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Abstract: The ability of extraction and preconcentration 
of small amounts of substances from biological samples is 
very important in medical toxicology. On the other hand, 
minimal use of organic solvents is an important issue to 
prevent environmental damage. In the present study, we 
developed a new solid phase microextraction fiber using 
plant extracts as sorbent for extraction and preconcent-
ration of morphine in urine sample. For this purpose, 
raw carbon nanotubes (CNTs) were functionalized with 
tobacco extracts. Functionalization was confirmed by 
Fourier transform infrared (FTIR) and Raman spectro-
scopy in addition to scanning electron microscope (SEM) 
images. The functionalized CNTs were coated on polypro-
pylene hollow fiber. The results of HPLC analysis showed 
that the produced fiber could preconcentrate a very low 
concentration of morphine (0.25 ng/ml) in small volume 
of urine samples. Limit of detection (LOD) and limit of 
quantification (LOQ) for the produced fiber were determined 
0.25 ng/ml and 0.825 ng/ml, respectively, and recovery of  
the fiber was determined 89% at LOQ. The produced  
fiber provided a recyclable and solvent free method for 
extraction of a trace amount of morphine, which can be 
successfully used for up to 30 times with no significant 
loss in the extraction efficiency.

 Open Access. © 2019 Riahi-Zanjani et al., published by De Gruyter. Open Access. © 2019 KazumasaNomura and Paul Terwilliger, published byDeGruyter. This work is licensed under the Creative Commons
Attribution alone 4.0 License.

Spec. Matrices 2019; 7:1–19

Research Article Open Access

Kazumasa Nomura* and Paul Terwilliger

Self-dual Leonard pairs
https://doi.org/10.1515/spma-2019-0001
Received May 8, 2018; accepted September 22, 2018

Abstract: Let F denote a �eld and let V denote a vector space over Fwith �nite positive dimension. Consider
a pair A, A∗ of diagonalizable F-linear maps on V, each of which acts on an eigenbasis for the other one in an
irreducible tridiagonal fashion. Such a pair is called a Leonard pair. We consider the self-dual case in which
there exists an automorphismof the endomorphismalgebra ofV that swapsA andA∗. Such anautomorphism
is unique, and called the duality A ↔ A∗. In the present paper we give a comprehensive description of this
duality. Inparticular,wedisplay an invertibleF-linearmap T onV such that themap X �→ TXT−1 is theduality
A ↔ A∗. We express T as a polynomial in A and A∗. We describe how T acts on 4 �ags, 12 decompositions,
and 24 bases for V.
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1 Introduction
Let F denote a �eld and let V denote a vector space over F with �nite positive dimension. We consider a
pair A, A∗ of diagonalizable F-linear maps on V, each of which acts on an eigenbasis for the other one in an
irreducible tridiagonal fashion. Such a pair is called a Leonard pair (see [13, De�nition 1.1]). The Leonard pair
A, A∗ is said to be self-dual whenever there exists an automorphism of the endomorphism algebra of V that
swaps A and A∗. In this case such an automorphism is unique, and called the duality A ↔ A∗.

The literature containsmany examples of self-dual Leonardpairs. For instance (i) the Leonardpair associ-
atedwith an irreduciblemodule for the Terwilliger algebra of the hypercube (see [4, Corollaries 6.8, 8.5]); (ii) a
Leonard pair of Krawtchouk type (see [10, De�nition 6.1]); (iii) the Leonard pair associatedwith an irreducible
module for the Terwilliger algebra of a distance-regular graph that has a spin model in the Bose-Mesner alge-
bra (see [1, Theorem], [3, Theorems 4.1, 5.5]); (iv) an appropriately normalized totally bipartite Leonard pair
(see [11, Lemma 14.8]); (v) the Leonard pair consisting of any two of a modular Leonard triple A, B, C (see [2,
De�nition 1.4]); (vi) the Leonard pair consisting of a pair of opposite generators for the q-tetrahedron alge-
bra, acting on an evaluationmodule (see [5, Proposition 9.2]). The example (i) is a special case of (ii), and the
examples (iii), (iv) are special cases of (v).

Let A, A∗ denote a Leonard pair on V. We can determine whether A, A∗ is self-dual in the following way.
By [13, Lemma 1.3] each eigenspace of A, A∗ has dimension one. Let {θi}di=0 denote an ordering of the eigen-
values of A. For 0 ≤ i ≤ d let vi denote a θi-eigenvector for A. The ordering {θi}di=0 is said to be standard
whenever A∗ acts on the basis {vi}di=0 in an irreducible tridiagonal fashion. If the ordering {θi}di=0 is standard
then the ordering {θd−i}di=0 is also standard, and no further ordering is standard. Similar comments apply to
A∗. Let {θi}di=0 denote a standard ordering of the eigenvalues of A. Then A, A∗ is self-dual if and only if {θi}di=0
is a standard ordering of the eigenvalues of A∗ (see [7, Proposition 8.7]).
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1  Introduction
All drugs are metabolized in the body and most of them 
have half-life of less than 72 h, so there is a limited time for 
detection of the drugs in biological samples [1]. Also, since 
the considerable forensic decisions are made on the basis 
of the levels of analytes in biological samples, accuracy 
of the detection method in appropriate time is critical [2]. 
There are numerous confirmatory methods for detection of 
analytes in biological samples such as HPLC, and GC-mass. 
Preconcentration of the analytes during conventional 
sample preparation is considered as an essential part of 
analyte detection in these methods [3]. However, sample 
preparation has some drawbacks such as high solvent use 
and subsequent environmental damage. Preconcentration 
methods with good efficiency such as microextraction 
techniques have been developed for detection of small 
amount of analytes. Solid phase microextraction (SPME) 
method is considered as a method of desire for extraction 
of small amount of abused drugs [4,5]. 

Although microextraction techniques may enhance the 
sample preparation methods, they are usually associated 
with some disadvantage such as noncompatibility with 
biological system [6,7]. Many of the chemicals used in the 
microextraction methods are not biodegradable and may 
be dangerous and cause environmental damage [8]. Plants 
extracts and herbal products are generally considered as 
a promising therapeutic option for treatment of various 
diseases [9,10]. But in recent years, it is believed that 
herbal products can be used as sorbent in diagnostic 
medicine and biosensor technology. In this regards, it is 
now believed that using environmentally safe method 
such as plant-based sorbent may enhance the safety of 
sample preparation as well as the efficiency of extraction 
method in analytical sciences.
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Recently, plant extract or other herbal products 
have attracted attentions for use in diagnostic purposes. 
Since, tobacco extracts contain numerous types of active 
constituents such as terpenes, alcohols, and polyphenols 
with different functional groups, including carboxylic 
acids, and nitrogen-containing compounds, it is expected 
that morphine can efficiently bind to the nanofiber 
functionalized with tobacco extract. Hence, in this study, 
we aimed to develop a SPME fiber for preconcentration 
and detection of morphine in urine sample using tobacco 
extract as the sorbent. In addition, we aimed to develop 
a green and solvent free method for preconcentration 
of morphine without any time-consuming sample 
preparation. 

2  Materials and methods

2.1  Chemicals and apparatus

Chemicals including acetone, N,N-Dimethylformamide 
(DMF), 1-octanol, and acetonitrile (ACN) were purchased 
from Merck (Darmstadt, Germany). Morphine was 
obtained from a collaborator laboratory of Mashhad 
University of medical sciences, Mashhad, Iran. A standard 
solution of morphine with a concentration of 1000 ng/ml 
in deionized water was provided and then stored at 4°C 
until analysis. HPLC-grade water and acetonitrile were 
purchased from Merck.

A Fourier-transform infrared spectrophotometer  
(FTIR-8400S, Shimadzu, Japan) and a Raman 
spectrophotometer (Teksan, Takram P50C0R10, with 
an excitation wavelength of 532 nm) were used to 
respectively investigate the functional groups of the 
synthesized nanomaterials and successful modification 
of the carbon nanotubes (CNTs). To evaluate the structure 
of the produced fiber in addition to the synthesized 
nanomaterial, a scanning electron microscope (SEM) 
(TESCAN MIRA3-FEG, Czech Republic) was used. 
Moreover, to measure pH values of the solutions a digital 
pH meter with glass electrode (Metrohm-744, Switzerland) 
was applied. All experiments were performed in triplicate 
at room temperature (22 ± 0.5°C), otherwise it is stated.

2.2  Extraction of tobacco products

Tobacco products were extracted by sonication of the 
tobacco leaves in ultrasonic bath. For this purpose, 50 g 
dried tobacco leaves were washed with deionized water 

and then were sonicated in ultrasonic bath at 60°C for 
8 h. Afterwards, the extracts were filtered through 0.45 µm 
polytetrafluoroethylene (PTFE) membrane and then 
lyophilized and kept at 4°C for subsequent uses.

2.3  Synthesis of nanomaterial

The nanotubes were carboxylated prior to functionalization 
as previously described [4]. For synthesis of nanomaterial, 
the carboxylated CNTs were functionalized with the 
lyophilized tobacco extracts. For this purpose, 20 mg CNTs 
and 5 mg herbal products (lyophilized tobacco extracts) 
were dissolved in DMF (10  ml) and sonicated for 1  h at 
60°C. Subsequently, 10  mg sodium nitrite (NaNO2) was 
added to the solution and sonicated for additional 12  h. 
The resulted materials were then filtered through 0.45 µm 
PTFE membrane and washed twice with deionized water. 
Afterwards, the synthesized nanomaterials were dried 
overnight at 50°C under vacuum and used in the study.

2.4   Preparation of nanomaterial reinforced 
hollow fiber

To improve the stability of fibers in addition to other benefits 
such as simplicity, and selectivity of microextraction 
technique, hollow fiber (HF) was used for production 
of SPME fiber. HF is a porous polypropylene fiber with 
200 µm thickness and the inner diameter of 600 µm. Hence 
on structural point of view, the adsorption of analytes may 
increase in HFs, since adsorption can occur at both inner 
and outer space of the fiber. For this purpose, HFs were 
sonicated in acetone for 5 min to remove the impurities as 
well as other possible contaminations and then sonicated 
in octanol for 20 min. The synthesized nanomaterials 
was added to the solution and sonication was continued 
for 6 h at 45°C, so that the inner side as well as the pores 
and the surface of HFs were coated with the synthesized 
nanomaterials functionalized with the tobacco products. 
The fibers were then dried for use. 

2.5  Sample preparation and HPLC analysis

For sample preparation, a serial dilution of morphine 
(0.1-100 ng/ml) was prepared in urine. For adsorption of 
the morphine, the fiber was inserted into the sample and 
sonicated for 5 min. Afterwards, the fiber was washed 
with 200 μl of the washing solution containing water/
methanol (80/20) by sonication for 2 min. To optimize the 
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microextraction process, functionality of the fiber was 
evaluated at a range of pH (4-12) and temperature (10°C-
50°C) and in the absence or presence of the salts (NaCl 
and CaCl2). HPLC (Knauer, Berlin, Germany) system with 
C18 HPLC column (10 × 250 mm) was used to measure 
the preconcentrated morphine in urine sample. Since the 
retention times of morphine is 4.3-5 min, HPLC analysis 
was performed over a period of 10 min in isocratic mode. 
Acetonitrile-sodium acetate (10:90, v/v; sodium acetate 
buffer 0.01 M; pH 4) was used as the mobile phase 
with a flow rate of 0.6 ml/min. According to UV-Visible 
spectrophotometer measurements, the UV detection 
wavelength was set at 285 nm.

3  Results

3.1   Characterization and morphology of  
the synthesized nanocomposite

Physiochemical properties of the synthesized nanomaterial 
including successful functionalization and the size 
of nanomaterials were confirmed by FTIR analysis, 
Raman measurements and SEM imaging, respectively. 
Microscopic analysis revealed that the nanocomposites 
are homogeneously distributed, and functionalized with 

molecules that have amine, carbonyl, hydroxyl and other 
functional groups as confirmed by FTIR spectroscopic 
technique. FTIR spectra showed that functionalization 
of the synthesized nanocomposite has been successfully 
completed (Figure 1). The peak at 3537 cm-1 corresponds 
to OH group. Amide bound (NH stretch) was shown at 
3439 cm-1. In addition, a frequency at 1727 was attributed 
to C=O group of amide bound. Also, the peak at 1686 cm-1 
is a result of formation of amide (C=O stretch). Raman 
measurements also confirmed that the structure of 
CNTs have been modified after carboxylation and 
functionalization. According to the data of Raman 
measurements, changes in intensities of the peaks 
related to the defects in the graphitic structure (D), and 
tangential vibration of the carbon atoms of the nanotube 
(G) indicated modification of CNTs (Figure 2). SEM 
images also showed the homogenous structure of the 
nanocomposite and microstructure of the fiber (Figures 
3a and 3b). 

3.2   Detection of morphine in urine sample 
and optimization of microextraction 
process

For detection of the preconcentrated morphine by HPLC, 
15 μl of the solution was injected into HPLC system. HPLC 

Figure 1: FTIR spectra of the carbon nanotube functionalized with tobacco extract.
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data showed that, without microextraction process, 
morphine could not be detected in urine samples 
containing lower concentration of morphine (≤10 ng/ml). 
However, microextraction with the produced fiber could  
concentrate the morphine by more than 20-fold, since 
0.25  ng/ml of morphine in urine sample was also 
detectable after microextraction.

The efficiency of microextraction was evaluated 
at different environmental conditions including 
temperature, pH, extraction time, and the presence of 
salts. The results showed that the optimum condition 
for microextraction was 5 min at 40°C in sonication bath 
(Figures 4a and 4b). On the other hand, our findings 
showed that salt such as NaCl, and CaCl2 reduces 
the efficiency of microextraction process (Figure 4c). 
The results also showed that the morphine can more 
efficiently bind to the fiber at neutral pH of around pH = 6 
(Figure 4d). In addition, the prepared nanofiber showed a 
suitable stability at the defined conditions (optimum pH, 
temperature, time of extraction, and without salt), where 
the fiber was used for 30 times with no considerable loss 
in its extraction efficiency. 

3.3   Validation of the produced fiber in real 
sample

To investigate the validity of the produced fiber 
performance in real samples, morphine-positive urine 
samples from patients admitted to the poisoned patients 

department of Imam Reza hospital, Mashhad, Iran, which 
had been subjected to be discarded were collected and 
applied to morphine detection. Findings confirmed that 
the produced fiber can preconcentrate the morphine 
in urine samples (Figures 5a and 5b). The results also 
demonstrated that adsorption of morphine to the fiber 
in morphine-positive urine samples tracks a linear 
range at two levels (0.25-10 ng/ml and 10-1000 ng/ml). 
Furthermore, limit of quantification (LOQ) and the limit 
of detection (LOD) were found to be 0.825 and 0.25 ng/ml, 
respectively. Recovery of the fiber was also measured 89% 
at LOQ level.

4  Discussion
Detection of small amount of analytes in biological 
samples is of great importance particularly in forensic 
medicine. This is particularly important when only a 
small amount of analyte is available in biological sample 
due to taking a low-dose of the drugs or even passing 
a long time after the last taking of the medication 
[11,12]. Extraction and preconcentration is promising 
approach for detection of these trace analytes; 
however, this method has some shortcoming such as 
non-biodegradability and non-biocompatibility with 
the environment. Moreover, a comprehensive global 
effort has been recently started to reduce hazardous 
wastes of chemical origin in addition to developing  

Figure 2: Raman spectra of the raw CNT, carboxylated CNT and tobacco-functionalized CNT. 
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Figure 3: SEM image of the carbon nanotube functionalized with tobacco extract (a), and microstructure of the hallow fiber (b).
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economical, cost-effective, and safe method for  
analysis of chemicals and toxicants in the reference 
laboratories as well as in clinical practices for 
diagnostic purposes [13]. In addition, to overcome the 
disadvantages of routine microextraction technique, 
recent studies have focused on developing green 
methods with the lowest solvent use as possible using 
biocompatible nanomaterials [14]. For this reason, 
plant extracts or other purified herbal products are the 
era of interest for many researchers in green chemistry 
or diagnostic medicine, and recent findings showed 
that herbal products or plant extract can be used at 
different stages of method development [15,16]. In the 
present study, tobacco extracts containing different 
products with various functional groups were used as 
sorbent of morphine in the sample. The use of plant 
extract as a selective sorbent for microextraction and 
preconcentration of cadmium as a trace analyte in the 
water and fruit samples had been previously reported 
[17]. Also, the advantages of green extraction method 
using herbal products over chemical methods have 
been emphasized. Theoretically, the main purpose of 
green extraction method is developing new extraction 
processes or new alternative solvents using renewable 

and biodegradable plant resources to minimize 
hazardous chemical wastes [18]. Some of the most 
important advantages of plant-based analyte extraction 
in comparison with conventional chemical methods 
include fewer environmental damages due to fewer 
solvent use, cost-effective procedure especially in 
mass production, and no further necessity to use high 
temperature, pressure, and other hazardous chemicals 
during preparation of the fiber [19].

Nowadays, plant-based extraction techniques are  
used for extraction and preconcentration of high-
quality natural products from plant in addition to 
their byproducts [20-22]. It has been reported that 
biodegradable aminophenol-functionalized resin can 
be used for green determination and preconcentration 
of metal ions including copper (Cu), zinc (Zn), lead (Pb) 
and cadmium (Cd) in drinking tap water [23]. Solid phase 
extraction and preconcentration method using a natural 
sorbent based on cotton roll dyed by quinalizarin has 
also been successfully applied for determination of  
14 rare earth elements as well as uranium with acceptable 
accuracy, precision and significant enrichment  
factor [24]. Other environmental friendly method has 
also been successfully used for preconcentration and 

  

  
Figure 4: Effect of time (a), temperature (b), salts (c), and pH (d) on microextration efficiency of the SPME fiber.
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simultaneous determination of cobalt (Co) and lead (Pb) 
in waste water sample using 8-hydroxyquinoline (oxine) 
as a chelating agent [25].

So far, plant extract or herbal products have not been 
used as sorbent for separation or analytical purpose.  
In the present study, a new SPME fiber was designed 
and produced that was recyclable after the extraction 
process is completed. Also, since non-chemical agents 
of plant origin was used for preparation of the fiber, it 
can be considered as less hazardous to the environment 
as well as the operators. Findings showed that the 

produced fiber could efficiently adsorb the morphine in  
the water and urine samples. Specificity of the 
fiber to the morphine was relatively high, since by 
increasing the concentration of morphine in the urine 
sample, morphine molecules were more successful in 
competition with other analytes present in the urine. 
This could be partly due to higher binding affinity of 
morphine to the surface sorbent of the produced fiber. 
Findings of the current research may help to develop 
a new green and solvent-free method for extraction of 
analytes, especially drugs of abuse.

Figure 5: HPLC chromatograms of the morphine preconcentrated with the SPME method. The chromatograms show morphine peak before 
(a) and after microextraction (b).
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5  Conclusion 
Findings of the current study suggested that the 
provide method could improve the efficiency of 
morphine detection. In addition, the described method 
is a green analytical method with the lowest use of 
chemical solution in which a biodegradable fiber could 
be used for several times with no significant loss in 
concentrating capacity.
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