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ABSTRACT: Chemical sensors based on carbon nanostructure composites are used to assess the ripeness stages of 
tomato ripeness (Solanum lycopersicum L.) as a function of their shelf-life. The chemical sensors were fabricated by 
depositing a thin film of composites of carbon nanotubes (undoped or doped with nitrogen) or carbon nanocoils and poly 
(vinyl alcohol) (PVA) by casting onto interdigitated electrodes. The changes in conductance and capacitance of the 
nanocomposite based sensors were measured at 27 kHz during the full ripening process. The ripening stage of the 
tomatoes can be electronically identified through the analysis of variations in G and C of the set of sensors using 
tristimulus vector space projection representation or principal component analysis. 
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1. Introduction 

Several sensor structures for the detection of different 
chemical species have been reported in the last years [1-
13], including those based on conjugated polymers [10], 
nanotubes [14] and related composites [9]. The operational 
principle of these devices is based on a response, mostly 
electrical, that is dependent on both the nature of the 
molecular species (analytes) and their concentration. The 
sensing action in these composite based devices arises 
from the fact that the adsorped analyte interacts with at 
least one of the composite components, thereby changing 
its electronic transport characteristics. 

Carbon nanocoils and nanotubes show high surface 
area/volume ratios and electrons in π orbitals that are 
responsible for electronic transport properties show high 
electronic density at the carbon structure surface. For this 
reason, molecular adsorbates can strongly affect the intra- 
and inter-nanostructure electronic transport [14]. This 
characteristic and the stability of the carbon nanostructures 
have motivated investigations for chemical sensor 
applications, because variations in the electrical properties 
can be correlated to variations in the chemical 
environment [10-20]. 

Fruit ripening is a complex genetically programmed 
process that ends in dramatic changes in color, texture, 
flavor, taste and aroma of the fruit flesh [15]. The aroma 
of fruits is due to the metabolism within their ripening 
process, which in general leads to the liberation of several 
chemical species like ethylene, esters and carbon dioxide 
[16]. The liberation of these volatile chemical species may 
quantitatively and qualitatively vary during different 

ripeness stages [17-21]. Some of these molecules can 
interact with one or more material components of a 
composite based sensor, promoting the change of the 
electrical properties. Thus, chemical sensors based on 
composites, which are known to have a response 
dependent on analyte nature and concentration, could also 
present different responses at the different ripeness stages 
of a particular fruit, like tomatoes. 

Over 400 compounds have been identified as volatile 
constituents of tomato and tomato products. These include 
(Z)-3-hexenal, hexanal, 1-octen-3-one, methional, 1-
penten-3-one and 3-methylbutanal, which have been 
shown to be the most odor-active aroma volatiles in fresh 
tomatoes [16, 20, 22]. These volatiles allow the evaluation 
of tomato maturity by electronic noses based on metal 
oxide sensors [23, 24]. The interaction of the same 
volatiles with carbon structure-PVA composites can in 
principle also be expected to result in significant 
modification of the electric properties, such as 
conductance and capacitance, of the composite material 
based devices. The major role of PVA is the 
immobilization of the carbon nanostructures, but volume 
changes in the PVA due to the absorption of volatile 
organic compounds may also influence the conductance 
and capacitance of the composites. 

At the consumer level, tomato purchase and 
consumption actions are mostly motivated using subjective 
selection criteria like color and softness, which are used to 
distinguish tomatoes proper for consumption from those 
that are not ripe or overripe. For this reason, a sensor 
based procedure that allows for a correlation of the 



 

 

subjective criteria used by consumers with a more 
quantitative measure would be useful in helping suppliers 
determining the timing, of displaying and selling fruits and 
this would impact on air exposure (decay) of products and 
optimization of product exhibition space. For such 
purposes, the response of chemical sensors can be 
analyzed using techniques like tristimulus graphs, which is 
a less numerical processing intensive method [20], or the 
more common but more intensive numerical processing 
PCA (principal components analysis) [25]. The main 
advantage of applying these methods is that when the 
dimensionality is less than or equal to 3, a direct 
representation in graphical form is possible without losing 
relevant information [26]. 

In this study, we report on investigation of the response 
of chemical sensors based on undoped multiwalled carbon 
nanotubes (MWCNTs), nitrogen-doped multiwalled 
carbon nanotubes (N-MWCNTs)  and carbon nanocoils 
(CNCs) composites with polyvinyl alcohol (PVA) to infer 
the ripeness stages of tomatoes (Solanum lycopersicum L.) 
using both the tristimulus and PCA methods, 
demonstrating that despite the relative simplicity of the 
tristimulus method, its application allows the electronic 
distinction of tomatoes at different ripeness stages. 
 
2. Experimental procedures 

The preparation of the carbon nanostructures, 
multiwalled carbon nanotubes (MWCNT), nitrogen doped 
multiwalled carbon nanotubes (N-MWCNTs) and carbon 
nanocoils (CNCs), was described elsewhere [10]. The 
sensors were prepared by depositing the composite 
dispertions made in 1,2-dichlorobenzene and PVA on 
electrodes. Deposition composites were sequentially 
dropped in different volumes (30, 30 and 25 µL) onto the 
interdigitated electrode over 60 minutes, as described in 
detail elsewhere [10, 14, 20]. 

Electrical measurements were conducted using an 
Agilent 4284A LCR meter. The conductance and 
capacitance variation of the device upon exposure to the 
tomato was measured as function of time. For all 
measurements the frequency was set to 27 kHz and the AC 
input signal amplitude to 0.5 V. At this input signal 
amplitude the sensitivity for both capacitance C and 
conductance G is high and at 27 kHz the noise/signal ratio 
is not significant [10, 14]. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: The hermetically sealed chamber with tomato 
(volume 3200 mL) 

During the measurements, the sensor was placed inside 
a sealed 3200 mL glass chamber (Figure 1) [20]. The 
measurement was taken every 24 h in order to follow the 
time evolution of the electrical response of the chemical 
sensor during the tomato ripening. The fruits were placed 
into the closed chamber and the measurements were 
started 5 minutes after fruit introduction (Figure 2). 

We recorded the variation in the device output signal 
as conductance ΔG  or capacitance ΔC  upon exposure to 
volatile organic compounds exhaled by the cherry tomato 
(ΔG = G – G0; ΔC = C – C0, where the subscript “0” 
indicates the initial value, before the sensors were exposed 
to the volatile organic compounds in the chamber). 

 

 
 

Figure 2: Major developmental changes during tomato 
fruit development and ripening. (A-B) green stage; (C-D) 
ripened fruit and (E-F) over-ripe tomato not suitable for 
sale/use 

 
Measurements were made using three different sensors, 

made from the three different composites, i. e., a total of 
nine sensors were used.  Measurements were made on all 9 
sensors for 12 consecutive days. Nine tomatoes were 
studied – these were divided into three groups (I, II and 
III) of three and the tomatoes in each group were chosen to 
be at a different ripeness stages (A, B, C, D, E and F, as 
shown in Figure 2). Group I tomatoes were in the stage 
(A) in the first day and in the stage (B) in the 12th day. 
Group II tomatoes were in the stage (C) in the first day and 
in the stage (D) in the 12th day. Group III tomatoes were in 
the stage (E) in the first day and in the stage (F) in the 12th 
day. Tomato selection and group assignment was made 
based on fruit color. After each measurement, the tomato 
was removed from the chamber and shelve-stored at room 
temperature and the chamber left open. After F, the 
tomatoes of this group were followed again for five days, 
corresponding to the measurements between G and H. 

The sensors were exposed to the volatile organic 
compounds exhaled by the tomatoes for 450 s (inside the 
chamber), and then again to the outer air for a further 150 
s, to allow sensor recovery (Figure 3a-b). The changes in 
capacitance and conductance were recorded during 600 s 
for each measurement. All experiments were carried out at 
room temperature. Temperature and relative humidity 
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inside the chamber were measured using a Minipa MT-241 
analyser. 

Before starting the measurements, the tomato was 
sequentially washed with neutral soap (Ypê clear) and 
rinsed several times with dionized water. Then after being 
dried with a paper towel, the cleaned tomato was inserted 
into the chamber. The details of the procedure are 
described in our previous work [10]. The presented 
experimental results are averages of four measurements 
performed each day for each sensor. 
 
3. Results and discussion 

The sensor responses ΔG and ΔC were recorded during 
600 s for the composite based chemical sensors made from 
MWCNTs-PVA, N- MWCNTs-PVA, and CNC-PVA. The 
data for a tomato corresponding to B in Figure 2 is shown 
in Figure 3. Similar data were recorded for the ripening of 
the other tomatoes. The chemical sensors were exposed to 
the volatile organic compounds (VOCs) exhaled by the 
tomato inside the chamber at time t = 150 s. It can be seen 
that the sensors based on the three carbon nanostructures 
nearly achieve steady state at t = 450 s, 300 s after 
exposure to the internal chamber environment containing 
the tomato. When the sensors are exposed to the outer air 
for a further 150 s the sensor recovery is obeserved, 
allowing use for further measurements (Figure 3a-b). The 
changes ΔG and ΔC were recorded in a daily experiment 
over 12 days. 

 

 
Figure 3: ΔG (a) and ΔC (b) response of one of the three 
chemical sensors made with each of the carbon 
nanostructures, MWCNTs-PVA, N-MWCNTs-PVA, or 
CNC-PVA for a ripe tomato (corresponding to stage (B) in 
Figure 2). Data acquisition rate: 1 point per s 

In this study, we compare data analysis using 
tristimulus and PCA methods, to establish if it is possible 
to distinguish between different stages of ripening. In case 
of the tristimulus method, we used the ΔG and ΔC to 
calculate xG, yG and zG (see Ref. [20] for a detailed 
presentation and discussion of the method) and xC, yC, and 
zC, plotting the graphs shown in Figure 4a-c. Similarly to 
Ref. [20] we define: 
 

𝑋! ≡ ∆𝐺 !"#$% ,     (1) 
 

 𝑌! ≡ ∆𝐺 !!!"#$%   (2)
  
 𝑍! ≡ ∆𝐺 !"! ,    (3) 

 
using the conductance-time data from the sensors based on 
MWCNT, N-MWCNT and CNC based composites, 
respectively. XG, YG, and ZG multiplied by the unitary 
vectors 𝑥, 𝑦 and 𝑧 can be represent a vector. This vector 
crosses the plane 𝑥! + 𝑦! + 𝑧! = 1 at the point of 
coordinates (xG, yG, zG), which can be calculated as: 
 
 𝑥! =

!!
!!!!!!!!

,     (4) 

 
 𝑦! =

!!
!!!!!!!!

     (5) 

 
 𝑧! =

!!
!!!!!!!!

.     (6) 

 
Since 𝑥! + 𝑦! + 𝑧! = 1, the coordinates of this point can 
be represented through the projection of this point, for 
example, in the xz plane (it can similarly be done to the xy 
or zy planes). Independently of the chosen plane, the third 
value is not an independent value, since 𝑥! + 𝑦! + 𝑧! =
1, allowing the representation of the set of responses of the 
three sensors in a bidimensional graph. A similar graphical 
representation can be constructed using the capacitance 
data to calculate xC, yC, and zC. The result of the tristimulus 
analysis can be seen in Figure 4. 

Figure 4: ΔG/G responses plotted as xG versus zG 
graphs for tomato after 12 days (a), (b) and (c). In the 
graph: A-B Green tomato; C-D Ripe tomato; E-F 
Nearly spoiled tomato (all measurements taken over 12 
days of continuous measurement). G-H Measurements 
of a spoiled tomato (5 days of continuous 
measurements) 
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As can be seen from Figure 5, the data at each of the 
stages were grouped in four separate clusters, indicating an 
excellent classification of the compounds according to 
their degree of ripeness. This reveals four different clusters 
of data points reflecting that it is possible to distinguish all 
the different stages, i.e. green tomato, ripe tomato, close to 
spoiled and spoiled. This, therefore, reveals a good 
performance in the identification provided by composite 
sensors, confirming that the sensors can be used to 
distinguish different stages of ripenness. 
 

 

 
Figure 5: PCA of the conductance for tomatoes in two 
representations: (a) PC2 vs. PC1 and; (b) PC3 vs PC1. In 
the graphs: A-B Green tomato; C-D Ripe tomato; E-F 
Nearly spoiled tomato (all measurements taken over 12 
days of continuous measurement). G-H Measurements of a 
spoiled tomato (5 days of continuous measurements) 
 
4. Conclusion 

We used the set of conductance variation responses of 
three chemical sensors based on carbon nanostructure-
poly(vinyl alcohol) composites when exposed to the 
volatiles exhaled by tomato fruits to investigate the tomato 
ripening process. We observed that despite the absence of 
selectivity of the sensors for a specific ripeness stage, the 
differences of the responses of the sensors at different 
stages allows the quantitative electronic identification of 
the ripening process when suitable mathematical 
treatments are applied. For this purpose we used (i) the 
tristimulus space vectorial projection method to assign a 
ripeness stage dependent coordinate in a bidimensional 

graph or (ii) performed principal component analysis, 
which also leads to the agglomeration of points 
corresponding to a similar ripeness stage. These 
procedures allow, in principle, the identification of the 
ripeness stage of tomatoes without the need of a 
qualitative visual inspection, potentially contributing to the 
development of fruit handling and selection procedures of 
tomatoes in closed containers through electronic 
measurements. 
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