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Probing blood plasma samples for the detection
of diabetes using SERS aided by PCA and LDA
multivariate data analyses†

Sumit Kumar Das,ab Tara Shankar Bhattacharya,c Manash Ghoshd and
Joydeep Chowdhury *a

The present paper reports the fabrication of an effective and reproducible SERS-active substrate for

detecting individuals with ‘‘normal’’, ‘‘moderately high’’ and ‘‘very high’’ diabetic conditions from the

enhanced vibrational signatures of their respective label-free blood plasma samples. The SERS-active

substrate has been fabricated by entrapping gold nanoparticles in the Langmuir-Reverse Schaefer film

matrix of 5-CB liquid crystal molecules. The chemical composition of the as-fabricated substrate has

been unveiled from the XPS spectrum, while the morphological features of the substrate are explored

using FESEM and AFM images. The SERS efficacy of the substrate is primarily tested with

4-mercaptopyridine molecules. The experimental observations are supported by multivariate data

analyses. The as-fabricated substrate is proved to have the unique efficacy to detect the SERS spectra of

many types of molecules present in blood plasma samples, whose upregulation in diabetic patients is

correlated with their glucose levels. We believe that the as-prepared SERS-active substrate can be used

as a suitable alternative not only for detecting glucose levels indirectly from blood plasma samples but

also in other real-world diagnostic applications.

1. Introduction

Diabetes of both type-I and type-II is a fatal disease and is
increasingly affecting not only aged individuals but is also
reported to be significantly prevalent in children and in young
adults these days. Uncontrolled diabetes is considered to be a
‘‘silent killer’’ and is known to promote serious complications
in vital organs like the heart and kidneys. Moreover it can lead
to blindness, tissue damage, brain strokes and lower limb
dysfunctions.1,2 According to the recent report of the World
Health Organization (WHO), about 422 million people are living
with diabetes worldwide accounting for around 1.6 million
mortalities each year.3 There are several methods such as
electrochemical,4,5 hexokinase,6 colorimetric conductimetry,7

laserpolarimetry8 and flurosence9,10 techniques that have been
developed so far in monitoring glucose levels in blood.

Home monitoring and diagnostic laboratories commonly
use enzymatic and hexokinase (HK) methods to detect glucose
levels in blood. Enzymatic methods are the underlying techniques
that are being applied in self-monitoring blood glucose (SMBG)
and continuous-glucose-monitoring (CGM) devices to detect
glucose levels directly from blood samples collected by pricking
the fingers. The enzymatic and HK techniques are indirect
methods of detecting glucose, relying on electrical signals and
optical density (OD) measurements, respectively. Both techni-
ques have their respective merits and demerits and are exten-
sively discussed in various literature.4–6,11,12 However, neither of
these techniques involve direct detection of glucose nor provide
information about the vibrational signatures of detected glucose
molecules, which are considered to be scientifically more precise
and at times deterministic towards successful detection of blood
glucose levels.13–18

In this regard, surface enhanced Raman scattering (SERS)
spectroscopy has emerged as a wonderful analytical tool and
has the power to detect vibrational signatures of molecules at
trace concentrations down to the single molecule detection
limit.19–23 It involves large enhancements of Raman signals
from molecules when they are adsorbed in the proximity of the
plasmonic nanoparticles. The enhancement occurs due to the
generation of gap plasmons on the SERS-active substrates,
which in turn results from the excitation of surface like surface
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One-pot facile synthesis and electrochemical evaluation of selenium 
enriched cobalt selenide nanotube for supercapacitor application 
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A B S T R A C T   

The present study emulates a one-pot facile synthesis of selenium-enriched CoSe nanotube using a chemical bath 
deposition (CBD) procedure. Schematic incorporation of 3D Ni foam current collectors as substrates for the 
growth of CoSe–Se nanotubes helped us achieve a binder-less thin film coating. The controlled synthesis of 
CoSe–Se nanotube was carried out by optimizing the temperature and time of the deposition. CoSe–Se nanotubes 
were grown on a porous Ni foam substrate using lithium chloride as a shape directing agent. The study found that 
the one dimensional structure of the nanotubes with porous nature results in an uninterrupted network of 
electroactive sites. Due to the superior conductivity, the as-fabricated material exhibited excellent rate capability 
and a higher degree of electrolyte ion diffusion across the CoSe–Se crystal structure. The CoSe–Se@Ni foam 
electrodes exhibited a specific capacitance of 1750.81 F g− 1 at 1 A g− 1. The electrode exhibited excellent cycling 
stability and showed a capacitance retention of 95% after 4000 charge-discharge cycles. Finally, an asymmetric 
supercapacitor (ASC) device was fabricated with the as-synthesized CoSe–Se@Ni foam electrode as the cathode, 
activated carbon@Ni foam electrode as the anode, and a thin filter paper separator soaked in 1 M aqueous KOH 
electrolyte solution. The ASC device showed a specific capacitance value of 106.73 F g− 1 at 0.5 A g− 1, and 
achieved an energy density of 37.94 Wh kg− 1 at a power density of 475.30 W kg− 1. The ASC device was utilized 
in an extended potential window of 1.6 V. The fabricated device displayed exceptional cycling stability with a 
capacitance retention of 93% after 5000 charge-discharge cycles.   

1. Introduction 

Excessive exploitation of fossil fuels for energy requirements of 
human civilization has resulted in ecological imbalance and pollution- 
related detrimental effects. To overcome the problems extensive 
studies are underway for sustainable and alternate energy sources [1–3]. 
Also, due to numerous ecological factors, renewable sources of energy 
suffer from discontinues energy supply. Hence to utilize the 
non-conventional sources of energy continuously the energy-storing 
devices play a key role. Batteries and supercapacitors have established 

themselves as efficient energy storage devices. Supercapacitors in 
contrast to batteries exhibit properties like better operational life, 
excellent rate of charge-discharge cycles, safe operation, and excep-
tionally high power density values [4]. Further, they are not only 
economical but also easy to fabricate. Lately, supercapacitor electrodes 
made up of porous carbon, metal oxides, metal sulfides, and conductive 
polymer-based materials have been widely reported [5,6]. But the re-
ported materials have their inherent associated shortcomings. Super-
capacitor electrodes made up of carbon evince moderate specific 
capacitance value. In case of conducting polymer and metal oxide-based 
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Variational principle, uniqueness and reciprocity theorems for
higher order time-fractional four-phase-lag generalized
thermoelastic diffusion model

Md Abul Kashim Molla and Sadek Hossain Mallik
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ABSTRACT
In the present paper, a variational principle is derived for the recently intro-
duced higher order time-fractional four-phase-lag generalized thermoelastic
diffusion model for a linear, isotropic and homogeneous thermoelastic diffu-
sive continuum. Then uniqueness of the solution for the governing field
equations of the considered model is proved under suitable conditions.
Finally a reciprocity theorem is obtained for the said model.
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1. Introduction

Generalized thermoelasticity, a new mile-stone in the theories of thermoelasticity, prevails over
the vital imperfections of classical theories of thermoelasticity. Lord and Shulman (1967) are the
two pioneers who contributed first heavily to the coupled thermoelasticity by introducing general-
ized theory of thermoelasticity through alteration of the parabolic nature of the heat conduction
equation to hyperbolic nature. They did this revolutionary change in the nature of the heat con-
duction equation by incorporating a relaxation time parameter in the Fourier’s law of heat con-
duction and in doing so, the unrealistic phenomenon of infinite speed of thermal wave
propagation was replaced by practical observation of finite speed of propagation of thermal
waves. Later on a bunch of generalized thermoelastic theories viz., Green-Lindsay theory (Green
and Lindsay 1972), Green-Naghdi theories (Green and Naghdi 1991, 1992, 1993), dual-phase-lag
theory (Tzou 1995) and three-phase-lag theory (Choudhuri 2007) were introduced. Several works
related to these theories are available in the articles (Abbas, Abd-Alla, and Othman 2011; Abbas,
2014; Abbas and Abo-Dahab 2014; Abbas and Zenkour 2014; Hobiny and Abbas 2017, 2018;
Othman and Eraki 2017; Biswas 2019; El-Attar, Hendy, and Ezzat 2019; Kalkal, Gunghas, and
Deswal 2020; Mondal and Kanoria 2020; Saeed, Abbas, and Marin 2020). It is to mention that
generalized thermoelastic theories are more acceptable in compare to the classical thermoelastic
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Nitrogen vacancy and hydrogen substitution mediated tunable 
optoelectronic properties of g-C3N4 2D layered structures: Applications 
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A B S T R A C T   

Graphitic carbon nitride (g-C3N4), a 2D-organic semiconductor, has rapidly emerged as a potential alternative to 
the 2D-inorganic semiconductors in photocatalysis, but rare studies have been made hitherto about its appli-
cability in optoelectronic devices. Considering the specific requirements of light-emitting diodes with efficient 
recombination of injected-carriers and photodetector devices with better charge separation, this work deals with 
synthesizing two variants of g-C3N4 samples with exclusively modified optical/electronic properties while 
keeping its basic structural framework. One sample is two-coordinated nitrogen deficient g-C3N4 (Nd-gCN) 
having very high photoluminescence (PL) and the other is hydrogen substituted g-C3N4 (H-gCN) exhibiting 
vanishingly low PL and ≈0.66 eV smaller bandgap than Nd-gCN. Role of nitrogen-vacancy and hydrogen sub-
stitution towards modulating optical/electronic properties of g-C3N4 are studied by combining experiments and 
density functional theory. Following strong luminescence, Nd-gCN sample manifests visibly blue emission in 
light-emitting devices; contrarily H-gCN sample shows potential in demonstrating efficient broadband photo-
detection. Besides moderate self-powered feature, photodetectors perform best at –5.0 V, corresponding to the 
highest responsivity Rλ = 0.34 A/W, EQEλ = 59 % and response time (0.18/0.29 sec). Efficient broadband 
photodetection performance of the heterojunction-devices is ascribed to the conjunct effects of drastic reduction 
in photogenerated carrier recombinations (PL quenching) and broadening of absorption regime facilitated by 
reduced bandgap and Si self-absorption.   

1. Introduction 

In the field of optoelectronics, considering major three classes of 
devices, such as photodetectors, light-emitting diodes (LEDs) and pho-
tovoltaics, two-dimensional (2D) layered materials have gathered 
comprehensive interest as a key element for next-generation devices 
owing to their unique properties emerging from atomic-level thickness, 
smaller than the mean free path that allows ballistic transportation of 

the carriers including electrons, holes, excitons, and phonons [1–4]. In 
the last few decades’ extensive research on 2D prototype optoelectronic 
devices [5–13] has been carried out with graphene and beyond, 
particularly 2D transition metal dichalcogenides (TMDs), hexagonal 
boron nitride (h-BN) [5], and black phosphorus [6]. Despite the 
considerable success that has already been witnessed in series of inor-
ganic 2D layered materials, there are few challenges and drawbacks, 
such as, lack of cost-effective large-scale production, printable and 
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Interface engineering of moisture-induced ionic
albumen dielectric layers through self-crosslinking
of cysteine amino acids for low voltage, high-
performance organic field-effect transistors†

Suman Mandal,a Ajoy Mandal,a Shiv Prakash Vermab and Dipak K. Goswami *a,b

The interface roughness between the semiconducting and dielectric layers of organic field-effect transis-

tors (OFETs) plays a crucial role in the charge transport mechanism through the device. Here we report

the interface engineering of a moisture induced ionic albumen material through systematic control of the

temperature-dependent self-crosslinking of cysteine amino acids in the dielectric layer. The evolution of

the surface morphologies of albumen and pentacene semiconducting films has been studied to achieve a

smooth interface for enhanced charge transport. A structural transition of pentacene films from crystalline

dendrite to amorphous was induced by the higher surface roughness of the albumen film. The devices

showed a high transconductance of 11.68 μS at a lower threshold voltage of −0.9 V.

Introduction

During the last few decades, organic electronics have taken a
paradigm shift due to the significant improvements achieved in
the performance of organic field-effect transistors (OFETs). The
low-power consumption, cost-effective, lightweight and easily
processable natures of OFETs have received tremendous atten-
tion due to their suitability in diverse fields of applications,
such as radio-frequency identification tags (RFID),1,2 display
technology,3–5 integrated circuits,6,7 electronic skins,8,9 memory
devices,10–12 and various sensors and detectors.13–17 In general,
charge transport through organic semiconducting films is poor
due to the weak interaction between the molecules. However,
the charge transport through OFETs takes place through charge
accumulation at the interface between the semiconductor and
dielectric layer. Therefore, the formation of a well-defined inter-
face is crucial for the fabrication of high-performance OFETs.
The rough interfaces of the semiconductor/dielectric layers may
introduce excess trap densities that can significantly reduce the
device’s carrier mobility.18,19 Therefore, systematic engineering
of this interface is essential for the fabrication of high-perform-
ance OFETs. The higher capacitance of the gate dielectric layer
is also necessary to reduce the operating voltage. Besides, the

thickness of the gate dielectric layer defines the capacitance
that controls the charge accumulation at the semiconducting/
dielectric interface. Therefore, this interface crucially decides
the transconductance (gm), which is related to the field-effect
carrier mobility of the devices. Several polymer based dielectric
materials are used as dielectric layers to fabricate high perform-
ance flexible OFETs.20–22 However, the operating voltages of
many of these OFETs are relatively high (>5 V) and the devices
also suffer from higher leakage currents. Therefore, cross-
linking of the polymer dielectric materials using various cross-
linking agents is employed to reduce the operating voltage and
leakage current.23–25

Biodegradable materials, such as proteins, like gelatin,
keratin, and silk protein, have been used as a dielectric layer to
achieve low operating voltage OFETs.26–29 Interestingly, the
reported protein-based OFETs showed very high performance
in terms of carrier mobility, although the transconductance of
the device is relatively poor. The overestimation of carrier
mobility has recently been an issue for higher carrier mobility
based OFETs.30 The calculation of carrier mobility can be
affected by various parameters, like contact resistances, the fre-
quency-dependent capacitance of the gate dielectric, and the
presence of kinks or double slopes in the transfer curves.30,31

A biopolymer-based dielectric material very often contains
ions and polar groups, which induce slow polarization under
the gate field. Therefore, the responses of such polar and ionic
components are significantly high at a lower frequency oper-
ation.31 So, the device mobility should be measured consider-
ing the capacitance at the low-frequency region for such types
of biopolymer-based OFETs. However, it is challenging to
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Silver Nanodot Decorated Dendritic Copper Foam As a Hydrophobic
and Mechano-Chemo Bactericidal Surface
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ABSTRACT: The present work investigates the time-dependent antibacterial
activity of the silver nanodot decorated dendritic copper foam nanostructures
against Escherichia coli (Gram-negative) and Bacillus subtilis (Gram-positive)
bacteria. An advanced antibacterial and antifouling surface is fabricated utilizing
the collective antibacterial properties of silver nanodots, chitosan, and dendritic
copper foam nanostructures. The porous network of the Ag nanodot decorated Cu
foam is made up of nanodendrites, which reduce the wettability of the surface.
Hence, the surface exhibits hydrophobic nature and inhibits the growth of bacterial
flora along with the elimination of dead bacterial cells. The fabricated surface
exhibits a water contact angle (WCA) of 158.7 ± 0.17°. Specifically, we tested the
fabricated material against both the Gram-positive and Gram-negative bacterial
models. The antibacterial activity of the fabricated surface is evident from the growth inhibition percentage of bacterial strains of
Escherichia coli (72.30 ± 0.60%) and Bacillus subtilis (48.30 ± 1.71%). The micrographs obtained from scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and atomic force microscopy (AFM) of the treated cells show the damaged
cellular structures of the bacteria, which is strong evidence of successful antibacterial action. The antibacterial effect can be attributed
to the synergistic mechano-chemo mode of action involving mechanical disruption of the bacterial cell wall by the nanoprotrusions
present on the Cu dendrites along with the chemical interaction of the Ag nanodots with vital intracellular components.

1. INTRODUCTION

Bacterial infections have successfully rooted themselves in
society and are one of the leading causes of death worldwide.
To cope with the present situation, common antibacterial
materials are often used frequently and excessively, resulting in
further intricate outcomes like bacterial resistance against
common antibacterial agents and biofouling.1 Research and
development of strategically engineered nanomaterials that
offer superior inhibition and resistance to bacterial colonization
have achieved great attention due to their growing demand in
domestic, medical, and industry-based applications.2,3 Silver-
and copper-based nanomaterials have attracted considerable
attention due to their nontoxic nature toward healthy human
cells and toxic attributes toward pathogenic organisms, with
the former having greater efficiency than the latter.4−11

Metal nanodots/nanoclusters belong to the subnanometer
terrain bridging the gap between molecules and nanoparticles.
Their notable physiochemical properties have fascinated many
research groups to work in the field of metal nanocluster
synthesis.12 Metal nanodots are 0D nanomaterials and belong
to a family of subnanometer-sized entities mostly comprising a
few atoms that are also called quantum clusters.13 Intense
quantum confinement effects due to the comparable size of the
nanoclusters with the Fermi wavelength of the electron is
manifested in the properties such as size-dependent

fluorescence, size-dependent band gap, excellent photo-
luminescence, discretization of the electron energy levels,
nonlinear optics, etc.14 Excellent biocompatibility, antibacterial
quality, innocuous effect, and miniature size of noble metal
nanodots have made them promising candidates in the field of
biomedical applications.15 The antibacterial nature of silver
nanodots, which is yet another outstanding property, has not
been fully scrutinized. Recently, very few reports have focused
on the antibacterial property of silver nanodots, namely, silver
nanodots@kevlar,16 silver nanodots silica composite on
stainless steel,17 silver nanodots−silica bioactive glass,18 silver
nanodots incorporated silk fibers,19 polyethylenimine@silver
nanodots,20 antibacterial 29-atom silver clusters,21 silver
nanocluster bombs,22 silver nanodots@colistin-loaded poly-
dopamine,23 and silver nanodot reservoir.24 The biggest
challenge associated with Ag nanodots is their low long-term
stability. Thus, nanodots have been dispersed in different
matrixes like polymers or silica to improve their stability. In the
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A B S T R A C T   

Background: Low pH induced nucleic acid polymorphism and the interaction of naturally occurring small mol-
ecules with different polymorphic forms of DNA have been the focus in developing new drugs. Recent studies 
have revealed that low pH plays an active role in growth and development of cancer cells. Our target is to find 
whether and how the indoloquinoline alkaloid cryptolepine (CRP) interact with different polymorphic forms of 
natural DNA, in hope to explore this group of alkaloids as new therapeutics. 
Methods: Multiple spectroscopic techniques that include UV–visible absorption spectrophotometry, fluorimetry, 
CD spectroscopy along with thermal melting studies were employed to characterize the interaction between the 
alkaloid cryptolepine with the B and protonated forms of DNA. 
Results & conclusions: Cryptolepine has been found to interact with either forms of DNA. The nature of binding is 
non-cooperative in both cases. Data show that the affinity of CRP to B form of DNA is relatively higher than that 
for the protonated form of DNA. Circular dichroic studies reveal that the alkaloid converts the left handed 
protonated DNA into bound right handed form. Fluorescence quenching experiments reveal that cryptolepine 
intercalates within the DNA base pairs. Thermal melting studies show that the alkaloid stabilises the DNA 
structures. 
General significance: Such non-B DNA structures are often present at the ‘mutation hotspots’ that are associated 
with genetic instability related diseases such as cancer. The ability of cryptolepine to interact to such non-B DNA 
structures makes it a useful substrate in the designing of potential chemotherapeutic agents.   

1. Introduction 

The well-defined structure and biological functions of DNA make it 
an effective chemotherapeutic target by various small molecules [1–4]. 
The last few decades have seen a lot of biomedical efforts directed to 
uncover a range of drug-DNA interactions [5,6]. Researches have 
revealed that apart from the canonical B form of DNA several other 
alternative non-B DNA structures can be specifically targeted by the 
drugs. These non-B DNA polymorphic structures are often present at the 
‘mutation hotspots’ that are associated with genetic instability related 
diseases like cancer [7–11]. One such non-canonical form of DNA is the 
protonated form of DNA which can exist under low pH and low tem-
perature conditions [12,13]. Unlike the B form of DNA, the protonated 
form of DNA is left-handed and characterized by Hoogsteen base-pairing 
rather than the typical Watson-Crick base-pairing that is present in the B 

DNA structure. Spectrophotometric studies have revealed that proton-
ation mainly occurs at the cytosine which causes the native DNA 
structure to alter [14]. Pulleyblank et al. suggested that the structures of 
protonated form of DNA, d(TC)n.d(GA)n is sufficiently similar to that of 
Z-DNA. They may interact with antibody binding sites leading to similar 
conformations and hence can be recognized by the same antibody 
[15,16]. The H-bonding in A:T base pairs differ significantly from that of 
C:G base pairs. It is seen that under mild acidic conditions, the A:T base 
pairs can be used as molecular rectifiers. This action can be regulated by 
regulating the pH [17]. Although the protonated form of DNA is not 
exactly found in living bodies, it can serve as a model system to study the 
effect of low pH on DNA conformation and its impact on drug binding 
[18]. The roles played by the non-B forms of DNA can be studied with 
the help of molecular probes that can interact with such structures and 
in turn alter their functions. Alkaloids are one such category of small 
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A B S T R A C T   

RNAs have become a well-known target for chemotherapeutic agents in the recent years. The tails of most 
eukaryotic m-RNA are characterized by the presence of a long polyadenylate sequence which plays an important 
role in its growth and maturation. This lays emphasis on development of molecular probes that target the pol-
yadenylate sequence. Cryptolepine (hereafter, CRP) is an indoloquinoline alkaloid well known for its anti- 
malarial activities. A series of spectroscopic experiments namely absorption studies, fluorimetric studies and 
circular dichroism studies show that cryptolepine binds with single-stranded polyriboadenylic acid (hereafter, ss- 
poly (rA)) with a binding constant of ~5 × 103 M− 1 at 25 ◦C. Moreover thermal denaturation experiments show 
that the bound form of polyriboadenylic acid shows a characteristic transition profile. Such a profile is indicative 
of the ability of cryptolepine to induce self-assembly in the polyriboadenylic acid sequence on binding to it. Such 
ability of CRP to modulate the structural conformation of poly (rA), which in turn may cause functional aspects 
of the RNA to change, may give us a chance to develop effective alkaloid based chemotherapeutic agents.   

1. Introduction 

The unique structural morphology of RNA and its ability to bind 
small molecules makes it a useful target in therapeutic science [1]. It 
plays an unparalleled role in vital cellular processes like transcription, 
translation and a long trail of processes leading to protein formation [2, 
3]. The shift in RNA based drug designing came after the discovery of the 
role played by RNA in viral diseases like HIV-AIDS, hepatitis etc. [4,5]. 
Polyriboadenylic acid [hereafter poly (rA)], has gained considerable 
interest because of its significant role in controlling gene expression, 
stability and maturation of RNA [6,7]. The structure of poly (rA) is a 
major factor that governs its biophysical properties [8]. Poly (rA) shows 
a pH dependent conformational change [9]. At acidic pH it exists as a 
double helical structure formed by two parallel intertwined strands but 
at neutral pH the single-stranded structure is predominant. This has 
been confirmed in earlier studies like X-ray diffraction and spec-
tropolarimetric experiments [9]. The poly (rA) tail is a long chain of 
adenine nucleotides that is added to the 3′-end of the primary RNA 
transcript during the transcription of a specific gene in eukaryotic cells 
[10]. This tail prevents the enzymatic degradation of mRNAs in the 
cytoplasm. Such a poly (rA) sequence is absent in prokaryotes. Thus, the 
longevity of eukaryotic mRNA over prokaryotic mRNA can be attributed 

to the presence of polyadenylate tails [11–13]. The poly adenylation of 
mRNA is catalysed by the enzyme poly A polymerase (PAP). Neo PAP in 
humans is associated with cancerous cells [14]. Poly (rA) exists as a 
double helix only under acidic pH but not under physiological pH. So 
molecules that can bind and modulate the structure of poly (rA) under 
physiological pH may interfere with PAP and alter the encoded protein 
synthesis. Such molecules can be used in the development of chemo-
therapeutic drugs. 

Alkaloids are one such category of small molecules which can bind to 
RNA [15–17]. They are plant secondary metabolites (PSMs) charac-
terised by the presence of nitrogen. They belong to different classes 
according to their pharmacokinetics and structure [18]. In the recent 
years there has been an inclination towards phytohormone based drugs 
because of their high compatibility and lower toxicity [19,20]. Their 
planar structure ensures their easy incorporation into nucleic acid motifs 
leading to binding. Cryptolepine (Fig. 1), a medicinally active indolo-
quinoline alkaloid, is isolated from the roots of the shrub Cryptolepis 
sanguinolenta found in the Central and Western regions of Africa [21]. It 
has a lot of potential as an anti-malarial, anti-bacterial, and 
anti-hyperglycemic agent [22–24]. Studies show that the alkaloids 
extracted from Cryptolepis sanguinolenta can act as potent inhibitors of 
SARS CoV and SARS CoV-2 viral proteins [25,26]. Also both 
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JNDF}BHFkFGAJBQASD_@>BHF@JHF@JBGb@JBj@R@nBCbcFDB~RtaB�GH�M@>BjlBiFJFBCJPBO?�B̂@HBjH|BRYd
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Time-nonlocal six-phase-lag generalized theory of
thermoelastic diffusion with two-temperature
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ABSTRACT
A mathematical model for time-nonlocal six-phase-lag generalized
thermoelastic diffusion with two-temperature is proposed for a lin-
ear, isotropic and homogeneous thermoelastic diffusive continuum
by considering modified Fourier’s law of heat conduction together
with modified Fick’s law of mass diffusion. The modified Fourier’s
law includes temperature gradient and thermal displacement gradi-
ent among the constitutive variableswhereas themodified Fick’s law
includes chemical potential gradient and the chemical potential dis-
placement gradient among the constitutive variables. The Fourier’s
law of heat conduction is replaced by a fractional-order approxima-
tion to a modification of the Fourier’s law with three different phase
lags for the heat flux vector, the temperature gradient and the ther-
mal displacement gradient whereas the Fick’s law of mass diffusion
is replaced by a fractional-order approximation to a modification of
the Fick’s lawwith three different phase lags for themass flux vector,
the chemical potential gradient and the chemical potential displace-
ment gradient. The proposed model includes some of the existing
thermoelastic diffusion models as special cases. A variational princi-
ple is derived and a uniqueness theorem is proved. Finally, a dynamic
reciprocity theorem is established for the proposed generalized ther-
moelastic diffusion model.
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1. Introduction

Generalized thermoelasticity, a new milestone in the theories of thermoelasticity, pre-
vails over the crucial imperfections of the classical theories of thermoelasticity. Lord and
Shulman [1] are the two pioneers who contributed first heavily to the coupled thermoe-
lasticity by introducing generalized theory of thermoelasticity through alteration of the
parabolic nature of the heat conduction equation to hyperbolic nature. They did this
revolutionary change in the nature of the heat conduction equation by incorporating a
relaxation time parameter in the Fourier’s law of heat conduction, and in doing so, the
unrealistic phenomenon of infinite speed of thermal wave propagation was replaced by
practical observation of finite speed of propagation of thermal waves. Later on, a bunch
of generalized thermoelastic theories [2–7] were introduced. The three-phase-lag gen-
eralized thermoelastic theory is the most general form of almost all other generalized
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