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A B S T R A C T :   

A biosensor has been developed based on disposable screen-printed electrode for recording the electrochemical 
fingerprint of plant leaf tissue. A thin layer of polydopamine functionalized graphene sheets was coated on the 
plant tissue modified electrode for signal enhancement. The voltammetric data recorded under different buffer 
solutions can be derived as patterns for species identification. As the distribution of electrochemical active 
compounds in plants is controlled by genes, these fingerprints can reflect differences at the genetic level between 
species. Therefore, the electrochemical fingerprint of plant tissues can be used for phylogenetic research without 
qualitative analysis. 19 species of Amaryllidaceae including A. africanus, Clivia miniata, Clivia nobilis, Crinum 
firmifolium, Crinum latifolium, Crinum moorei, Curculiga gracilis, Cyrtanthus breviflorus, Habranthus robustus, Hae
manthus albiflos, Haemathus multiflorus, Hippeastrum rutilum, Hymenocallis littoralis, Leucojum aestivum, Sprekelia 
formosissima, Tulbaghia violacea, Zephyranthes grandiflora, Zephyranthes macrosiphon and Zephyranthes minima 
have been selected deliberately. The dendrogram deduced from the electrochemical fingerprint was compared 
with the molecular phylogenetics. The results indicate the electrochemical fingerprint-based phylogenetic study 
is a persuasive methodology for plant phylogenetic analysis.   

1. Introduction 

The morphological features of plants used to predominate in the 
study of evolution and phylogenetics. However, the morphological 
features of plants are easily influenced by the environment, and there 
are general phenomena of convergence and parallel evolution, which 
makes it difficult to determine the evolutionary status of many taxa. 
With the popularity of molecular techniques such as DNA sequencing 
and PCR, plant phylogenetics has shifted from a single morphological 

study to the stage of combining molecular evidence with morphological 
features. For example, For example, Verbenaceae is a family of plants 
under the Lamiales. In recent years, molecular evidence has shown that 
many genera that were once classified as Verbenaceae should be 
reclassified as Lamiaceae (Marx et al., 2010; Ryding, 1995; Santos Tozin 
et al., 2016). However, the molecular evidence is also influenced by the 
chosen molecular marker, so there is still much debate in the phyloge
netics of plants (Benzoni et al., 2007; Li et al., 2016; Meyer and Zardoya, 
2003). 
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Except the classical taxonomy and molecular taxonomy, some other 
taxonomic technique, other taxonomic techniques are also widely used 
in phylogenetic studies of plants, such as cytotaxonomy (Almeida et al., 
2017; de Moraes et al., 2017), karyosystematics (Barbosa et al., 2017; 
Di-Nizo et al., 2017), chemotaxonomy (Wink et al., 2018; Xu et al., 
2016) and palynology (McGlone et al., 2017; Sinopoli et al., 2018). 
Among them, chemotaxonomy is often used as an assistive technique to 
provide evidence for phylogenesis in plants. This is because different 
plants produce different chemicals, such as alkaloids, glycosides and 
terpenes, depending on the type of metabolism. The inheritance and 
variation of these chemical components in plants are closely related to 
the phylogenetic position of the plant. Plant species with close relatives 
often have similar physiological and biochemical characteristics due to 
their close genetic relationship. For example, the largest group of indole 
alkaloids is Plumerane type indole alkaloids. These alkaloids are found 
only in the subfamily Plumerioideae of Apocynaceae (Reina et al., 
2011). Chromatography, mass spectrum and NMR are the main tech
niques used for the analysis of chemical components in the plant. The 
target molecules have been further used for chemotaxonomy purposes. 
However, these instruments need a sophisticated operation process with 
long-time analysis. So far, chemotaxonomy is not a preferred method for 
plant phylogenetic analysis. 

Electroanalysis is a widely studied analytical technique for the 
detection and identification of analytes in vivo or in vitro (Alwarappan 
et al., 2007; Bojdi et al., 2014a; Hosseini et al., 2014; Kalate Bojdi et al., 
2015a; Kesavan et al., 2019; Rahmani et al., 2018; Sukumaran et al., 
2017; Tashkhourian et al., 2016; Wightman et al., 1988; Wightman, 
2006; Wu et al., 2017; Yadav et al., 2014). Using a range of signal 
amplification techniques, electrochemical sensors can detect very low 
concentrations of the target analyte. So far, it has been widely used for 
environmental pollutant monitoring (Ramnani et al., 2016), pharma
ceutical compound detection (Beitollahi and Mostafavi, 2014; Bojdi 
et al., 2014b) and food analysis (Bojdi et al., 2016b, 2016a; Kalate Bojdi 
et al., 2015b; Zeng et al., 2016). In addition to the detection of a single 
substance, electroanalytical techniques can also scan for electro
chemical active compounds in complex systems (Fu et al., 2020; Li et al., 
2019; Zhang et al., 2019). It has been used for plant identification based 
on fingerprinting of electrochemical active compounds in plant tissue 
(Dom�enech-Carb�o et al., 2015a; Domínguez and Dom�enech-Carb�o, 
2015). Later on, these fingerprint has been correlated to the phyloge
netic position of the plant species and showed convincing results 
(Dom�enech-Carb�o et al., 2015b; Dom�enech-Carb�o et al., 2017a, b). 

Our previous works also demonstrated the feasibility of the electro
analysis of plant tissue to the phylogenetic position of the plant (Fu 
et al., 2019b, 2019a). Species from Lycoris have been selected as samples 
for species identification and infrageneric relationship investigation. In 
this study, we extend the methodology towards plant family level 
analysis for the first time. 19 species of Amaryllidaceae were selected 
deliberately. Amaryllidaceae is a family of Asparagales due to their 
complicated relationship. For example, an earlier taxonomy system 
(Cronquist system) placed the Amaryllidaceae in the Liliales. In 2003, 
the genetic relatability-based APG II system was proposed to merge it 
with the Allioideae and Agapanthoideae (Ii, 2003; Kamenetsky and 
Okubo, 2012). We modified the plant tissue immobilization process for 
giving a better signal. In addition, we proposed a new pattern recogni
tion mode for quick species identification. Finally, the phylogenetic tree 
deduced from the electrochemical fingerprint has been compared with 
molecular phylogenetical results. 

2. Experimental 

2.1. Sample collection and chemicals 

Leaves of Agapanthus africanus, A. africanus, Clivia miniata, Clivia 
nobilis, Crinum firmifolium, Crinum latifolium, Crinum moorei, Curculiga 
gracilis, Cyrtanthus breviflorus, Habranthus robustus, Haemanthus albiflos, 

Haemathus multiflorus, Hippeastrum rutilum, Hymenocallis littoralis, Leu
cojum aestivum, Sprekelia formosissima, Tulbaghia violacea, Zephyranthes 
grandiflora, Zephyranthes macrosiphon and Zephyranthes minima were 
collected from Hangzhou Botanic Garden (Zhejiang, China) and Nanjing 
Botanical Garden Mem. Sun Yat-Sen (Nanjing, China) in August 2019. 
Healthy leaves of each species were carefully collected and stored at 
� 20 �C before analysis. KH2PO4, Na2HPO4, sodium acetate, acetic acid 
and Tris powder were purchased from Macklin Co., Ltd. All other 
chemicals were analytical-grade reagents and were used without further 
purification. Milli-Q water (18.2 MΩ/cm) was used throughout the 
experiments. 

2.2. Preparation of polydopamine functionalized graphene dispersion 

Preparation of polydopamine functionalized graphene dispersion 
was based on our previous work with some modifications (Fu et al., 
2016, 2015). Typically, 10 mg of graphene oxide was dispersed in 30 mL 
Tris-buffer (10 mM, pH 8.5) and sonicated for 1 h. 10 mg of dopamine 
was then added into the dispersion and sonicated for another 10 min. 
The resulting mixture was kept stirring for 24 h. The polydopamine 
functionalized graphene was collected and washed three times by water 
using centrifugation. 

2.3. Extract preparation and electrode surface modification 

Dimethyl sulfoxide (DMSO) was used as a solvent for plant leaf 
extract preparation. Typically, 1 mL of DMSO was added into 0.05 g 
chopped plant leaf by 1 min grinding using a microdismembrator (MY- 
10, Shanghai Jingxin, Co. Ltd.). Then, the slurry was sonicated using a 
bath sonicator for 5 min to form a dispersion. 5 μL of the extract was 
drop coated on the working electrode of a screen-printed electrode (SPE, 
Nanjing Youyun Technology Co., Ltd.) After drying in the room tem
perature, 1 μL of polydopamine functionalized graphene dispersion (0.1 
mg/mL) was further drop coated on the working electrode. After drying 
in the room temperature, 50 μL of buffer solution was dropped on the 
electrode surface to cover the three-electrode system. 0.1 M of ABS (pH 
¼ 4.5), PBS (pH ¼ 7.0) and Tris (pH ¼ 9.0) were used as electrolyte for 
electrochemical fingerprint recording. All electrochemical fingerprints 
were recorded using a CHI660C workstation with a homemade adapter 
constructed by Noguchi socket and DuPont line. Differential pulse vol
tammetry was used for recording the electrochemical fingerprints of all 
plant tissue between � 0.1 and 1.5 V. 

3. Results and discussion 

Leaves are one of the vegetative organs of vascular plants. Its func
tion is to synthesize organic matter through photosynthesis and to 
provide the root system with the power to absorb water and mineral 
nutrients through transpiration. Each plant has a unique leaf shape, and 
even plants of the same family have different leaf shapes. Information 
about the shape of the leaves is stored in the DNA. For example, the split- 
leaf of the Cardamine hirsuta is attributed to a unique homeobox gene, 
which inhibits the proliferation and growth of cells in the phyllodes, 
causing them to separate from each other (Vlad et al., 2014). Arabidopsis 
thaliana does not have this gene, so its leaves are not completely divided. 
In this study, the leaves of 19 species of Amaryllidaceae were deliber
ately chosen for reflecting whether the difference between their elec
trochemical active compounds can be used for phylogenetical analysis. 
Fig. 1A shows a schematic diagram of the proposed electrochemical 
fingerprint recording process. A simple plant tissue extraction process 
was carried out using DMSO. We noticed a superior extraction process 
compared with our previous work using water, ethanol, glycol and DMF 
as solvent (Fu et al., 2019b, 2019a, 2018). The immobilization of the 
plant tissue on the electrode surface is crucial for fingerprint recording. 
Normally, film-forming materials such as Nafion or chitosan can be 
coated after the plant tissue immobilization (Mauritz and Moore, 2004). 

L. Fu et al.                                                                                                                                                                                                                                        



Biosensors and Bioelectronics 159 (2020) 112212

3

However, these film-forming materials could affect the conductivity of 
the electrode surface and consequently reduce the signal sensitivity. 
Therefore, we added an extra thin layer polydopamine functionalized 
graphene sheets on the plant tissue surface for improving the immobi
lization as well as conductivity. Fig. S1 shows the SEM image of the plant 
tissue immobilized SPE. It can be seen that the plant tissue has been 
covered on the polydopamine functionalized graphene sheets. The 
electroactive surface area (EASA) was measured using Randles–Sevcik 
equation (Ip¼(2.69 � 105)n3/2AD1/2Cv1/2). The EASA value of the bare 
plant tissue modified electrode was calculated to be 0.0422. Leaves of 
Amaryllidaceae spp. contains a large number of long-chain molecules of 
cellulose with poor electroconductivity. Either bare SPE, graphene 
modified SPE, polydopamine modified SPE and polydopamine func
tionalized graphene sheets modified SPE (without plant tissue) showed 
no noticeable peak during the potential range from � 0.2 to 1.5 V, sug
gesting either polydopamine and graphene showed no oxidation process 
between the scan window. Fig. 1B shows the DPV curves of the 
A. africanus in the presence and absence of a thin layer of polydopamine 
functionalized graphene sheets. It is pertinent to note that the addition 
of polydopamine functionalized graphene sheets significantly enhance 
the electrochemical signal of the plant tissue. It can be also noticed that 
the peak potential of two curves only showed imperceptible shift, sug
gesting the thin layer of polydopamine functionalized graphene sheets 
does not seem to have affected the electrochemical behavior of com
pounds extracted from plant tissue. Fig. S2 shows DPV curves of the 
A. africanus for five individual SPEs, indicating the acceptable steady 
performance. 

Fig. 2 shows DPV curves of 19 species of Amaryllidaceae recorded on 
SPE in 0.1 M PBS (DPV curves of each species recorded in 0.1 ABS and 
Tris are shown in Figs. S3 and S4). As shown in the figure, several peaks 
can be noticed between � 0.1 V and 1.5 V correspond to the oxidation of 
electrochemical active compounds oxidizable compounds. These com
pounds could be flavonols (Liu et al., 2020), phenolic acids (Irakli et al., 
2018), procyanidins (Ramsay and Mueller-Harvey, 2016), alkaloids 
(Marín-S�aez et al., 2019) and pigments (Chou et al., 2020). We did not 
include the negative scan because it contains much less information 
compared with that of the positive scan. In addition, the dissolved ox
ygen could produce a distinct peak during the negative scan if we extend 

the potential window. Therefore, we only include a positive scan for 
representing the information of plant tissue. The methodology of plant 
classification is based on the statistical analysis of character information 
rather than the quantitative detection of a particular component. 
Therefore, plant phylogenetic studies based on the electrochemical 
fingerprint do not need to identify oxidation peaks one by one. In fact, 
for complex systems, such as plant tissue, direct electrochemical sensing 
cannot achieve a qualitative and quantitative analysis of all responding 
compounds. However, the electrochemical oxidation reactions in which 
each of the responding compounds is involved contribute more or less to 
the whole profile. The resulting electrochemical fingerprint represents 
the profile of electrochemical active compounds from plant tissue 
participated in electrochemical oxidation under buffer condition. It is 
pertinent to note that the obvious differences of the electrochemical 
fingerprint can be noticed between species, indicating the variation of 
the oxidized compounds during the DPV scan. 

Fig. 3 shows the parallel coordinate plot of the normalized current of 
A. africanus, C. nobilis and C. latifolium recorded under three different 
buffer solutions as examples. The parallel coordinate plot is a common 
method to analyze and display multivariate data. To better demonstrate 
the differences in electrochemical fingerprints among different species, 
we divided 19 species into three groups. The electrochemical fingerprint 
of each species showed different tendencies, indicating different species 
show discernible differences recorded in the different buffer solutions. 
Therefore, the electrochemical profile of the plant tissue showed the 
potential of using the voltammetric data for species discrimination. The 
rapid identification of plant species is important in agriculture, horti
culture and plant-based medical materials production. Although the 
species with different genus may have different morphological features, 
correct identification still is a challenge for people unfamiliar with 
botany. Because the leaves of different species contain different elec
trochemical active compounds, these electrochemical fingerprints can 
be used for rapid identification of species. 

Direct species identification based on the electrochemical fingerprint 
is not an efficient way. The electrochemical fingerprints of some of these 
species share some similar characteristics, such as H. littoralis and L. 
aestivum (Fig. 2). Therefore, pattern recognition based on multiple 
electrochemical fingerprints can be used for species identification more 

Fig. 1. (A) Schematic diagram of electrochemical biosensor for plant fingerprint recording. (B) DPV curve comparison of A.s africanus recorded on SPE with or 
without graphene addition. 
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Fig. 2. DPV curves of 19 species of Amaryllidaceae recorded on SPE in 0.1 M PBS. Additional DPV curves of each species recorded in 0.1 ABS and Tris are shown in 
Figs. S3 and S4. 
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efficiently. Fig. 4A shows a series of scatter patterns of A. africanus 
deduced from the fingerprint recorded under ABS, PBS and Tris condi
tions (Figs. S5–22 show the scatter patterns of C. miniata, C. nobilis, C. 
firmifolium, C. latifolium, C. moorei, C. gracilis, C. breviflorus, H. robustus, 
H. albiflos, H. multiflorus, H. rutilum, H. littoralis, L. aestivum, S. for
mosissima, T. violacea, Z. grandiflora, Z. macrosiphon and Z. minima, 
respectively). Without a doubt, the scatter pattern is easier to identify 
species than the direct electrochemical fingerprint. However, the scatter 
recognition mode only presents two sets of data. Each point has the same 
property weight, so it still needs to calculate the number of scattered 
points at different locations for species recognition. Therefore, we pro
posed an additional pattern recognition model based on the density 

functional theory. Fig. 4B shows the three 2D density plots of 
A. africanus using the normalized current data from 0.1 M PBS vs. 0.1 M 
ABS, 0.1 M ABS vs. 0.1 M Tris and 0.1 M Tris vs. 0.1 M PBS (Figs. S3–20 
show the scatter patterns of C. miniata, C. nobilis, C. firmifolium, C. lat
ifolium, C. moorei, C. gracilis, C. breviflorus, H. robustus, H. albiflos, H. 
multiflorus, H. rutilum, H. littoralis, L. aestivum, S. formosissima, T. viola
cea, Z. grandiflora, Z. macrosiphon and Z. minima, respectively). In this 
recognition model with the assistance of well-established image recog
nition methods (A. K. Jain et al., 2000), such as voxel similarity mea
surement and image segmentation-based similarity measurement (M. 
Holden et al., 2000), unknown species can be identified by matching 
patterns or even by locating high-density areas with the database. 

Principal component analysis (PCA) is often used for dimensionality 
reduction of high dimensional variables. The 3D PCA grouping result 
showed H. multiflorus, H. albiflos, C. miniata, C. nobilis, Z. grandiflora, Z. 
macrosiphon, Z. minima, C. gracilis and L. aestivum were grouped in a 
close spatial position (Fig. 5). A. africanus, T. violacea, C. firmifolium, C. 
latifolium and C. moorei were grouped in a close spatial position. In 
addition, C. breviflorus, H. rutilum and H. littoralis can be considered as 
outliers among the species. PCA data showed a certain clustering trend, 
confirms the obvious differences in electrochemical active compounds 
among plant species, reflecting that there may also be significant dif
ferences at the gene level. However, the three extracted factors could 
only explain 73% of the data, suggesting that PCA analysis of electro
chemical fingerprint data does not have a high interpretative capability. 

As discussed above, there is a reasonable assumption that the noticed 
differences in electrochemical fingerprint reflect the genetic diversities 
of samples. In this work, we attempted to use the electrochemistry-based 
chemotaxonomic methodology for the phylogenetic study in family 
level. Fig. 6 shows the dendrogram of 19 species deduced from the 
electrochemical fingerprint recorded using three buffer solutions. The 
phylogenetic tree was divided into four main principal infrageneric 
clades. The first clade consisted of the species C. breviflorus, H. multi
florus, H. albiflos, C. miniate and C. nobilis. The second clade consisted of 

Fig. 3. Parallel coordinate plot of normalized currents of A. africanus, C. nobilis 
and C. latifolium recorded in 0.1 M PBS, ABS and Tris. 

Fig. 4. (A) 2D scatter patterns and (B) 2D density patterns of A. africanus based on normalized fingerprint recorded from 0.1 M PBS vs. 0.1 M ABS, 0.1 M ABS vs. 0.1 
M Tris and 0.1 M Tris vs. 0.1 M PBS. Additional 2D scatter patterns and 2D density patterns of each species are shown in Figs. S5–S22. 
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the species C. firmifolium, C. latifolium and C. moorei. The third group 
consisted of the species H. rutilum, H. littoralis, H. robustus and 
S. formosissima. The last clade consisted of the species Z. grandiflora, Z. 
macrosiphon, Z. minima, C. gracilis and L. aestivum. 

The intergeneric relationships within the Amaryllidaceae are a very 
complex topic that faces many challenges even using molecular 
sequencing (Graham and Barrett, 2004; Meerow et al., 2000). RAPD, 
ITS, ISSR, and SCoT were used for the analysis of certain genus within 
Amaryllidaceae (Akhavan et al., 2015; Jiang et al., 2013; Meerow et al., 
2000; Ran et al., 2001). The previous report claimed the chemical 

diversity of Amaryllidaceae significantly correlated with phylogeny 
(Rønsted et al., 2012). The dendrogram deduced from electrochemical 
fingerprint indicates the C. miniate and C. nobilis were in a strongly 
supported cluster, while the H. robustus and S. formosissima have a close 
relationship. These results are consistent with ITS analysis (Bay-Smidt 
et al., 2011; Rønsted et al., 2012). The close relationship of genera Clivia 
and Haemathus from our results is consistent with biogeography because 
of they both origin from South Africa as well as the matK sequencing 
result (Ito et al., 1999). The biogeographic fact also reveals the deduced 
relationship between C. latifolium and C. moorei (Meerow et al., 2003). 

Fig. 5. 3D PCA analysis of A. africanus, C. miniata, C. nobilis, C. firmifolium, C. latifolium, C. moorei, C. gracilis, C. breviflorus, H. robustus, H. albiflos, H. multiflorus, 
H. rutilum, H. littoralis, L. aestivum, S. formosissima, T. violacea, Z. grandiflora Z. macrosiphon and Z. minima using normalized current recorded after five solvents 
extractions. 

Fig. 6. Dendrogram of A. africanus, C. miniata, C. nobilis, C. firmifolium, C. latifolium, C. moorei, C. gracilis, C. breviflorus, H. robustus, H. albiflos, H. multiflorus, H. 
rutilum, H. littoralis, L. aestivum, S. formosissima, T. violacea, Z. grandiflora Z. macrosiphon and Z. minima based on the electrochemical fingerprints recorded in three 
buffer solutions. 
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The C. breviflorus in the first clade showed a close relationship with the 
genus Clivia. Although there is no specific study of the phylogenetic 
position of Cyrtanthus among the Amaryllidaceae, the floral and mac
roecological study within Cyrtanthus still revealed the relatively close 
relationship of the Cyrtanthus with Clivia (Snijman and Meerow, 2010). 
Both Hippeastrum and Habranthus were in a tribe of plants belonging to 
the subfamily Amaryllidoideae (Strydom, 2005). The dendrogram 
deduced from the electrochemical fingerprint also showed them in one 
clade. Species of Tulbaghia is popular in horticulture, however, the 
species delimitation still faces challenges. In 2016, the first report 
analyzed the infrageneric relationship within Tulbaghia using ITS and 
plastid-encoded trnL-F and ndhF (Stafford et al., 2016). Our results 
provide a possible interfamily status of the Tulbaghia within Amar
yllidoideae. In addition, the L. aestivum has been widely studied due to 
its medical application (Gentili et al., 2018; Ptak et al., 2017). To the 
best of our knowledge, however, its phylogenetic relationship has not 
been studied so far. Our results indicate the L. aestivum was closely 
related to the Curculiga and Zephyranthes. We believe these results not 
only provide evidence to the phylogenetic assumption proposed by 
botanist, but it can light the way of the research direction. 

4. Conclusion 

In summary, the electrochemical fingerprint of leaf tissue has been 
used for species identification and phylogenetic investigation. The 
immobilization of plant tissue has been overcame by drop coating a thin 
layer polydopamine functionalized graphene. The fingerprint of plant 
tissue successfully recorded under different buffer solutions. These fin
gerprints have been used for generating the pattern recognition modes 
for species identification. Moreover, this work extended the methodol
ogy to the family level for phylogenetic analysis. The dendrogram 
deduced from the electrochemical fingerprints of 19 Amaryllidoideae 
species gave a persuasive taxonomical result compared with molecular 
studies. The dendrogram indicates the following:  

(1) Agreed with the ITS study, C. miniate and C. nobilis show a notably 
close relationship while the H. robustus and S. formosissima have a 
close relationship. 

(2) Observed a close relationship between genera Clivia and Hae
mathus due to the same biogeographic origin.  

(3) Cyrtanthus and Clivia show a relatively distant relationship.  
(4) Hippeastrum and Habranthus show a close relationship because 

they belong to a tribe of subfamily Amaryllidoideae.  
(5) L. aestivum closely relate to the Curculiga and Zephyranthes 
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