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A B S T R A C T   

Advances in cutting-edge technologies including nanotechnology, microfluidics, electronic engineering, and 
material science have boosted a new era in the design of robust and sensitive biosensors. In recent years, carbon 
black has been re-discovered in the design of electrochemical (bio)sensors thanks to its interesting electroana
lytical properties, absence of treatment requirement, cost-effectiveness (c.a. 1 €/Kg), and easiness in the prep
aration of stable dispersions. Herein, we present an overview of the literature on carbon black-based 
electrochemical (bio)sensors, highlighting current trends and possible challenges to this rapidly developing area, 
with a special focus on the fabrication of carbon black-based electrodes in the realisation of sensors and bio
sensors (e.g. enzymatic, immunosensors, and DNA-based).   

1. Introduction 

Since the discovery of carbon nanotubes by Iijima in 1991 (Iijima, 
1991), carbon-based nanomaterials have radically changed the vision of 
research in several branches of science, including electrochemistry. The 
huge impact of nanomaterials in electroanalysis has been well docu
mented by Escarpa (2012), he asserted that electroanalysis is undergo
ing a true Renaissance thanks to recent advances in several fields, such 
as nanotechnology. Starting from carbon nanotubes through 
boron-doped, graphene has recently gained momentum (Geim and 
Novoselov, 2010; Alwarappan et al., 2009, 2010, 2012a, 2012b; Kesa
van et al., 2019; Shu et al., 2019a; Sukumaran et al., 2017; Valappil 
et al., 2015; Vineesh et al., 2015; Zeng et al., 2018; Zhou et al., 2018). 
However, recently an old and cost-effective material called carbon black 
(CB) has been re-discovered. CB exhibits excellent electrical conduc
tivity, dispersible in solvents, possibility of facile functionalisation, and 
possesses numerous defect sites and fast electron transfer kinetics 
(Arduini et al., 2010a, 2010b, 2015a; Vicentini et al., 2015; Cinti et al., 
2015; Mazzaracchio et al., 2019). Moreover, CB is a low-cost nano
material (c.a. 1 €/Kg), which further advances its use in the development 
of cheap electrochemical devices. 

CB displays specific properties including high surface area, sphere 

diameter of nm size, ID/IG ratio higher than 0.9, and valuable hetero
geneous rate constants (Table 1). The largest application of CB in the 
electrochemical field, until a few years ago, was in the design of sensors 
for analyte detection in gaseous phases, for fuel cell and lithium and 
sodium batteries. (Alcantara et al., 2001; Dominko et al., 2003; Hopkin 
and Lewis, 2001; Martinez-Alvarez and Miranda-Hernandez, 2008), 
while only a few CB-based electrochemical sensors had been reported up 
to 2009 for analyte detection in solution. As far back as 1985, Liberti 
et al. (1985) developed an electrochemical sensor combined with a 
HPLC analytical system, for the detection of phenolic compounds based 
on polyethylene and graphitized CB. In 2005, Razumiene et al. (2005) 
reported the first biosensor for reagentless determination of ethanol and 
glucose by exploiting this nanomaterial to create a direct electron 
transfer between quinohemoprotein alcohol dehydrogenase or pyrrolo
quinoline quinone-dependent glucose dehydrogenase. 

Since 2007, CB has begun to be recognised as a reliable nanomaterial 
for the design of electrochemical sensors (Hocevar and Ogorevc, 2007), 
and an increasing number of (bio)sensing configurations have been 
proposed which exploit CB’s multifunctional features, as highlighted by 
relevant research groups (Lo et al., 2012; Wong et al., 2012; Vicentini 
et al., 2015). For instance, in 2010 our group demonstrated the suit
ability of CB to develop both carbon-paste (Arduini et al., 2010a) and 

* Corresponding author. University of Rome “Tor Vergata”, Department of Chemical Science and Technologies, Via della Ricerca Scientifica, 00133, Rome, Italy. 
E-mail address: fabiana.arduini@uniroma2.it (F. Arduini).  

Contents lists available at ScienceDirect 

Biosensors and Bioelectronics 

journal homepage: http://www.elsevier.com/locate/bios 

https://doi.org/10.1016/j.bios.2020.112033 
Received 25 November 2019; Received in revised form 6 January 2020; Accepted 15 January 2020   

mailto:fabiana.arduini@uniroma2.it
www.sciencedirect.com/science/journal/09565663
https://http://www.elsevier.com/locate/bios
https://doi.org/10.1016/j.bios.2020.112033
https://doi.org/10.1016/j.bios.2020.112033
https://doi.org/10.1016/j.bios.2020.112033
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bios.2020.112033&domain=pdf


Biosensors and Bioelectronics 156 (2020) 112033

2

screen-printed electrodes (Arduini et al., 2010b). The outstanding fea
tures of this underestimated nanomaterial were also demonstrated when 
compared with the most commonly used carbon nanotubes and gra
phene. In 2012 the Compton group demonstrated the effectiveness of 
commercial Monarch® CB samples (M 1100), compared to the more 
specialised multi-walled carbon nanotubes to produce a carbon paste 
sensor for nicotine detection. Lower background currents associated 
with larger Faradaic currents with higher signal/noise ratio was 
observed in the case of a CB-based paste electrode, highlighting “the 
potential improvement involved in the (largely unexplored) direct application 
of nano-carbon in electrode surface modification” (Lo et al., 2012). The 
Pumera group reported a comparison between CB (Grade 5358R) and 
thermally reduced graphene oxide, and demonstrated that thermally 
reduced graphene oxide held no advantage over CB for both 
inner-sphere (e.g. [Fe(CN)6]4-/3-) and outer-sphere (e.g. [Ru 
(NH3)6]2þ/3þ) redox probes. The authors stated that “for electrochemical 
sensing purposes we suggest CB as an electrode material in lieu of thermally 
reduced graphene oxide due to its low cost and time saving since it can be used 
‘‘as is” from commercial suppliers, with little or no loss in electrochemical 
performance” (Wong et al., 2012). In 2015, Banks and Fatibello-Filho 
groups studied three different CB samples to modify glassy carbon 
electrodes describing the “significant improvements in the electrochemical 
performance (excellent sensitivity, faster heterogeneous electron transfer rate 
(HET)) over that of a bare glassy-carbon and edge-plane pyrolytic graphite 
electrode and thus suggest that there are substantial advantages of using CB 
as modifier” (Vicentini et al., 2015). Thanks to these initial efforts, CB’s 
outstanding electrochemical performances have increased the use of this 
cost-effective and sustainable nanomaterial in the construction of elec
trochemical (bio)sensors. Fig. 1, demonstrates the increasing role of this 
carbon-based material in the design of electrochemical (bio)sensors. 

In the next sections, a glance at CB-based electrochemical (bio) 
sensing configurations is reported, with a special focus on the use of CB 
for the design of both sensors and biosensors (e.g. enzymatic, immuno- 
sensors, and DNA-based), as well as paper-based (bio)sensors. 

2. Fabrication of CB-based electrodes 

According to definite analytical requirements and economic oppor
tunities, different approaches have been adopted for the manufacturing 
and modification of electrochemical sensors, from the oldest carbon 
paste to glassy carbon and printed electrodes. Among nanomaterials, CB 
has shown high potential in the customization of all these types of 
electrodes (Fig. 2), thanks to its fascinating electrochemical features, 
combined with cost-effectiveness. 

2.1. Carbon paste electrodes 

CB-based paste electrodes have been produced in a variety of config
urations by exploiting the versatility of carbon paste and CB nanomaterial. 
Ho�cevar and Ogorevc created CB-paste micro-electrodes using Printex 
XE2 CB and mineral oil, packing this paste into pulled micro-meter glass 
capillaries by using a newly developed piston-driven system (Hocevar and 
Ogorevc, 2007). A solid CB-based paste was prepared by hand, mixing CB 
and solid paraffin, liquefied by heating to around 45 �C before mixing with 
CB. 50% of solid paraffin was required in order to obtain a stable CB-paste 
paste, while only 25% of solid paraffin was sufficient for graphite paste 
electrodes, being CB characterised by high surface area and thus requiring 
high amounts of binder (Malha et al., 2013). Another approach for 
CB-based paste production relies on the construction of a carbon 
concentrate of technical polyethylene in the form of black granules, made 
up of 30% CB N220 and 70% thermally stabilized polyethylene. This 
material was then melted to fill the electrode body (the internal diameter 
of the shell 3.9 mm with an internal stainless steel contact), this was 
further modified with gold nanoparticles by electrodeposition of AuCl4�

and utilized for iron detection (Zakharova et al., 2012). 
Malha et al. (2016) investigated several CB nanomaterials using CB 

N110, N220, N375, N772 all mixed with 50% (w/w) liquid or solid 
paraffin, demonstrating that the use of solid binders in CB paste elec
trodes allows for an easier renewal of the working electrode surface. The 
Compton group prepared different CB-based carbon paste electrodes by 
hand pasting CB powder with mineral oil, paraffin oil or [C4mpyrr] 
[NTf2]. In particular, two CB-based paste electrodes were fabricated 
using the following ratio: graphite/CB/[C4mpyrr][NTf2]/mineral oil 
(12/37/14/17) and CB/mineral oil (55/45) to test compounds charac
terised by reversible behaviour such as Ru(NH3)6

3þ, FcCH2OH and 
acetaminophen (Lowinsohn et al., 2013). This study demonstrated a 
similar electrochemical performance between graphite and CB; how
ever, CB can be considered a valid alternative to graphite powder for its 
affordability (ca. 25 times cheaper than graphite). In the case of species 
characterised by irreversible behaviour such as nitrite, a shift of ca. 
150–200 mV toward lower potential was observed, demonstrating that 
the benefit of CB is not just confined to the cost, but it also establishes an 
improvement to the electrochemical properties (Malha et al., 2013). 

2.2. Glassy carbon electrodes 

Among the diverse electrodes used in electrochemistry, glassy carbon 
is the main electrode used to test and characterise new nanomaterials. To 
deliver a nanomodified glassy carbon electrode, the drop-casting pro
cedure is the principal approach for a fast and reliable modification of the 

Table 1  

Carbon Black Particle diameter (nm) Surface Area (BET) (m2/g) ID/IG k0 (cm/s) References 

BP4750 25 (a)  3.65 (a) 5.74 10-3 (a) a) Vicentini et al., 2015 
b) Lee et al., 2012 
c) Mazzaracchio et al., 2019 
d) Lo et al., 2012 
e) Lowinsohn et al., 2013 
f)https://www.mt.com/ch/it/home/ 
supportive_content/matchar_apps/ 
MatChar_HB457.html 
g) Donnet et al., 2002 
h) Arduini et al., 2010a 
i) Malha et al., 2016 
l)https://www.makrochem.com/specs/ 
n660.pdf 
m) Hocevar et al., 2007 
n) Svegl et al., 2008 
p) Wong et al., 2012 
q) Al-Hartomy et al., 2012 
r) www.matweb.com 
s) Al-Hartomy et al., 2011 
t) Yang et al., 2017  

ECP-600JD 34 (b) 1270 (b)   
E2000 25 (a)  2.36 (a) 6.23 10-4 (a) 
HP 160   1.28 (c) 5.4 10-3 (c) 
HS20   1.32 (c) 1.2 10-3 (c) 
M 1100 14 (d)    
M 430 25-37 (e)    
MT N990  9 (f) 1.19 (c)  
N115  142(g) 1.33 (c) 6.3 10-3 (c) 
N220 17.95-32.5 (h) 120 (h) 0.96 (h) 1.59 10-2 (h) 
N375 36 (i) 105 (i) 1.27 (c) 3 10-3 (c) 
N660  35 (l) 1.2 (c) 2.6 10-3 (c) 
N772 124 (i) 30 (i)   
Printex XE 2 30 (m) 950 (n)  8.1 10-3 (n) 
5358R 29 (p)  0.91 (p) 1.7 10-3 (p) 
PL6  150 (q) 1.41 (c) 4.8 10-3 (c) 
Super P  62 (r) 1.41 (c) 2.2 10-3 (c) 
XE2B  1000 (s) 1.57 (c) 4.3 10-3 (c) 
VXC72R 25 (a) 254 (t) 2.64 (a) 9.26 10-2 (a)  
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working electrode surface. Therefore, a stable dispersion is required to 
provide a highly reproducible sensor, and to avoid any non-homogenous 
coverage of the working electrode surface, with a consequent irrepro
ducible immobilisation of bio-components during a biosensor 
construction. 

One of the main features of CB is its ability to easily produce stable 

dispersions, usually at a concentration of 1 mg/mL in a variety of sol
vents such as ethanol, acetonitrile, a mixture of dimethylformamide- 
water in ratio 1:1 (v/v) (Mazzaracchio et al., 2019), chitosan (Talarico 
et al., 2016), cetyltrimethylammonium bromide (Svegl et al., 2008) or 
dihexadecylphosphate water solution (Silva et al., 2017). 

For instance, Vicentini et al. evaluated the electrochemical response of 
glassy carbon electrodes modified with a few μL of CB-dispersions, pre
pared as follows: i) 1.0 mg CB in 1.0 mL of ultrapure water; ii) 1.0 mg of CB 
and 1.0 mg of dihexadecylphosphate in 1.0 mL of ultrapure water; and iii) 
1.0 mg of CB in 1.0 mL chitosan solution (1.0% w/w), all dispersions were 
sonicated for 30 min. To select the best dispersion, potassium ferrocya
nide was selected as the electrochemical probe and cyclic voltammetry as 
the electrochemical technique, with an evaluation of peak-to-peak sepa
ration and peak intensity. The highest current with improved electro
chemical reversibility (i.e. close peak-to-peak separations) was obtained 
with chitosan based-dispersion, because no adherent and stable films 
were found without chitosan (Vicentini et al., 2015). In fact, CB dispersion 
with water requires polymers such as chitosan, or additional organic 
solvents such as dimethylformamide (Arduini et al., 2012). 

In different conditions, organic solvents, including acetonitrile, have 
delivered stable dispersions (Arduini et al., 2010b). Indeed, CB dispersion 
prepared in ethanol, acetonitrile, or a mixture of dimethylformamide: 
water remained stable for several months (Arduini et al., 2012), and 
avoided multiple additional sonication steps. It is noteworthy that CB 
N330 can be converted into carbon nanosheets, a few nanometer’s thick, 
after ultrasound irradiation at room temperature and atmospheric pres
sure under nitrogen for 44 h, causing the loss of CB’s particular structure 
(Li et al., 2007); thus multiple steps of sonication must be avoided. 

The alternative use of polymers as additional reagents can affect the 

Fig. 1. Published articles related to electrochemical (bio)sensors using CB as 
nanomaterials and their distribution among sensors and biosensors. 

Fig. 2. Different procedures to fabricate CB-based (bio)sensors.  
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selectivity and sensitivity of the sensors. For instance, CB was used to 
modify glassy carbon electrodes by creating a CB-film of alginate cross- 
linked with glutaraldehyde. In this case, alginate resulted in being an 
optimal polysaccharide for working electrode surface modification in 
comparison with cellulose, pectin, starch, and chitosan, and showed a 
stronger interaction with the target analyte (i.e. paraquat) and thus an 
improved selectivity and sensitivity of the sensor (Pacheco et al., 2019). 

2.3. Screen-printed electrodes 

The versatility of screen-printed electrodes is not confined to their 
capability of being integrated in microfluidic systems, in the require
ment of low volume samples, or in the easiness of use and miniatur
isation; it also covers the modification approach (Fig. 2). 

The modification of screen-printed electrodes with CB is carried out 
by two different processes: i) modification of the printed sensor during 
the electrode fabrication by adding CB to the graphite ink, delivering 
CB-bulk modified electrodes; or ii) modification of the printed sensor by 
drop-casting using a CB-dispersion, providing a “film” modified sensor. 

The bulk approach allows for the production of the CB-sensor during 
the fabrication, thus permitting a single step production process; how
ever, it requires a total homogeneity of the inks to obtain a high level of 
repeatability (RSD% lower than 10%). In addition, the surface coverage 
depends on the amount of CB (w/w) added to the ink; amounts higher 
than 10% cannot be used because viscosity increases, affecting the 
correct deposition of the inks. With an increase in the CB amount in the 
inks, a higher coverage of CB has been observed. However, using ferri
cyanide as electrochemical probe and cyclic voltammetry as electro
chemical technique, the lower peak to peak separation associated to the 
higher intensity peak current has been observed using SPEs modified 
with CB by drop-casting (Arduini et al., 2012). Besides the conventional 
electrodes, printing technology has aided the creation of new sensors by 
making use of smart supports, and CB has demonstrated its capability of 
improving their electrochemical performance. This is the case of sensors 
printed on alternative substrates as filter, office, paper towel, waxed 
paper, and Parafilm M® (Heathrow Scientific, Vernon Hills, IL, USA) 
(Cinti et al., 2017a, 2018a, 2019; Colozza et al., 2019) or paper 
employed in printed electronics (i.e. p e:smart) (Cinti et al., 2018b). For 
instance, CB was successfully used to modify electrodes that had been 
screen-printed on paper used in printed electronics field with a 
drop-casting approach. This provides lower peak-to-peak separation, 
higher current intensity, and lower resistance of charge transfer. 

2.4. Microfluidic press-transferred 

If our group has been the pioneer in the fabrication, characterisation, 
and application of CB-based printed (bio)sensors, Escarpa and Com
pagnone groups have recently established the possibility of transferring 
CB to non-conductive supports for the development of microfluidic de
vices. Tapping into press-transfer technology has allowed for the design 
and control of the electrical properties of conductive CB films, and 
produced customised films with ohmic and tunnelling conductivity 
tailored for electrochemical detection (Della Pelle et al., 2017). In detail, 
a dispersion of CB N220 in 1,2-dichloroethane was vacuum filtered onto 
a Teflon filter, obtaining a CB “wire”, which was successively 
press-transferred onto a poly(methyl methacrylate) substrate. This 
approach enabled the smart construction of a working electrode to 
detect phenols in olive oil extracts (Della Pelle et al., 2017) or pesticides 
in environmental samples (Della Pelle et al., 2016). 

2.5. 3D-printed 

Among the different printing techniques including screen- and ink-jet 
printing, 3D printing is an emerging technology capable of producing 
three-dimensional objects with customized shapes and dimensions, using 
a cost-effective and fast manufacturing process. Diverse components of 

the electrochemical set-up have been fabricated using 3D printing tech
nology, such as a holder to contain a paper-based electrode (Scordo et al., 
2018) or a flow cell for electrochemical measures (Snowden et al., 2010). 

In this rapidly growing area, in 2019, for the first time, Banks group 
reported a three-electrode system created with 3D-printing technology 
using CB as one of the main components (Richter et al., 2019). The 
working, counter and pseudo-reference electrodes were produced by 
using a conductive fused filament made up of a mixture of CB and pol
ylactic acid. To realise the reference electrode, the CB-based electrode 
was covered with silver ink to deliver an Ag-pseudroreference electrode, 
while in the case of the working electrode, an electrochemical activation 
in sodium hydroxide was required to enhance any electrochemical 
behaviour. The analytical performances were investigated using dopa
mine as model compound by square wave voltammetry, obtaining a 
limit of detection equal to 0.1 μM with a linear range up to 250 μM. 

3. CB-based biosensors 

CB has been widely exploited in the design of biosensors in joint 
conjunction with several biological recognition elements including en
zymes, DNA, and antibodies (Table 2). This perfect combination relies on 
its properties: i) it enlarges the loading surface area for bioreceptor 
immobilisation, ii) it increases electrochemical behaviour and thus 
sensitivity; and iii) it is compatible with the exploited biological receptors. 

3.1. Enzymatic biosensors 

The main potential of the combination of enzymes with CB relies on 
the outstanding advantages this nanomaterial has in enhancing 
biosensor sensitivity. Indeed, CB is able to augment both conductivity 
and enzyme loading areas, thus resulting in enhanced signals and 
consequently in higher sensitivity. Moreover, some examples demon
strated the CB as a compatible substrate for enzymes immobilisation in 
the design of amperometric biosensors. 

Various enzymes have been associated with CB, including tyrosinase, 
laccase, glucose dehydrogenase, glucose oxidase, acetylcholinesterase, 
butyrylcholinesterase, and alcohol dehydrogenase. Arduini et al. (2010a) 
combined tyrosinase with a CB paste electrode to realise a biosensor for 
the amperometric detection of catechol. In detail, a tyrosinase carbon 
paste electrode was constructed using 10% by weight of tyrosinase, 50% 
of graphite, and 40% of mineral oil, similar to the composition already 
described in literature for a tyrosinase biosensor based on carbon nano
tubes. In the case of the graphite biosensor, ca. 30% of mineral oil amount 
is required, but CB provides, similarly to carbon nanotubes, a higher 
surface area compared to graphite, thus requiring a higher amount of 
mineral oil (Mita et al., 2007). However, despite the nano
material/enzyme/oil composition being similar to those of carbon 
nanotubes, the authors described an enhanced sensitivity (625 nA/μM) 
and lower detection limit (0.008 μM) in comparison with the carbon 
nanotube-based biosensor. The enzymatic product (quinone) is reduced 
to hydroquinone (catechol) which is oxidised again as substrate by 
tyrosinase. This led to an enzymatic amplification cycle, whose efficiency 
depended on the electroactivity of quinone and on the close proximity of 
the enzyme and carbon material. Therefore, CB was able to load a higher 
amount of enzyme thanks to its high surface area and its close proximity 
to the bioreceptor, to obtain a higher sensitivity of the system. 

A glassy carbon electrode modified with functionalised CB was also 
described in order to enhance the electrochemical performances of a 
tyrosinase biosensor for the detection of catechol in water samples 
(Ib�a~nez-Redín et al., 2018). The functionalisation of CB entailed the 
oxidation with nitric and sulphuric acids 1:1 (v/v) mixture for 30 min at 
25 �C, allowing for an increase of material wettability due to augmented 
oxygenated functional groups. The biosensor was constructed by 
modifying the electrode with CB dispersion in a 
dihexadecylphosphate-based water solution, followed by the tyrosinase 
enzyme immobilisation using bovine serum albumin and 

F. Arduini et al.                                                                                                                                                                                                                                 
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glutaraldehyde. This device showed a sensitivity of 539 mA mol� 1 L and 
a limit of detection of 8.7 � 10� 8 mol L� 1 (Fig. 3A). Nadifiyine et al. 
(2013) developed a biosensor based on tyrosinase and CB paste elec
trode, demonstrating a reduced noise compared to traditional graphite 
paste enzymatic electrodes, with an increased sensitivity, allowing for a 
detection limit of 6 nmol L� 1 for catechol. The suitability of this 
biosensor was tested for phenol quantification in olive oil, and proved a 
good statistical correlation between the results obtained with the pro
posed CB-based biosensor and the reference method (i.e. Folin-Ciocalteu 
spectrophotometric method). 

Laccase has also been selected as polyphenol oxidase for CB-based 
biosensor design. As an example, a laccase-based biosensor was real
ised using a thionine/CB-modified screen-printed electrode for the 
detection of bisphenol A (Portaccio et al., 2013). Here, the enzyme was 
entrapped onto the electrode surface by a neutralised aqueous solution 
of Nafion while CB was exploited to absorb thionine as electrochemical 
mediator, avoiding its leakage. Under optimized conditions in terms of 
enzyme loading, pH and applied potential, a linear concentration range 
up to 50 μM was described, with a limit of detection of 0.2 μM. This 
biosensor was also tested in tomato juice samples contained in metallic 
cans where bisphenol A can be released due to the epoxy resin coating, 
with a satisfactory recovery value between 92% and 120%. 

A CB modified laccase-biosensor was also realised for the detection 
of hydroquinone as a typical model of phenolic compounds. CB paste 
electrodes were prepared by mixing 30% w/w CB and 70% w/w mineral 
oil. This configuration showed a stability over 5-months. The laccase 
enzyme was adsorbed onto a film made with botryosphaeran (from 
Botryosphaeria rhodian) and gold nanoparticles. Square wave voltam
metry was used to detect hydroquinone within the range 2.00–56.5 μM 
with a calculated detection limit of 0.474 μM. The presence of other 
phenol-like compounds such as epinephrine, dopamine, guaiacol and 
catechol, although producing a response, did not significantly interfere 
with the current signal corresponding to hydroquinone. The laccase 
biosensor was applied towards many matrices such as dermatological 
cream, samples from biological (human urine) and environmental 
niches (river water), and obtained excellent recovery results with values 
close to 100% (Mattos et al., 2019). 

Among enzymes suitable for enzymatic substrate detection, glucose 
oxidase fits impeccably with CB in the design of sensitive electrochemical 
biosensors. The preparation of a carbon composite electrode based on a 
mixture of CB, poly(ethylene-co-vinyl acetate), and Prussian blue was 
described for the immobilisation of glucose oxidase in the design of an 
amperometric biosensing system for glucose detection in tears with a 
detection limit of 7.8 μM within a linear range up to 6.95 � 10� 4 M 
(Calegari et al., 2017). In detail, CB was used for potentiodynamic 
deposition of a Prussian blue film, allowing for the detection of the 
glucose oxidase by-product hydrogen peroxide, at an applied potential of 
� 400 mV. Artificial tears spiked with glucose were also analysed with 
recovery values from 96.5 to 105%. CB combined with mesoporous 
carbon has been used to deliver an organophosphorus hydrolase 
biosensor for pesticide detection. The low detection limit of paraoxon (36 
ppb) has been achieved by exploiting the high sensitivity of this nano
composite towards p-nitrophenol, which is the enzymatic by-product of 
the organophosphorus hydrolase. The effectiveness of this configuration 
was also demonstrated when compared to a carbon nanotube-modified 
electrode, because CB combined with mesoporous carbon is capable of 
promoting the electron transfer of enzymatically generated phenolic 
compounds better than only carbon nanotubes (Lee et al., 2010). 

An alternative strategy using enzymes as biocomponent relies on the 
detection of enzymatic inhibitors. Cholinesterase enzyme is undoubtedly 
the leading actor in inhibitive biosensors, thanks to its high enzymatic 
reaction rate as well as sensitivity towards reversible and irreversible 
inhibitors (Amine et al., 2016). Cholinesterase biosensors have been 
successfully developed in conjunction with CB, showing increased 
sensitivity and minimised fouling problem from the enzymatic 
by-product thiocholine, probably due to the high number of defect sites. 

For instance, Arduini et al. (2015b) designed a printed electrode modified 
by drop-casting with CB to further immobilise butyrylcholinesterase 
enzyme by cross-linking through glutaraldehyde, Nafion, and bovine 
serum albumin. The antifouling property of CB was demonstrated in the 
detection of thiocholine at the oxidative potential; indeed, six successive 
analyses of the enzymatic substrate butyrylthiocholine gave RSD% equal 
to 3.9, demonstrating the stability of the signal without fouling effect. 
This biosensor measured paraoxon with a detection limit of 5 μg L� 1, 
whose inhibition was linearly described up to 30 μg L� 1. The suitability of 
this biosensor was also highlighted for the analysis of water samples 
fortified with 50 μg L� 1 of paraoxon, a level lower than the Italian legal 
limit of 100 μg L� 1 for surface waste waters (DL 152/2006), obtaining a 
recovery value of 96 �2%. Moreover, it showed a very high stability up to 
78 days when stored at RT in dry conditions, with RSD% not higher than 
6% for all the inhibition analyses performed. Finally, its applicability in 
complex matrices was also largely demonstrated without sophisticated 
sample pre-treatment and interference problems, thanks to the adopted 
“medium exchange method” (Arduini and Amine, 2013). This method 
consisted of three steps. In the first step, the enzymatic activity was 
measured in buffer solution in the presence of the enzymatic substrate. In 
the second step, the biosensor was put in contact with the sample which 
had been contaminated with insecticides for a selected time, followed by 
washes with distilled water. In the last step, the enzymatic residual ac
tivity was determined in a new buffer aliquot in the presence of the only 
enzymatic substrate. This approach avoided electrochemical in
terferences (e.g. ascorbic acid and phenolic compounds), because the 
enzymatic activity was quantified in the absence of any electroactive 
interfering species as well as reversible inhibitors, which are eliminated 
during the washing step (Amine et al., 2016). The suitability of this 
biosensor was highlighted not only for environmental analysis, but also in 
the agrifood sector to detect pesticides in olive oil (Arduini et al., 2017). In 
particular, olive oil samples treated with the QuEChERS method to 
extract pesticides from the whole fatty matrix were analysed for the 
presence of paraoxon by exploiting butyrylcholinesterase immobilised on 
CB modified screen-printed electrodes, with a detection limit of 6 ppb. 
The accuracy of this biosensor was assessed with olive oil spiked with 
paraoxon, obtaining a satisfactory recovery value. 

The same enzyme and immobilisation procedure were exploited to 
deliver a highly sensitive biosensor for paraoxon detection using screen- 
printed electrodes modified with a nanocomposite dispersion made up of 
CB and cobalt phthalocyanine. In this case, CB was used to load cobalt 
phthalocyanine to obtain a stable dispersion, suitable for the production 
of highly reproducible drop-cast modified sensors, allowing for paraoxon 
quantification with a detection limit equal to 18 nM (Cinti et al., 2016a). 

A different immobilisation procedure was exploited for fabrication of 
an acetylcholinesterase-based biosensor using screen-printed electrodes 
modified by drop-casting, with a dispersion of CB and chitosan. In detail, 
a one-step drop-casting procedure allowed depositing CB, chitosan, and 
acetylcholinesterase on working electrode, leading to an easy and cus
tomised mass-production of this biosensor. This biosensor was tested 
with paraoxon, demonstrating a linearity range up to 0.5 μg L� 1 and a 
low detection limit of 0.05 μg L� 1 (calculated as 10% of inhibition). In 
addition, drinking water samples spiked with paraoxon have been tested 
with recovery values equal to 97 � 15% (Talarico et al., 2016). 

Acetylcholinesterase-based biosensors have also been designed by the 
Evtugyn group, coupling CB with metallic nanoparticles and macrocyclic 
ligands. In the first case, thiacalix[4]arene was employed for the synthesis 
of Ag nanoparticles, working both as a reducing and encapsulating agent, 
avoiding nanoparticles aggregation, and this nanocomposite was then cast 
on the glassy carbon electrode. Subsequently, 2 μL of the acetylcholines
terase solution was loaded onto the electrode surface without any addi
tional reagent (Fig. 3B). This biosensor proved its capability of detecting 
organophosphorus and carbammic pesticides at nM-μM level in standard 
solution as follows: malaoxon 0.4 nM–0.2 μM, paraoxon 0.2 nM–0.2 μM, 
carbofuran 0.2 nM–2.0 μM, aldicarb 10 nM–0.20 μM and residual amounts 
of pesticides in spiked samples of peanut and grape juice (Evtugyn et al., 
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Fig. 3. A) Carbon black and dihex
adecylphosphate functionalisation of 
glassy carbon electrode for tyrosinase 
biosensor development (Ibanez-Redin 
et al., 2018). B) Modification of a glassy 
carbon electrode with carbon black and 
silver nanoparticles for malaoxon detec
tion by evaluating the 
cholinesterase-enzyme inhibition (Evtu
gyn et al., 2014). C) Immunosensor for 
p53 detection based on chitosan-super P 
composite modified ITO electrode (Aydın 
et al., 2018a). D) Immunosensor for IL-8 
biomarker detection (Aydın et al., 
2018b). E) A sequence-specific DNA 
electrochemical sensor based on acety
lene black (Huang et al., 2015). F) Acet
ylene black-based immunosensor 
fabrication procedure for DNA biosensing 
(Shuai et al., 2019b). G) One MoNomer 
acryloylated graphene oxide-carbon black 
composite polymer for dopamine and 
epinephrine detection (Fatma et al., 
2019). H) Zein microspheres-carbon 
black haemoglobin modified glassy car
bon electrode for hydrogen peroxide 
detection (dos Santos et al., 2019).   
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2014). In the second case, the glassy carbon electrode was modified with 
the mediator pillar[5]arene and CB, followed by immobilisation of 
acetylcholinesterase with 1-ethyl-3-(3-dimethylaminopropyl) carbodii
mide and N-hydroxysuccinimide. This acetylcholinesterase-based 
biosensor was able to quantify malaoxon, methyl-paraoxon, carbofuran, 
and aldicarb with detection limits in standard solutions equal to 4 � 10� 12, 
5 � 10� 9, 2 � 10� 11 and 6 � 10� 10 M, respectively and aldicarb, carbo
furan and malathion in spiked peanut and beetroot samples (Shamagsu
mova et al., 2015). 

3.2. Immunosensors 

Immunosensors have attracted great interest from scientists, being 
capable of specific, sensitive, cost-effective, and in-field analysis. Further 
support comes from nanomaterials, ranging from nanoparticles to gra
phene, which operate both as electrochemical labels and loading agents 
for smarter communications between bioreceptors and supports, result
ing in improved analytical performances. In literature, some examples of 
CB-based immunosensors in the label-free configuration have been re
ported. Suprun et al. (2012) realised a label-free electrochemical 
immunosensor by immobilising on CB, modified screen-printed elec
trodes antibodies towards cardiac myoglobin, a key analyte in the diag
nosis of myocardial infarction. In details, CB and didodecyldimethyl 
ammonium bromide were used as a reliable support for direct electron 
transfer reactions between the screen-printed electrode and Fe(III)-heme 
proteins (e.g. cytochrome c, myoglobin, horseradish peroxidase and cy
tochromes P450). Well-shaped cyclic voltammograms were generated on 
this electrode indicating the interesting performance of CB over other 
nanomaterials, as for example single-walled carbon nanotubes, as well as 
in comparison with bare electrodes. The peak current variation vs. the 
logarithm of myoglobin concentration showed linear range from 5 to 500 
μM using square wave voltammetry as the detection technique. These 
data demonstrated that direct electron transfer reactions of heme pro
teins can also be used for the construction of immunosensors for direct 
detection of these proteins in biological liquids, becoming a model for 
myoglobin determination. 

More recently, Aydin and co-workers realised label-free electro
chemical immunosensors for clinical biomarkers, describing the merits 
of CB. The first immunosensor encompassed a chitosan/CB layer coated 
ITO electrode for sensitive and selective detection of tumor marker p53 
(Aydın et al., 2018a). This composite demonstrated its ability to improve 
conductivity as well as to immobilise anti-p53 antibodies through the 
cross-linking of chitosan and glutaraldehyde. p53 was detected by 
means of change in impedance during the interaction between anti-p53 
antibody and p53 antigen, with a low detection limit of 3 fg/mL and a 
wide linear range of 0.01–2 pg/mL. This immunosensor also showed 
stability, repeatability, and applicability in human serum (Fig. 3C). 

The second immunosensor has been designed using a similar config
uration, based on a disposable ITO electrode surface modified with a 
composite consisting of CB, polyvinylidene fluoride, and Star polymer 
material for the electrochemical detection of IL-8 in clinical applications 
(Aydın et al., 2018b). Thanks to its high conductivity, CB was exploited 
for the improvement of electron transfer between electrode surface and 
the analyte. This composite served as an immobilisation support for 
anti-IL 8 antibodies, which were covalently bound to epoxy groups of star 
polymers. Under optimum conditions, IL-8 was detected with a low 
detection limit, 3.3 fg/mL, and a wide linear range, 0.01–3 pg/mL. Saliva 
and serum samples were analysed to underline the immunosensor suit
ability in real samples, indicating compatible analytical performances of 
enzyme-linked immunosorbent assay kit (Fig. 3D). 

CB has also been used in the immunosensor for C-reactive protein 
using hot electron induced electrochemiluminescence as detection 
technique, which is a method based on the utilisation of hot electrons 
with energy higher than Fermi energy and the thermal energy of the 
surrounding phase. The authors configured the immunosensor using an 
insulating polystyrene layer on the working electrode, which is capable 

of improving the electron tunnel emission from the graphite flakes and 
immobilising the biomolecules. However, polystyrene-graphite com
posite electrodes are characterised by low hot electron induced elec
trochemiluminescence emission intensity, associated with relatively 
high background emission, due to the impurities present in the graphite. 
The authors demonstrated how they overcame of this drawback by using 
CB, obtaining field emission/tunnel emission currents comparable to the 
ones observed with carbon nanotubes. A heterogeneous immunoassay at 
coated polystyrene-CB electrodes was developed using primary anti
bodies and Tb(III)-chelate labelled secondary antibodies, allowing for a 
detection limit of 5.3 μg/L (Salminen et al., 2018). 

These examples demonstrated the tremendous potential of CB in the 
development of sensitive and robust immunosensors, even when 
compared with other nanomaterials such as gold nanoparticles and car
bon nanotubes (Table S1), paving the way for further efforts on this topic. 

3.3. DNA sensors 

Considering the important requirement for advanced analytical tools 
to monitor biorecognition and interaction events, an impressive number 
of DNA-based electrochemical sensors have appeared in literature which 
combine nucleic acids with electrochemical transduction systems, 
permitting affordable, simple, and effective analysis. As stated by 
Drummond et al. (2003) “DNA-based electrochemical sensors exploit a 
range of different chemistries, but all take advantage of nanoscale in
teractions between the target in solution, the recognition layer and a solid 
electrode surface”. Nowadays, the unanswered question is how to further 
implement these devices to obtain sensitive multiplexed assays for 
clinical diagnostics of genetic and infectious diseases. Nanotechnology 
shows potential for responding to this need, by supplying smart nano
materials able to ameliorate the interactions established between the 
bioelement and the support. In this context, CB can be considered a good 
candidate for improving the analytical performances of DNA-based 
biosensors, in terms of higher sensitivity and reproducibility. As an 
example, the detection of oxidative DNA damage was achieved by vol
tammetric analysis by using a glassy carbon electrode covered with 
CB-adsorbed pillar[5]arene molecules (Kuzin et al., 2018). Thanks to 
this hybrid coating of pillar[5]arene implemented in the electro
polymerized layer of poly(Neutral Red) on the CB particles, the elec
tropolymerization of Neutral Red occurred in the presence of native or 
oxidatively damaged DNA turned out in the formation of hybrid mate
rial, which activity depended on the DNA conditions. The study of DNA 
and pillar[5]are on redox activity of polymeric dye was carried out by 
observing an increase in the response in case of DNA damaged by 
reactive oxygen species. In this configuration CB-pillar[5]arene com
posite enhanced response and reproducibility. 

Acetylene black, a special kind of CB with a porous structure, has been 
also exploited for the design of DNA-based sensors, thanks to its excellent 
properties such as excellent electric conductivity, large surface area, high 
catalytic activity, and strong adsorptive ability. Huang et al. (2015) 
described the use of acetylene black to modify a glassy carbon electrode in 
combination with CuS nanosheets and gold nanoparticles for target DNA 
detection, using a DNA labelled at 50 end with 6-mercapto-1-hexane and 
immobilised on the modified electrode through Au–S interaction. After 
blocking with 6-mercapto-1-hexanol, the formation of a double-stranded 
structure, due to the binding between the probe DNA and the target DNA 
on the electrode surface, this allowed for a decrease in the peak current of 
electrochemical mediator [Fe(CN)6]3� /4� and the quantification of the 
target DNA. Under optimal conditions, this DNA sensor showed a 
detection limit as low as 20 fM (3σ/S) and a linear range from 0.1 pM to 1 
nM, as well as acceptable stability and reproducibility, thanks to the 
synergistic effect of acetylene black and CuS nanosheets (Fig. 3E). 

Shuai et al. (2019b) synthesized a 2-dimensional tungsten disul
fide–acetylene black composite to modify, together with gold nano
particles, a glassy carbon electrode for DNA target recognition. The DNA 
sensor was designed by immobilising the DNA capture probe by 
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thiol-gold bonds, followed by hybridisation with the target DNA. The 
formation of a duplex was estimated by a signal amplification approach 
to increase the sensitivity by using auxiliary DNA and two DNA hairpins 
H1 and H2 opened by the recognition probe. Indeed, the double helices, 
resulting from the hybridization chain reaction, were used to immobilise 
horseradish peroxidase enzymes for its catalytic enzymatic 
signal-amplification. This DNA sensor provided a good linear response 
towards DNA concentration ranging from 0.001 pM to 100 pM and a 
very low detection limit of 0.12 fM, as well as very good selectivity to 
differentiate the one-base mismatched DNA sequence (Fig. 3F). 

The first microRNA-based CB sensor was reported by Yammouri et al. 
(2017) which fabricated a pencil graphite modified with CB by 
drop-casting and functionalised with a DNA probe for microRNA-125a 
detection. To deliver a label free DNA sensor, the electrochemical 
impedance spectroscopy was selected as the electrochemical technique 
to quantify the binding between the DNA and microRNA-125a. A low 
detection limit was found equal to 10 pM (1 pg/mL) with a linear 
response between 1 nM and 2 μM. The biosensor was also tested in 
serum samples, indicating its effectiveness in clinical diagnostic assays. 

Yammouri et al. (2019) also realised a cost-effective, simple and 
sensitive electrochemical biosensor for the detection of microRNA-21, 
which could show an emerging role in cancer diagnosis. Here, the com
bination of CB with gold nanoparticles was described for the modification 
of pencil graphite electrode and the consequent immobilisation of a 
thiolated capture probe (complementary sequence of microRNA-21) 
labelled with methylene blue. After hybridization with the target 
microRNA-21, the distance of the labelled capture probe changed with a 
consequent decrease in the methylene blue response. The biosensor 
quantified microRNA-21 by differential pulse voltammetry with a limit of 
detection of 1 fM and a wide linear range between 2.9 fM and 0.7 μM. In 
addition, good reproducibility, stability and excellent selectivity were 
achieved, along with satisfactory results when microRNA-21 was ana
lysed in serum. As highlighted in Table S2, CB has shown to be a valuable 
nanomaterial in the construction of DNA sensors even when compared 
with DNA sensors based on the use of other nanomaterials including 
graphene, gold nanoparticles, and gold nanorods. 

3.4. Other types of biosensors 

Besides the conventional bioreceptors such as enzymes, antibodies 
and nucleic acids, CB was likewise combined with alternative biological 
recognition elements or with molecular imprinted polymers, demon
strating, also in these cases, its ability to improve their analytical per
formances. As an example, imprinted polymers have been exploited in 
joint conjunction with CB to simultaneously detect dopamine and 
epinephrine. In this case, a double imprinted polymer platform was 
realised, which employed a double imprinted monomer acryloylated 
graphene oxide-CB composite (Fig. 3G). The presence of acid treated CB 
displayed two major roles, as crosslinker and as electron transfer 
enhancer. The entire architecture was drop-cast onto a carbon screen- 
printed electrode. Initially, acidified CB was linked to the graphene 
oxide sheets. Successively, both the dopamine and epinephrine were 
added, and the presence of an initiator permitted the entire structure to 
polymerize, with the target species entrapped. The removal of dopamine 
and epinephrine was then necessary to complete the double imprinted 
polymer. The use of differential pulse voltammetry revealed limits of 
detection equal to 0.028, 0.028, 0.061 and 0.029 ng/mL for dopamine 
and to 0.017, 0.018, 0.019 and 0.020 ng/mL for epinephrine in water, 
serum, urine, and pharmaceutical samples, respectively. However, an 
advantage of the imprinted platform is that the interfering species can be 
removed by simple water rinsings (Fatma et al., 2019). 

Messaoud et al. (2018) reported a screen-printed carbon electrode, 
modified with an ultrasound assisted magnetic molecularly imprinted 
polymer, coupled with a gold nanoparticles-carbon black composite. 
This sensor was applied in order to detect bisphenol A by means of 
differential pulse voltammetry measurements, obtaining a LOD of 8.8 

nM with a linear range up to 10 μM. The sensor, once developed, was 
successfully applied for the determination of BPA in tap and mineral 
water samples. 

CB was also combined with hemoglobin anchored to zein structured 
in microspheres, to produce glassy carbon electrodes for the detection of 
hydrogen peroxide (Fig. 3H). All the modifiers were dispersed in ultra
pure water and drop-cast onto the glassy carbon electrode and then 
dried for 60 min at room temperature. The presence of the zein protein 
consented the use of a renewable source by creating a friendly envi
ronment for immobilising biomolecules, while the presence of CB 
assured good conductivity and a synergistic effect with the iron atom of 
hemoglobin. Differential pulse voltammetry allowed the detection of 
hydrogen peroxide with a linear range from 5 to 100 μM, and a detection 
limit of 4 μM. This biosensor was applied to quantify hydrogen peroxide 
in milk, serum, and in commercially-available hydrogen peroxide solu
tions. The presence of zein from renewable sources and CB, enabled a 
good immobilisation of hemoglobin, reflected in a high level of stability 
and selectivity against possible interferents (e.g. sodium nitrate, calcium 
chloride, tin chloride, glucose) (Dos Santos Pereira et al., 2019). 

4. CB-based sensors 

Beside biosensor application, CB was largely used in sensor design 
for both single analyte detection and multianalysis, demonstrating 
increased sensitivity thanks to its high conductivity, number of defect 
sites, and surface area. 

4.1. Sensors for single analyte detection 

Electrochemical detection of specific targets without the use of bio
component has been carried out for single analyte detection by 
exploiting the direct electron transfer at CB-based electrodes. Several 
molecules including hormones, phenolic compounds, and hydrogen 
peroxide were analysed and different configurations designed with 
printed, carbon paste or glassy carbon electrodes, using CB by itself or 
with other nanomaterials such as metallic nanoparticles, carbon nano
tubes, graphene, or electrochemical mediators (e.g. Prussian Blue, 
copper phthalocyanine). 

For instance, Talarico and co-workers described the development of 
screen-printed sensors, modified with CB for phenolic compounds and 
phosphate quantification, demonstrating the capability of CB to 
dramatically decrease the applied potential and increase the sensitivity. 
In addition, in both cases the antifouling properties of CB were 
demonstrated. In detail, phenolic compounds such as catechol, gallic 
acid, caffeic acid, and tyrosol were detected with concentration as low as 
0.1 μM, 1 μM, 0.8 μM, and 2 μM respectively, with detection limits much 
lower when compared with the ones obtained in the case of bare elec
trodes (Talarico et al., 2015a) (Fig. 4A). The electrochemical detection 
of phenolic compounds using modified CB-electrode (glassy carbon 
electrode) was also successively demonstrated by Lounasvuori et al. 
(2018) confirming the enhanced current densities and lower oxidation 
potentials using glassy carbon electrode modified with CB. In case of 
phosphate detection, a linear range of 0.5–100 μM was observed with a 
detection limit of 0.1 μM in batch configuration (Talarico et al., 2015a). 
This miniaturized sensor was further embedded in an automatable flow 
system to automatically monitor the electroactive complex obtained 
from the reaction between phosphate and molybdate (Talarico et al., 
2015c). Also in a flow system, the presence of CB led to the quantifi
cation of the complex at low potential, being capable of electro
catalytically enhancing the phosphomolybdate complex reduction at 
þ125 mV versus Ag/AgCl, without fouling problems observed in the 
bare electrode. The flow system allowed for the continuous and 
long-term amperometric monitoring of phosphate with a low detection 
limit (6 μM) and good recovery percentages (89–131.5%) in various 
water sources, highlighting its suitability for in field measurements. 
Printed electrodes modified with CB have also been applied for mercury 

F. Arduini et al.                                                                                                                                                                                                                                 



Biosensors and Bioelectronics 156 (2020) 112033

11

ion detection, exploiting the formation of a non-electroactive complex 
(thiol–Hg) in the presence of the metal. In this way, the presence of Hg2þ

provided a decreased thiol response, proportional to the metal amount 
(Arduini et al., 2011). This CB-based sensor showed a significantly 
enhanced electrochemical activity with respect to a bare electrode in the 
case of thiol detection, also improving the sensitivity of metal quanti
fication. A stable response and a linear dependence up to 1 � 10� 5 mol 
L� 1 for thiocholine and cysteine was observed, and a concentration of 
mercury as low as 5 � 10� 9 mol L� 1 (1 ppb) was detected. 

CB was also used as a modifier to develop modified glassy carbon 
electrodes (dos Santos et al., 2019; Ławrywianiec et al., 2017). For 
instance, a CB-modified glassy carbon electrode was fabricated for the 
detection of the stimulant selegiline by adsorptive stripping voltamme
try. The use of CB conferred to the glassy carbon electrode a higher 
sensitivity, ca. 300-fold higher compared with the un-modified one, and 
a detection limit ca. 30-fold lower than the bare glassy carbon electrode 
(dos Santos et al., 2019). Ławrywianiec et al. (2017) developed a glassy 
carbon electrode modified with a CB layer for bisphenol A measurement, 
observing a better sensitivity in comparison with a bare electrode and 
with an electrode modified with graphene and multi-walled nanotubes. 
The signal arising from bisphenol A oxidation using differential pulse 
voltammetry, was linear from 0.01 to 3 μM, displaying a detection limit 
of 3.4 nM (Ławrywianiec et al., 2017). 

It is noteworthy that the use of different electrodes, such as printed or 
glassy carbon, requires a variety of solvents for CB dispersion, including 

dimethylformamide/water 1:1 (v/v), in the case of printed electrodes, or 
ethanol, dimethylformamide in the case of glassy carbon electrodes (dos 
Santos et al., 2019; Deroco et al., 2017). The utilisation of different 
solvents for CB dispersion does not affect the electrochemical behaviour, 
which demonstrates the robustness of electrode modification with this 
nanomaterial. Furthermore, the use of different types of CB (Table 2) 
demonstrated its huge capability in improving the electroanalytical 
properties of the (bio)sensors independently of the CB type used, further 
strengthening their robustness. 

CB has also been merged with other nanomaterials including ferro
ferric oxide (Hou et al., 2014), palladium/nickel (Zhang et al., 2013), 
silver (Raymundo-Pereira et al., 2016), copper (Carvalho et al., 2013) 
and ZnO nanoparticles (Rahman et al., 2018) for the detection of several 
analytes. For instance, Raymundo-Pereira et al. (2017a) modified glassy 
carbon electrodes with CB decorated with silver nanoparticles, for es
triol hormone detection (Fig. 4B). The presence of silver nanoparticles 
increased both conductivity and electroactive area in comparison with 
bare glassy carbon electrode and CB-modified one. The synergistic effect 
of the nanocomposite consented the lowering of ca. 100 mV the over
potential for estriol hormone, which was detected with differential pulse 
voltammetry linearly from 0.2 to 3 μM with a detection limit of 0.16 μM. 
The platform was tested in a creek water sample with the same perfor
mance as in the official method, i.e. HPLC. The presence of common 
interferences such as sulphite, nitrite, glucose, amoxicillin, ascorbic 
acid, levofloxacin, sulfamethazole, acetaminophen, bisphenol A and 

Fig. 4. A) Square wave voltammetry of phenolic compound by using carbon black-modified screen-printed electrode (Talarico et al., 2015a). B) Carbon black-sensor 
platform to detect estriol (Raymundo-Pereira et al., 2017a). C) Carbon black film modified glassy carbon electrode for ascorbic acid, dopamine, uric acid and 
paracetamol detection (Vicentini et al., 2016). D) Glassy carbon electrode modified with carbon black, silver nanoparticles, and poly(3, 
4-ethylenedioxythiophene)-poly(styrenesulfonate) for paracetamol and levofloxacin detection (Wong et al., 2018a). 
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17-β-estradiol, did not interfere with the estriol detection. 
Screen-printed electrodes modified with CB and gold nanoparticles 

were developed by Cinti et al. (2014, 2016b) for As(III) and Hg2þ

detection. The electrodes were modified by depositing one layer of CB 
and one layer of gold nanoparticles. Good peak intensities were obtained 
as CB provided a larger loading area for gold nanoparticles. The sensor 
was tested to detect As(III) trace in drinking water, with satisfactory 
recovery values (99 � 9%) (Cinti et al., 2014) and inorganic mercury in 
both river water and soil (Cinti et al., 2016b). 

CB was used to support Au–Pd core-shell nanoparticles within a 
dihexadecylphosphate film for the development of a hydrazine electro
chemical sensor. A glassy carbon electrode was modified by drop-casting 
a water-based dispersion containing all the above cited modifiers. The 
customization of the bare electrode enhanced the analytical signal of 87% 
and the overpotential related to the oxidation of hydrazine resulted in a 
lowering to ca. 700 mV, essential to avoid the oxidation of occurring 
interferents. Hydrazine was amperometrically detected in the range of 
2.50–88.0 μM with a limit of detection of 1.77 μM (Deroco et al., 2018a). 

A CB layer cast on the working electrode surface was exploited in 
order to electrodeposit the electrocatalyst Prussian Blue on a carbon 
screen-printed electrode for the enzymeless detection of hydrogen 
peroxide in Parkinson’s disease in vitro model. A dimethylformamide/ 
water 1:1 (v/v) dispersion of CB was drop-cast onto the screen-printed 
electrode; successively the Prussian blue was grown, and lastly a layer 
of Nafion was used to improve the stability of the modified platform. A 
continuous amperometric monitoring system was configured and a � 50 
mV (vs. Ag) applied. The reduction of hydrogen peroxide produced a 
current signal that was linear between 200 nM and 1 mM. The platform 
was applied towards the H2O2 sensing in the Neuroblastoma cell line SH- 
SY5Y, and the presence of Penicilin, Streptavidin, L-Glutamine and Fetal 
Bovine Serum did not show significant interference (Rojas et al., 2018). 

CB was also combined with organic electrochemical mediators by 
developing customised nanocomposites. As an example, a screen- 
printed electrode modified with a composite made of copper phthalo
cyanine, CB and Nafion was applied for the detection of 17β-estradiol. 
An aqueous dispersion containing all the modifiers was drop-cast onto 
the carbon working electrode and differential pulse voltammetry was 
adopted for the determination of the target with a detection limit of 5 
nM. This simple and low-cost platform was also tested in river water (S. 
Paulo State, Brazil) and synthetic urine samples. The sensor showed 
excellent recovery percentages, ranging from 96 to 107% for both 
samples, similar to those obtained using the comparative spectropho
tometric method, thus demonstrating its reliability as an alternative 
analytical choice (Wong et al., 2019). Glassy carbon electrodes modified 
with CB decorated with copper phthalocyanine were designed for 
trimethoprim antibiotic detection. The authors highlighted that copper 
phthalocyanine resulted in strong adsorption onto CB via π-π in
teractions, improving the sensitivity. Under optimized experimental 
conditions, square wave voltammetry analysis presented two linear re
lationships in the range of 0.4–1.1 μM and 1.5–6.0 μM with a detection 
limit of 0.6 μM. The proposed platform was successfully used to detect 
trimethoprim in natural river water samples (Guaraldo et al., 2019). 
Smolko et al. (2016) reported a glassy carbon electrode modified with 
pillar[5]arene dispersed in CB layer for native DNA and organic acids 
detection by means of cyclic voltammetry measurements. In details, the 
cyclic voltammetric response of pillar[5]arene was affected by the an
alyte tested because the presence of native DNA and organic acids 
decrease and/or increase the cathodic and anodic peak, respectively. 
This electrochemical sensor was able to detect oxalic, succinic, glycolic, 
and acetic acid down to 10� 8 M, and native DNA from fish sperm, 
chicken erythrocytes, and salmon sperm with a limit of detection equal 
to 0.2 pg/L, 0.1 pg/L, and 0.5 pg/L respectively. 

The important properties of CB as large surface area and high con
ductivity were also exploited to develop solid-state ion selective elec
trodes. Glassy carbon electrodes were principally modified by CB to 
fabricate an ion-to-electron transducer layer with high performance, 

because CB confers to the potentiometric sensors a long-term potential 
stability and repeatability. For instance, in 2012 Paczosa-Bator (2012) 
used for the first time, CB Printex XE2, for the development of a 
potentiometric sensor for potassium detection, by employing CB as 
polymeric membrane component or as intermediate layer between the 
ionophore-containing membrane and glassy carbon electrode. In both 
cases, a good Nernstian response to potassium detection was observed 
(59.1–58.8 mV/decade), with detection limits equal to 10� 6.4 M and 
10� 6.1 M, respectively. In addition, the same author tested Printex XE2 
or Vulcan XC-72 CB as an interlayer between ionophore-membrane and 
glassy carbon electrode for nitrate measurement, obtaining a detection 
limit of 2.5 � 10� 7 M, which is lower than the one obtained with gra
phene based electrode (3 � 10� 5 M) (Paczosa-Bator, 2014). Paczosa-
Bator et al. (2013) applied CB in combination with platinum 
nanoparticles as intermediate transducer layer for the development of 
potassium and nitrate solid-state ion-selective electrodes. The potas
sium- and nitrate-selective electrodes displayed a Nernstian slope, i.e. 
57.98 � 1.02 mV/decade and � 58.63 � 0.24 mV/decade, and a 
detection limit equal to 10� 6.1 M and 10� 6.3 M, respectively. 

The conjunction of CB with other nanomaterials such as carbon 
nanotubes and MoS2 has also been reported in literature. For bisphenol A 
detection, CB was initially combined with carboxylic acid-functionalised 
multiwalled carbon nanotubes, then dispersed in ethanol and finally 
drop-cast onto a glassy carbon electrode. The resultant platform dis
played satisfactory sensitivity with a linear range varying from 0.1 to 130 
μM and with a low detection limit of 0.08 μM. In addition, a long-run 
stability of 20 days was observed, demonstrating the stability of the 
CB/multi-walled carbon nanotube modified glassy carbon electrode. The 
authors applied this device to analyse bottles of drinking water, with 
recoveries of 90–102%. (Thamilselvan et al., 2019). CB was also used in 
combination with MoS2 to produce a high-performance nanohybrid 
sensor for cocoa catechin determination, approaching an extraction-free 
strategy. Two separated dispersions of CB and MoS2 were prepared in 
dimethylformamide/water 1:1 (v/v), and successively drop-cast onto a 
carbon screen-printed electrode. Differential pulse voltammetry was 
used as the electrochemical method and the presence of the nanohybrid 
composite produced a sensitivity enhancement of 100-fold compared 
with the unmodified screen-printed electrode. The voltammetric 
response appeared linear from 0.12 to 25 μM. Epicatechin, catechin and 
epigallocatechin were detected using the extraction-free approach in 
cocoa powder samples, made possible thanks to the antifouling proper
ties of the modifier (della Pelle et al., 2019). 

The reported literature highlights the advantage of using CB as stand 
alone nanomodifier or combined with other materials such as MoS2, 
carbon nanotubes, Prussian Blue, gold and silver nanoparticles, potato 
starch (Delgado et al., 2018), nanoporous copper and Nafion (Mei et al., 
2016), demonstrating the capability that CB has in improving other 
nanomaterial properties. 

4.2. Sensors for multianalysis detection 

The fascinating electrochemical properties of CB have also been 
exploited in the design of sensors for the multianalysis of a variety of 
electroactive analytes such as pharmaceutical compounds, emerging 
pollutants, ascorbic acid, dopamine, and uric acid, mainly by using 
electrodes modified with CB alone or in combination with graphene, 
MoS2, β-cyclodextrin, and metallic nanoparticles. 

For example, the use of CB suspended in dimethylformamide and 
successively drop-cast onto a glassy carbon electrode permitted the 
simultaneous detection of two emerging pollutants, namely hydroqui
none and paracetamol. The measurements were carried out by experi
ments in differential pulse voltammetry at a low overpotential of 67 and 
341 mV, respectively for hydroquinone and paracetamol. The linearity 
range for the two species was found to be made up of a range between 
80 nM and 230 μM. In addition, the detection limits were calculated as 
being equal to 13 and 8 nM, for hydroquinone and paracetamol 
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(Raymundo-Pereira et al., 2017b). 
Amoxicillin and nimesulide were detected using CB included in a 

dihexadecylphosphate film. The glassy carbon electrode was drop-cast 
with a water-based dispersion containing both the CB to strengthen 
the electrochemical signal and dihexadecylphosphate, which had the 
role of stabilizing the surface of the electrode. The use of square-wave 
voltammetry demonstrated a separation of ca. 180 mV between the 
oxidation peak potentials of the two analytes, and the detection limits 
obtained for amoxicillin and nimesulide were calculated as being equal 
to 0.12 and 0.016 μM, respectively (Deroco et al., 2018b). 

CB dispersed in dimethylformamide was drop-cast onto a glassy 
carbon electrode and served as the basis for the layering of a 
carboxymethyl-botryosphaeran film to simultaneously detect phenolic 
compounds. The combination of the carbohydrate biopolymer and CB 
enabled detection by differential pulse voltammetry of dopamine and 
paracetamol simultaneously in the concentration range of 0.099–2.9 
and 0.70–19 μM, with limits of detection of 0.013 and 0.11 μM 
respectively. These phenolic compounds were detected in biological 
fluids, by taking advantage of the anodic and cathodic currents, for the 
measurements in urine and cerebrospinal fluid respectively, both 
without any significant matrix effect (Eisele et al., 2019). 

For the simultaneous electrochemical determination of ascorbic acid, 
dopamine, uric acid, and paracetamol, a modified glassy carbon elec
trode CB film was evaluated (Vicentini et al., 2016). The structural 
characterisation of the composite by transmission electron microscopy, 
scanning electron microscopy, and Raman spectroscopy showed good 
distribution of the CB with a nanoscale particle size, while the electro
chemical analysis by cyclic voltammetry demonstrated its high elec
trocatalytic performance. Detection limits of 3.03 � 10� 8, 5.24 � 10� 8, 
4.07 � 10� 8 and 4.53 � 10� 8 mol L� 1 were obtained for ascorbic acid, 
dopamine, uric acid, and paracetamol, respectively. The application of 
this sensor was also achieved in biological samples with excellent re
covery values for all the analytes (Fig. 4C). 

Paracetamol and codeine were simultaneously analysed in pharma
ceuticals and human body fluids. A glassy carbon electrode modified with 
CB and nickel oxide nanoparticles within a dihexadecylphosphate film 
was used. (Deroco et al., 2015). Linear concentration ranges from 3.0 to 
47.8 μmol L� 1 for paracetamol and from 0.83 to 38.3 μmol L� 1 for co
deine were obtained in standard solution, as well as their determination 
in two different commercial pharmaceutical samples. This was achieved 
by interpolation in the respective previously obtained analytical curves, 
with no significant differences from the reference HPLC method. 

A similar sensor based on a glassy carbon electrode modified with 
reduced graphene oxide and CB in a chitosan film was exploited for the 
simultaneous determination of dopamine and paracetamol (Baccarin 
et al., 2017). Here, the combination of the two nanomaterials with 
chitosan provided a stable dispersion that was successfully used as an 
electroactive layer. Indeed, good electroanalytical features arose with 
detection limits of 2.0 � 10� 7 and 5.3 � 10� 8 mol L� 1 and linear range 
from 3.2 � 10� 6 to 3.2 � 10� 5 mol L� 1 and from 2.8 � 10� 6 to 1.9 �
10� 5 mol L� 1 for dopamine and paracetamol, respectively. Further
more, the main advantages were highlighted as including simple prep
aration, low cost of the nanomaterials used, and a fast response. 

Silver nanoparticles and poly(3,4-ethylenedioxythiophene)-poly 
(styrenesulfonate) were likewise combined to CB to modify a glassy 
carbon electrode in the design of a voltammetric sensor for the simulta
neous determination of paracetamol and levofloxacin (Wong et al., 
2018a). The electrochemical behaviours of these analytes were evaluated 
by cyclic voltammetry in a potential range from 0 to 1.2 V, obtaining 
higher oxidation peaks by a factor of 5.7 for paracetamol, and 12 for 
levofloxacin with respect to a bare electrode, with detection limits of 1.2 
� 10� 8 and 1.4 � 10� 8 mol L� 1 and linear ranges of 6.2 � 10� 7-7.1 �
10� 6 mol L� 1 and 6.7 � 10� 7-1.2 � 10� 5 mol L� 1, respectively. In 
addition, the sensor showed good stability, reproducibility, and repeat
ability, any interference in the presence of other compounds, and suitable 
application in both clinical (i.e. synthetic urine) and environmental (i.e. 

river water) samples, with recoveries close to 100% (Fig. 4D). 
CB, in conjunction with graphene oxide, copper nanoparticles, and 

poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) as electrode 
materials, was likewise realised for the simultaneous analysis of isopro
terenol, acetaminophen, folic acid, propranolol, and caffeine. This sensor 
was electrochemically characterised using the potassium ferricyanide as 
redox probe, fast electron transfer kinetics and a higher electroactive 
surface area were observed. Well defined and resolved anodic peaks were 
achieved by square-wave voltammetry for all the selected target analytes, 
with peak-to-peak potential separation no less than 170 mV. A mixture of 
these analytes went on to be analysed with linear range and limit of 
detection at μmolar ranges (Wong et al., 2018b). 

An alternative noncovalent and eco-friendly approach was proposed 
for the preparation of a carbon-black/β-cyclodextrin nanocomposite to 
modify screen-printed carbon electrodes for the simultaneous determi
nation of the anticancer drug flutamide and the environmental pollutant 
4-nitrophenol (Kubendhiran et al., 2018). The electrochemical perfor
mance of this sensor was augmented thanks to CB’s high conductivity, as 
well as to the different binding strengths of these analytes to the host 
β-cyclodextrin, and finally, to the different reduction potentials of the 
nitroaromatic compounds. Indeed, this sensor configuration exhibited 
high sensitivity, selectivity, and reproducibility, with linear ranges 
0.05–158.3 μM and 0.125–225.8 μM and low detection limits of 0.016 
μM and 0.040 μM for flutamide and 4-nitrophenol, respectively. 

Ortho-diphenols oleuropein and hydroxytyrosol were detected in a 
carbon screen-printed electrode modified with a composite, made up of 
CB and MoS2. The electrode was modified by drop-casting a few mi
croliters of a dispersion of CB-MoS2 which improved charge-transfer 
features of the platform, lowered charge-transfer resistance and 
enhanced the electrocatalysis: the peak-to-peak separation in the pres
ence of ferricyanide as the redox probe, decreased from 280 to 185 and 
130 mV, for bare, CB-, and CB-MoS2 modified electrode, respectively. 
The two diphenols were detected via difference pulse voltammetry 
which obtained the following results: oleuropein was detected in the 
0.3–30 μM range with a detection limit of 0.1 μM, while hydroxytyrosol 
provided a linear output in the 2–100 μM range with a 1 μM detection 
limit. The effectiveness of the developed platform was compared with 
the reference HPLC-UV method, exhibiting a high correlation (r ¼ 0.995, 
p < 0.05) (Rojas et al., 2019). 

5. Paper-based CB-modified (bio)sensors 

While CB can be considered as a more sustainable nanomaterial than 
the most widely known graphene and carbon nanotubes, being cheaper 
and not requiring any chemical treatment, another traditional and sus
tainable material has been re-discovered in the field of electrochemical 
biosensors: paper. The combination of paper with CB, as a smart support 
for the printing of eco-friendly electrodes, is emerging to design sus
tainable devices. 

Paper’s valuable features include foldability, porosity, and easy 
functionalisation confer unprecedented potential in the realisation of 
electrochemical paper-based analytical devices (ePADs), being capable of:  

i) using a minimum amount of reagents, as a few μL film present in 
the cellulose network is the working solution;  

ii) treating the sample with no further steps and reagents (Cinti 
et al., 2018b) ;  

iii) providing cheap measurement using a sensor with a cost lower 
than 1 € (Cinti et al., 2017b);  

iv) being incinerated after the measurement thus reducing waste. 

However, a lower sensitivity compared to a classical configuration 
can be observed, the analyte diffusion is hindered by the cellulose 
network, though nanomaterials have been used to overcome this draw
back. The first applications of CB in ePAD have been reported in case of 
sensor for phosphate detection (Fig. 5A). The detection was carried out 
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following the reaction of phosphate with molybdate ions in acidic media 
(Talarico et al., 2015b, 2015c). The electrochemical measurement of 
generated electroactive phosphomolybdic complex at low applied po
tential was characterised by low sensitivity and fouling problem, using a 
bare graphite-based electrode. The use of CB permitted highly sensitive 
quantification of phosphate at an applied potential of þ300 mV without 
working electrode surface fouling, with a detection limit of 4 μM and a 
linear range up to 300 μM. Partnering paper with CB led to a reagentless 
phosphate sensor, because all reagents were loaded onto a paper 
network; in addition, high sensitivity and reproducibility were obtained 
thanks to the use of CB in modifying the ink during the printing process 
(Cinti et al., 2016c). After the first use of CB in paper-based sensor, 
various enzymatic paper-based biosensors have been developed. Cinti 

et al. (2017c) developed a butyrylcholinesterase biosensor using two 
paper strips for the detection of the enzymatic activity in the absence, and 
in the presence, of the inhibitor to detect nerve agents in surface water 
samples. The enzymatic by-product thiocholine was accurately detected 
in the paper-based sensor thanks to the presence of CB and Prussian blue 
nanocomposite, added in the ink, which was used to print the working 
electrode surface. Its ability to electrocatalyse the oxidation of thiocho
line at low applied potential meant that also in this case, the fouling 
drawback was avoided. To deliver a reagent free biosensor, the enzyme 
was loaded onto the filter paper in close proximity to the working elec
trode surface, while the substrate was loaded onto the nitrocellullose 
strip. Adding the untreated and undiluted water sample and/or distilled 
water allowed the enzymatic substrate to flow; paraoxon as 

Fig. 5. A) Carbon black-modified paper-based sensor for phosphate detection (Cinti et al., 2016c). B) Carbon black-Prussian Blue nanoparticles modified paper-based 
biosensor for organophosphate detection in surface water (Cinti et al., 2017c). C) Combined origami paper-based biosensors for analysis of multiclass pesticides 
(Arduini et al., 2019). D) Wearable origami paper-based biosensor for sulphur mustard detection in gas phase (Colozza et al., 2019). (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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organophosphate model was detected down ppb levels (Fig. 5B). 
A multi-class pesticide analysis was reported using an origami 

biosensor, made up of several filter paper-based pads and electrodes 
printed on office paper (Arduini et al., 2019). Folding, unfolding, wetting 
with distilled water, and cutting the pads allowed for the detection of 
atrazine deriving from triazine herbicide, 2,4-dichlorophenoxyacetic 
acid from phenoxy herbicides, and paraxon from organophosphorus in
secticides, in undiluted and untreated river water samples. The detection 
was based on the residual enzymatic activity quantification as these 
compounds are able to inhibit tyrosinase, alkaline phosphatase, and 
butyrylcholinesterase, respectively. Using different configurations of the 
pads, and two types of office paper screen-printed electrodes, which had 
been modified with CB and/or Prussian Blue nanoparticles, the foldable 
device was capable of assessing the different classes of pesticides in river 
water samples (Fig. 5C). The office-paper modified with CB and Prussian 
Blue nanoparticles was also combined with two filter-paper pads con
taining choline oxidase as bioreceptor and choline as enzymatic substrate 
to detect mustard agent in the solution and gas phase (Fig. 5D). The 
choice of this enzyme is due to the capability of these chemical warfare 
agents to inhibit choline oxidase in a reversible way (Colozza et al., 
2018). In this case, CB-based nanocomposite was used to electrocatalyse 
the reduction of hydrogen peroxide, the enzymatic by-product of the 
choline oxidase enzyme. The vertical origami configuration combining 
CB-based printed electrode and filter pads demonstrated its effectiveness 
in rapid and real-time detection of real sulphur mustard, obtaining limits 
of detection equal to 1 mM and 0.019 g �min/m3 for liquid and aerosol 
phase, respectively (Colozza et al., 2019). 

6. Conclusions and future perspectives 

The use of nanomaterials in (bio)sensor design has greatly improved 
their analytical performance, the main challenges related to sensor 
commercialisation have been overcome, thus allowing for their practical 
application in several sectors. Among nanomaterials, metallic nano
particles have covered a central role in the development of electro
chemical biosensors by exploiting the nanodimensions to improve the 
electron transfer as well as loading the biocomponents (Zeng et al., 
2019; Cai et al., 2018; Lv et al., 2018; Qiu et al., 2018). In the field of 
carbon nanomaterials, the use of carbon nanotubes in electrochemical 
biosensors has recently fallen out of favour, thanks to graphene’s 
capability of improving the electrochemical responses, to cleverly 
immobilise the biocomponent, and to work as a smart label. CB is 
gaining great interest due to its electrocatalytic properties and 
biocompatibility, becoming a fashionable candidate for sustainable and 
smart (bio)sensor development. Nowadays most CB-based sensing sys
tems are principally sensors, but in the recent years, a sharp increase of 
publications have been observed in the development of enzymatic, 
immuno and DNA biosensors (Fig. 1 and Table 2). 

In all these configurations, CB has demonstrated unique electroan
alytical properties in terms of increased signal/noise ratio, decreased 
applied potential for redox reactions, and antifouling ability, as well as 
its compatibility in working in cooperation with bio-components. The 
use of different CB types and batches leads to an improved electro
chemical response in any case, which demonstrates the robustness of 
this nanomaterial. However, at the state of the art, one of the main 
disadvantages is that these outstanding features are not deeply under
stood; they can probably be ascribed to nanodimensions, the onion-like 
structure, and the high number of defect sites. For CB-based biosensor 
fabrication, no complicated chemistry is required thanks to the possi
bility of easily preparing stable dispersions, even if in the case of 
aqueous solution the addition of polymers (e.g. chitosan) is required. In 
addition, CB can be “used as it is, from a commercial supplier” as 
asserted by the Pumera group (Wong et al., 2012). Cost-effectiveness (c. 
a. 1 €/Kg) represents a further merit for an affordable electrochemical 
device development. These aspects make CB a next generation material 
with eco-friendly features in terms of costs and environmental impact. 

In the era of sustainability, every scientist has to follow a sustainable 
vision. With this aim, paper has recently been readopted to design 
electrochemical paper-based analytical devices, becoming a green tool 
with reduced reagent consumption and easier sample treatment. Like
wise, we are confident that CB can re-emerge as a cost effective and 
attractive nanomaterial for the development of electrochemical (bio) 
sensors, by expanding its applications merely relegated, in recent years, 
to gas sensors and fuel cells. In this review we have described studies 
that demonstrate the suitability of CB in biosensor design, therefore, 
why not use this nanomaterial in the development of future electro
chemical (bio)sensors? 
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