), Flex-GO 
(Flexible graphene oxide), polyaniline (PANI), transition metal carbide and 
nitride (MXene), carbon nanotubes (CNTs), solution-gated graphene transistors 
based on Au (Au SGGT), porous carbon (PC), diamond nanoparticles (DNPs), (3- 
mercaptopropyl)-trimethoxysilane (MPTS), chevron-like graphene nanoribbons 
(GNR), 4-aminobenzoic acid (BzA). 
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4.60 for 99%). This data indicates that results obtained by both methods 
are in very good agreement, confirming the applicability of the proposed 
methodology for lactate determination in beverages, even when the 
sample was not subjected to fermentation by LAB, i.e., with the raw 
liquid. 

4. Conclusions 

We have developed an electrochemical biosensor for lactic acid 
determination based on the covalent immobilization of lactate oxidase 
via a diazotation process onto a glassy carbon electrode modified with 
bottom-up synthesized chevron-like graphene nanoribbons. The diazo
nium salt, formed from 4-aminobenzoic acid molecules, was successfully 
anchored to the GNR-modified electrode surface by electrochemical 
reduction after applying 5 cyclic voltammetric scans. The character
ization of the biosensing surface by AFM shows flakes, with lateral size 
around 600 nm and a thickness in the 10–15 nm range, decorated with 
globular structures in the 8–14 nm range ascribed to the LOx enzyme. 
Force curve analysis allows to estimate the thickness of the soft layer 
around 11 nm, which is formed by BzA and LOx layers of around 4 and 7 
nm, respectively. 

The biosensing platform, including GNR and a covalent approach for 
the immobilization of the enzyme, shows a higher electrocatalytic 
response towards lactate than similar biosensors that do not include 
GNR and/or where the enzyme was adsorbed in an unspecific way, 
evidencing that the biosensor design combines the benefits in selectivity 
provided by the enzyme with the sensitivity derived from the use of 
GNR. 

The biosensor responds linearly to lactate in the range 3.4 ⋅ 10− 5– 2.8 
⋅ 10− 4 M with a limit of detection of 11 μM and its applicability to 
determine lactate in apple juices has been tested with results in good 
agreement with those obtained by an enzymatic-spectrophotometric 
assay kit. 
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