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Abstract

Closure of schools, colleges/universities, institutions across the world due to the outbreak of
COVID-19 pandemic has impacted the education of children in an unprecedented manner.
There are more than 2.2 billion children in the world who constitute approximately 28% of the
world’s population and children aged between 10 to 19 years make 16% of the world
population.t. Though, NGOs/voluntary organizations, teachers & students are quickly shifting
from traditional face to face education mode to online education mode using technology and
less dependence of classroom education, there is a limitation of creating a replica of school
system.2345. The long-term closure of schools/colleges/institutions and uncertainty of re-
opening, being quarantined due to infection or fear of infection has led to physical and mental
health conditions of the economically weaker section and /underprivileged children.?®. It is felt
necessary to study the impact of COVID-19 lockdown on underprivileged children’s education,
and physical health. A study of Vadodara based NGO which is engaged in educational
development of underprivileged children was undertaken to understand the impact on
education, and physical health of the underprivileged children staying at the hostel premise of
the NGO and how NGO functionaries and the children are coping up with COVID-19
pandemic challenges. For the study, NGO and the participants of the NGO were selected using
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purposive sampling technique. The participant includes functionaries, teachers & children of
the NGO. The total number of participants were thirty (n=30). The major findings are, 1) There
is a substantial impact on the education of the children due to closure of schools, 2) Children
are engaged more in extracurricular activities such as sports, art & crafts, music, dance, cultural
programs, skill-based activities, pottery work, cooking, garden maintenance etc. to cope up
COVID-19 lockdown boredom and keeping good mental and physical health, 3) Awareness
has increased among the children, staffs, teachers, volunteers regarding hygiene conditions,
good health, prevention against COVID-19 infection, 4) In-spite of availability of various
facilities for education, extracurricular activities etc., at NGO’s hostel premises, the children
are missing school structure and school environment, 5) NGO has initiated to create more
classrooms buildings, expanding IT infrastructure to support online teaching mode, and

augmenting teachers to nearly replicate school structure at hostel premises.
Keywords

COVID-19 Pandemic, Lockdown, Underprivileged children, Non-Governmental Organisation
(NGO), Health, Holistic Development

Introduction

In pre-covid-19 lockdown era, learning of the children predominantly involved more face-to-
face interaction with the mentors and peer groups. Nationwide closure of schools and colleges
for a prolonged period due to COVID-19 pandemic and lockdown have negatively impacted
over 91% of the world’s student population.”. 332 million children globally, have lived under
extended lockdown and left vulnerable to mental and physical health issue.®°. Schools for more
than 168 million children globally have been closed which resulted COVID-19 education
crisis.’. The home quarantine/confinement of children is associated with uncertainty and
anxiety which is attributable to disruption in the education, physical activities and opportunities
of socialization.?. Absence of structured school environment for a long duration result in
disruption in routine, boredom and lack of innovative ideas for engaging in various academic
and extracurricular activities. The children missed outdoor play, meeting friends and not able
to engage themselves in the in-person school activities.'®. The children have become more
clinging, attention seeking and more dependent on their parents due to the long-term shift on
their routine. Once the COVID-19 lockdown gets over, the children might resist going to school

':gé!gglNTERWOVEN Copyright © 2022, Navrachana University WWW.Nuv.ac.in
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and many will face difficulty in establishing rapport with their mentors after schools are
reopened. Consequently, the constraints of movement imposed on them can have a long-term
negative effect on their overall psychological well-being and holistic development . Children
are anxious regarding cancellation of examination and/or multiple postponement/changes of

examination schedules, exchange program and academic events.?’.
COVID-19 impact on Education, mental and physical health of Underprivileged children

In many urban areas of India, the underprivileged children which includes street and slum
children, children of construction labour mainly belong to short term or long-term migrant
labourer family who have migrated from rural to urban (from other states and /or within
states/region) for better life/earnings. They live in cramped houses or shabby dwellings,
without proper sanitation facilities, clean drinking water, electricity etc.'™ 12, Mainstreaming
these children in development process is a big challenge in attaining the goal of universal
primary education and inclusive growth in India. **. The underprivileged children who are
economically, socially and regionally in an unfavorable situation compared to the rest of the
population of the society, are always denied or deprived of the privileges available to the people
of upper class.>**, The underprivileged children have low motivation to learn, low cognitive
abilities, low self-esteem, poor readers and slow learners. However, they have greater sense of
independence and responsibility.>4>, The COVID-19 pandemic and lockdown the world has
experienced, has worsened the pre-existing social inequality. In developing countries, with the
impose of lockdown, the underprivileged children face acute deprivation of nutrition and
overall protection. The prolonged stress could have a long-term negative impact on their
immunity and holistic development 8. In India, which has the largest child population in the
world with 472 million children, the lockdown has significantly impacted 40 million children
from poor families. 6. Due to no earnings or loss of jobs of their parents/guardians in COVID-
19 lockdown, the underprivileged children to face abuse and mental health issues with greater
vulnerability and exposure to unfavourable economic, social and environmental
circumstances.!”!8, Due to closure of schools and limited resources of NGOs for organizing
online classes, the underprivileged children are more affected in-terms of their education and
overall well-being. A study is undertaken at the hostel premises of an NGO to understand the

extent of impact on education, mental and physical health of the underprivileged children
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staying at the hostel premises and how NGO functionaries and the children are coping up with

the prolonged COVID-19 pandemic lockdown challenges.
Study of Vadodara based NGO

The focus areas of NGOs in general are education, community development, healthcare,
nutritional food for children, sports & cultural activities, women empowerment, environment,
relief activities, advocacy, financial support to bright children for higher studies, child labour
protection, child abuse and sexual harassment, family planning etc.1%%2°, The main focus of
the Vadodara based NGO selected for the study, is to up-lift the underprivileged section of the
society and work towards educational and holistic development of the underprivileged

children.tt:2t,
Objectives of study

1. To study the educational set-up at hostel premises
2. To study the effects on children’'s education and health due to prolonged school closure
because of COVID-19 pandemic and nationwide lockdown
3. Tostudy the challenges faced by the functionaries of NGO during COVID-19 pandemic
and how they are copping-up with the challenges
4. To study the initiatives and measures taken by the NGO functionaries to keep the
children engaged for their better education, mental and physical health
Design of the study
A case study gives an indepth investigation of a single individual, group or an event to explore
the cause of underlying principles and commonly used in social study. The researcher has
chosen case study method in his research design to make an intensive study of the case to
explore the impact of COVID-19 pandemic on residential institute of underprivileged children
and its functionaries managed by an NGO

Procedure for selection of the case

Vadodara city being a fast-developing urban area of Gujarat state, population of
underprivileged children who stays in slums/on streets is in the rise due to their migration with
their parents/relatives from other states and/or from other part of the state for job opportunity
and better life. Though there are no recent data available about the number of underprivileged

children who stays in slums areas or on streets of VVadodara city, 2016 survey conducted by
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National Child Labour Project Society in Vadodara, under Ministry of labour and Employment,
found that 1,611 children between age group 6-14 were residing on the streets of VVadodara
city. In Vadodara, the NGOs who are engaged in educational development of the
underprivileged children of the society, have taken various initiatives towards the social
upliftment of these underprivileged children through education. Purposive sampling helps to
make most out of a small population of interest and arrive at valuable research outcome.
Purposive sampling also helps in filtering irrelevant responses that do not fit into the context
of the study. Therefore, the researcher has chosen purposive sampling technique to choose one
out of three NGOs who have established residential facilities for the underprivileged children
in Vadodara for their holistic development with education as main focus. The main reason of
not covering other two NGOs are, a) majority of the children went back to their home during
COVID-19 pandemic lockdown, b) permission for carrying out the study was not given by the
gatekeeper due to COVID-19 restriction and fear of infection, whereas all the children and
resident functionaries of the case selected for the study, stayed back in the hostel and
permission obtained from the gatekeeper of the case, Srotoshwini Trust, a VVadodara based
NGO, for carrying out the case study. The case was registered as an NGO in the year 2010
under Indian Society Act 1950, and are active for 10 years in the field of education of
underprivileged children of VVadodara city. The NGO studied satisfy the stringent conditions
of transparency, governance and demonstrate impact on beneficiaries and represent most

mature Vadodara based NGO in the sector in-terms of size and scale.
Background of the case

Srotoshwini Trust, Vadodara was formed as an association in the year 2006 by a group of
likeminded empowered women of VVadodara city and their main activities were promoting and
performing cultural programmes, raising funds and donating to charitable organisations. Inthe
beginning of 2010, the Trust registered as an NGO and started working for the educational and
holistic development of the underprivileged children which includes street children, children
living in slums, children belong to economically weaker section and children living at
construction site of VVadodara city. In the year 2019, the Trust established a residential campus
“Pathshala” in village Lasundra, Savli Taluka of Vadodara district with a capacity for 100
underpriviged children and nine resident functionaries, teachers and staff. As of June 2021, 94
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underprivileged children, both girls and boys, are staying at “Pathshala” hostel premises.

President of the Trust who stays in the hostel remarked during the interview,

The residential facilities along with various infrastructures for extracurricular activities for
underprivileged children are necessary for the holistic development of these underprivileged
children. The main aim of the Trust is to provide basic needs for education, nutritional food,
medical support, extracurricular activities, soft skill development, career path counselling,
livelihood generation training and mainly emotional needs, which are generally available to the

mainstream children of our society.
Educational set up at Pathshala hostel

The NGO has developed their own curriculum and followed the syllabus of the Gujarat State
Education Board. The children are attached with a school which follows Gujarat State
Education Board syllabus and National Institute of open schooling (NIOS) education system.
The president of the Trust said, “We preferred NIOS education system for these
underprivileged children due to their age and learning level”. NIOS, a non-formal education
system set up by ministry of education, government of India in the year 1989, is one of the
three boards at national level. The main objective of NIOS education system is to remove the
obstacle related to age, financial, geographic, infrastructure and time. The children who are
unable to attend conventional formal education can complete primary, secondary and higher
secondary level examination through NI1OS board and the examination certificate issued by
NIOS board is considered at per with the certificates of formal education board such as
CBSE/ICSE. In view of the above, all the children of Pathshala are enrolled with NIOS
examination board. In addition to school teaching, which is presently closed due to COVID-19
lockdown, the paid teachers and volunteer teachers appointed by the NGO, visits hostel
premises from 9 AM to 12:30 PM and impart teaching to the children according to the
curriculum. The Trust has launched new initiative “UDAAN?”, a career counselling programme
for the children of standards VIII to XII. This is now a part of the curriculum. The Trust has
developed basic educational infrastructure, online teaching for standards VII1 to XII children,
sports infrastructure, art & craft section, livelihood generation training such as pottery,
stitching, painting etc. Trust appoints teachers who are proficient in Gujarati and Hindi for

majority of the children are studying in Gujarati medium and few in Hindi medium. For
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managing the hostel activities, two resident teachers, two functionaries, two female

supervisors, and two male security staffs are staying at hostel.
Sources of data

The study was conducted at NGO’s “Pathshala” hostel premises at Lasundra Village. The
sources of data were the resident functionaries, teachers & children of the NGOs and the
documents of the NGO.

Nature of data
The nature of data - Qualitative

Participants of the study

The participants of the study were functionaries, teachers & students of “Pathshala” hostel
managed by the NGO. Total participants were thirty (n=30). The details of participants are

given in Table 1 below.

SLLNo Description Numbers of participants
1 Functionaries (Trustee members / managing 3

committee members)

2 Teachers (paid & volunteers) 4
3 Children (nl) 23
4 Total: 30

Table 1: Details of participants

T;?g%'NTERWOVEN Copyright © 2022, Navrachana University WWW.Nuv.ac.in
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Participants
25
20
15
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. — ]

Functionaries Teachers (paid & Students
volunteers)

® No. of participants

Figure 1: Number of participants

The class, age and gender of children (n1=23) is given in Table 2 below. The percentage of
female and male children is given in Figure 3 below. Out of 94 children staying in the hostel,
47 children who are aged below 11 years and studying in class junior Kg to class Il and 18
children who are of age 11-12 years but studying in class 3 or lower class depending on their
knowledge level, were not covered in the study. 23 children of age between 8-18 years and
studying in class IV-XI were selected from the balance 29 children using purposive sampling
technique to have better insight and more precise research results, and also to filter out the
irrelevant responses which do not fit into the context of the study. The details of children’s

gender, age and class are mentioned in Table 2 below.
Age Class Total

8-11 12-15 16-18 IV-VI VII-IX X-XI1I

Girls 2 6 4 5 3 4 12
Boys 2 6 3 5 3 3 11
n=23

Table 2: Details of children’s gender, standard and age

Tg?g,!'NTERWOVEN Copyright © 2022, Navrachana University WWW.Nuv.ac.in
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Gender

= Female = Male

Figure 2: Percentage of female and male children

When the study was conducted in June 2021, 94 children, both girls and boys, were staying in
the hostel. To have a reasonably accurate data, the sample sizes of girls and boys are made
almost equal. The data collection period spanned from 4™ June 2021 to 21" June 2021.The
primary data collection tool used in the study is field notes.

Tools

The COVID-19 pandemic which is a global issue, is altogether a new experience/challenge for
the residents of Pathshala hostel and the researcher. The researcher has used unstructured
interview as tool to get qualitative data spontaneously from the participants. The other purpose
of using unstructured interview is to develop questions during the interview which are based
on the interviewee’s responses. However, the researcher has used few pointers based on the
objectives of the case study. English & Hindi languages were used for interviews with the
functionaries and teachers. Gujarat and Hindi languages were used for interviews with the
children. The researcher is reasonably proficient in English, Hindi and Gujarati language, hence

no translator(s) are used for translation of data.
Data collection

Two-way data collection was made: a) Primary data collection by un-structured interview, b)
Secondary data collection from quarterly newsletters, annual reports, brochures, and web site.
The main pointers or the frame work within which the unstructured interview was conducted

EE%'NTERWOVEN Copyright © 2022, Navrachana University WWW.Nnuv.ac.in
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are a) Effect on children education, b) coping up with mental stresses, c) keeping healthy, d)
fear of COVID-19 infection, e) face-to-face teaching Vs online teaching, f) positive effect of
COVID-19 lockdown etc. The unstructured interviews with functionaries and teachers were of
40 to 60 minutes each. The unstructured interviews with children were of 15 to 20 minutes
each. The data collection period spanned from 4™ June 2021 to 21" June 2021 and the site of
the unstructured interviews was Pathshala hostel campus, Lasundra village, Savli Taluka, Dist.
Vadodara.

Data Analysis

The data and documents collected in the study were analysed using the technique of content
analysis.

Findings of the study
The major findings of the study are presented below.

Effect on children’s education and health due to prolonged school closure because of

COVID-19 pandemic and nationwide lockdown

The summary of findings of the effect on children’s education and health due to prolonged
school closure because of COVID-19 pandemic and nationwide lockdown, and how the

children are coping up with the challenges are mentioned below.

e The education of the children is affected substantially due to closure of school. Children
of class IX-XI are worried for re-scheduling of examination and/or cancellation of
examination. They are of the opinion that there is a negative impact on their education
level due to school closure. During the interview with Ajay, 18 years old boy, student
of 1% year Diploma in Mechanical Engineering and class XI standard (NIOS system),
mentioned,

There is an impact in our education level due online teaching process of various
engineering subjects and postponement of examinations on account of COVID-19
lockdown. Engineering drawing, practical courses are difficult to understand in online
classes. The teachers completing the course rapidly without verifying our
understanding level. We do not know when the examination will take place. We lost

nearly one year.
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Rani, 18 years old girl, studying in class XI also expressed her unhappiness during the
interview,

| worked very hard to get more percentages in 10th examination. But no examination
held. There is a mass promotion based on class performances. | got only 53 % whereas
| worked very hard targeting more than 80 %.

e All the children are missing the school environment. They prefer face-to-face teaching

over online teaching mode. Mamta, 16 years old girl and studying in class XI
mentioned,
We are missing the school environment, school teachers who teach us well, explain
with examples, we also miss our friend with whom we can discuss our personal matters,
we help each other in studies, we study together, eat together and play together. In-spite
of many facilities are available at Pathshala hostel and the resident teachers are
providing motherly care, school environment is different and a different feeling

e Children who are attending school’s online teaching sessions facing difficulties due to
one sided communication, disruption in audio and video quality, no repeat clarification
from teacher due to paucity of time. During the interview with Jyoti, a 16 years old girl,
studying in class XI, explained,

Though online education started in COVID-19 lockdown, but we are facing difficulties
in math and science. We are not able to understand. For us, face-to-face teaching would
have been better.

e Though, more teachers have been augmented by NGO management and various
facilities created at hostel premises for more extracurricular activities, children are
eagerly waiting for opening of the school. Diva, 14 years old girl, student of class IV
expressed her feeling during the interview,

We are missing the bus travel from Pathshala hostel to school. It is a fun for us and a
change of outlook. Playing ‘Antaksari’, scenery etc. during the travel are refreshing.
We will prefer face-to-face teaching over online teaching.

e They are not much afraid of COVID-19 infection for they are not going outside the
hostel campus, well aware of COVID-19 preventive measure, strictly following the
COVID-19 protocol as per the guidance and advises of resident mentors/teachers

e They are worried about their parents/relatives for the fear of their COVID-19 infection.

They talk to their parents / relatives once in a week which give them comfort about their
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safety at home. Tejal, 14 years old girl and a student of class VIII shared during the
interview

We are worried about our parents for they are staying in Village. They generally do not
follow covid-19 precaution guidelines. They may get infected with COVID-19. They
also can't visit us due to COVID-19 lockdown and fear of infection. We talk to our
parents/relatives once in a week. We feel happy.

e The resident mentors / teachers / staffs are taking additional care and meeting their
emotional needs which has alleviated their COVID-19 pandemic fear. Children are
engaged more in extracurricular and livelihood /skill development training to cope-up
the stresses arising out of prolonged COVID-19 lockdown

e During this COVID-19 lockdown period, they have learnt respect for the people,
cooking, organic farming, gardening, hostel maintenance activities, understand each
other better, team work, music, singing, soft skills, technical skills, use of digital
devises, how to cope-up emergency situations etc. They consider these are the positive
side of COVID-19 pandemic in-spite of staying in confined place for more than 14
months. During the interview with Hasina, 16 years old girl and student of class X
explained,

Though we are staying in a confined space i.e., in hostel premises for more than 14
months, we did not felt boredom for we are busy in extracurricular activities,
competitions, dance performances, art & craft, painting, music, pottery making etc. We
learnt how to cook, we learnt sewing machine operation, we learnt playing music,
organic farming.
Pran, 17 years old boy and student of 10" standard mentioned during the interview,
The most important benefit of COVID-19 lockdown is that we understood each other
better, we learnt how to face the difficult situation as a team, how to handle and
overcome pandemic situation such as COVID-19 which is a problem for the whole
world. We learnt how to respect all whether younger than us or elder”.

Challenges faced by the functionaries of the NGO during COVID-19 Pandemic and

measure taken to cope up with the challenges:

e To synchronized with school’s online teaching programme for class IX-XII during
COVID-19 lockdown due to lack of digital devices, poor network connectivity,

shortage of classroom etc.
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NGO’s infrastructure development is mainly funded by the Corporates through their

CSR funds. COVID-19 Pandemic was never envisaged by the NGO while making

budget in the beginning of 2020 for the financial year FY2020-21, nor they had accrued

fund for augmenting their existing IT infrastructure and other facilities to reap the

benefit of school’s online teaching programme.

e Teachers are facing difficulties in monitoring and assessing the children’s learning
performance in school’s online education system

e Due to limited classrooms / space, children from different standards attend online
classes in the same room

e Unable to replicate the school structure at hostel premises. Teachers need to teach
multiple classes in a single batch and more than one subjects

e Keeping the children busy 24 hours a day is a most challenging job and that too for

more than 14 months. During the interview with the functionary, F1, she remarked,

“We, the resident mothers and supporting staffs, find it extremely challenging to
manage 94 children for 24 hours. When the school was open, the children use to leave
the hostel at 1 PM and returns from school at 7 PM. There was some time available
with the resident mothers to take care of other activities. Now the children are inside
the hostel premises for 24 hours and more than 14 months. We had to innovate new
ideas to keep them busy and engaged them in study, extracurricular activities,

competitions, hostel works etc.

e Idea creation to keep the children busy and nurturing their mental and physical health

e Creating awareness among children and staff regarding severity of COVID-19
pandemic and strict adherence to COVID-19 protocols as per the advices of Ministry
of Health & Family Welfare (Gol, 2020) / World Health Organization (WHO,2020).
One of functionary, F2, of the Trust explained the actions taken to prevent / avoiding
COVID-19 infection as below,

We conducted multiple awareness sessions at hostel on COVID-19 preventive
measures. Strict implementation of measures suggested by Indian Council of Medical
Research (ICMR) and World Health Organization [WHO] (2020). The basic

precautions taken by all children, resident mothers / staffs, visiting persons are wearing
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mask, social distancing, regular sanitizing / hand washing, cleanliness, not allowing
children to go outside of the hostel campus, restriction on outsider’s entry in hostel,
periodic COVID-19 check / RTPCR test of children and other residents as and when
required. We provide them nutritious food, Vitamin C tablet per day to boost the

immunity.

e To arrange fund for augmenting online infrastructures, additional teachers, COVID-19
testing (RTPCR) for the children etc. The president of the Trust explained how they

cope up with the challenge,

The existing infrastructures were rearranged, curriculum revised, resident
functionaries, hostel supervisors were engaged in teaching-learning process to mitigate

the challenge to the extent possible

Actions implemented and new infrastructure / facilities planned by NGO to cope-up
with present and post COVID-19 challenges — education, mental and physical health
of children

e Created awareness among the children and resident staffs on various preventive
measures to avoid COVID-19 infection. Provided COVID-19 immunity boosting
vitamin tablets, nutritional foods etc.

e Strict adherence to COVID-19 protocol for all

e RTPCR testing for all the children and staff. Arranging vaccination (single or double
as the case maybe) for children / staff

e Created online classroom set-up with digital devices (computers, smart phones, tablets),
internet, audio system etc. for the children of 9th to 11th standard for attaining school’s
online teaching sessions

e Augmented teaching staff strength from eight (8) in pre-COVID-19 era to seventeen
(17) to replicate school structure, career counseling for 10th and 11th standard students,
soft skills training, livelihood generation training and engaging the children more in
extracurricular activities such as sports, music, singing, dancing, art & craft,
competitions, cultural performances etc.

e Involved children in gardening, Organic farming, cooking, equipment maintenance,

pottery, skill-based training to keep them active and in good mental & physical health
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e Encouraging children for interaction with parents / guardians to meet their emotional
needs and alleviating fear about parents’ wellbeing in COVID-19 pandemic

e New projects such as construction of more classrooms — one classroom for one
standard, more IT infrastructure including smart TV, Network with more bandwidth,

enhancing solar power generation capacity etc.
Analysis
Overall analysis of the findings is summarised below.

e Poor network connectivity, absence of suitable pedagogy, and the psychology of
underprivileged children emerged as few critical impediments for effective
implementation on online education mode and making online education mode a suitable
substitute for face-to-face education mode

e Lack of past experience in handling COVID-19/similar global pandemic affected the
education of the underprivileged children staying in Pathshala hostel

e COVID-19 pandemic which is a global challenge has made the NGO to reimagine their
approach towards the education development programme and well-being of the
underprivileged children

e Due to fund constraints and limitation of infrastructure facilities, the NGO could not
respond quickly to COVID-19 challenges by creating a school like environment at
Pathshala hostel campus

e Unfavourable conditions made the children, resident teachers, functionaries of
Pathshala hostel to innovate new curriculum to keep the mental and physical health
good and minimizing impact on education/loss of learning of the underprivileged
children

e The children learnt new skills which are the positive side of COVID-19 pandemic
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Abstract

Alzheimer’s disease (AD) is a neurodegenerative disease attributed to the loss of neurons
causing memory loss and cognitive decline. Many low-grade neurological insults are
associated with AD but the ones that have been mostly studied are pathological build-up of
amyloid protein 3 and hyperphosphorylation of microtubule associated protein tau. Adult
neurogenesis is the phenomenon of formation of new neurons in healthy brain via neural stem
cells (NSCs). Loss of extrinsic signaling (physical activity, dietary intake) results in impaired
neurogenesis during AD, making it a probable biomarker for AD. The alteration of
proliferation, differentiation, migration, and integration processes are involved in neurogenesis
is clearly evident during AD. Thus, the possible targets for the therapeutic purpose of AD, are
interleukin-4 (IL-4), brain-derived neurotrophic factor (BDNF), interleukin-6 (IL-6),
fibronectin type 11l domain — containing protein—5 (FNDC5) which helps to improve the
proliferation and integration of the neural stem cells. Studies carried out in mice models suggest
an intrinsic and extrinsic correlation of NSCs for the treatment of AD with an aim to reverse
the neurodegeneration. The present review focuses on the novel markers like DCX, NeuN,
Sox2, calbindin and Nestin involved in adult neuronal development and its role in
pathophysiology of AD. Moreover, this review opens up new avenues for treating AD and

developing molecular markers for it.
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Introduction

Alzheimer’s disease (AD) lays its origin from 1906 where Dr. Alois Alzheimer first identified
Alzheimer’s disease in a female patient named Auguste Deter *. Epidemiologically, AD affects
approximately 5 million people in the US and this number is expected to rise by 35 million by
2050 2. In 2015, India reported 4.1 million cases of people living with dementia. Dementia
affects 2.7 percent of the population in India, according to epidemiological studies conducted
between 1996 and 2006, with Alzheimer's disease being the most common cause (1.3%) 3. It
was estimated in 2010 that 36.5 million people were living with dementia, with 7.7 million new
cases each year and a new case of dementia every 4 seconds 4. The World Health Organization
(WHO) estimated that 0.379% of the world's population suffered from dementia in 2005 and
its prevalence will increase to 0.441% in 2015 and 0.556% in 2030 °. Histological
characterization of AD revealed extracellular deposits called cerebral plaques in neocortex and
hippocampal region and are made up of a thick proteinaceous core containing the amyloid
(AP) peptide surrounded by dead and weakened neurons. The other histopathological hallmarks
are the filamentous, hyperphosphorylated form of the microtubule-associated protein tau which
forms neurofibrillary tangles in neurons of the same regions of the brain ©. Although most cases
of AD occur occasionally, about 5% of patients develop an early disease as a result of a
completely penetrant autosomal dominant gene mutations (APP, APOE, PSEN1, PSENZ2) ©.
Till now, evidence pertaining to the specific remedies in preventing Alzheimer's disease

remains elusive ’.

As discussed, AD mostly affects the hippocampal area in the brain®. Hippocampus is one of
the areas in the adult brain where evidence of neural stem cells (NSCs) are documented °.
Adult NSCs are capable of producing new neurons throughout life in two major parts of the
adult mammalian brain: the subventricular zone (SVZ) of the lateral ventricle and the sub
granular zone (SGZ) in the dentate gyrus (DG) of the hippocampus *° this process is called
adult neurogenesis. This process consists of different stages such as neural stem cell
proliferation, lineage differentiation, migration and the integration of the developing neuron in

the pre-existing circuit of the brain. Adult neurogenesis is related to the physiological

'?;5!|NTERWOVEN Copyright © 2022, Navrachana University WWW.Nuv.ac.in



Vol. 5, Issue 1, February 2022  Interwoven: An Interdisciplinary Journal of Navrachana University 20

functioning of the brain and degeneration. Zhao et al (2008) observed changes in the pattern

of neurogenesis which were associated with many neuropsychiatric disorders.

In most cases adult neurogenesis is reduced during AD which is found in SVZ and SGZ.
Concurrent studies show a dilemma in the decrease/increase neurogenesis in the brain of mice
and human subjects affected with AD 12, Furthermore, reduction of new born neurons causes
cognitive defects in AD mice 2. In line of this, the present review discusses the use of impaired
adult neurogenesis in AD as a possible potential therapeutic biomarker for predicting the

progression and effective treatment for the disease.

Pathophysiology of Alzheimer’s disease

The early onset of familial AD is due to genetic mutations in the amyloid precursor protein
(APP), presenilin proteins - PSEN1 and PSEN2 4. Apolipoprotein E (ApoE) is the strongest
genetic risk factor for sporadic AD °. Alzheimer's disease (AD) is thought to occur when
increase in the abnormal amounts of AP accumulate extracellularly forming amyloid plaques.
Tau proteins accumulate within cells causing the formation of neurofibrillary tangles in the
brain, affecting neuronal function, connectivity and causing progressive brain function loss °
16, Moreover, microscopically the main attribute of AD is the loss in the cerebral cortex of
neurons and synapses and the hippocampal portion of subcortical regions due to accumulation
of misfolded AP and tau proteins 11819 These losses result in deterioration of the temporal
and parietal lobes and severe atrophy in the affected area, including parts of the frontal cortex
and cingulate gyrus. Studies using MRI and PET show that the size of affected brain regions
in AD patients decreases as they progress from mild to severe cognitive impairment as
compared with healthy older adults %. AB plaques are formed when amyloid precursor protein
(APP) undergoes complex sequential proteolytic processing in the CNS through two main
processing pathways called amyloidogenic and non-amyloidogenic processing pathways 2.
This APP which is a transmembrane protein is encoded by APP gene which has also gained
attention due to high rate of mutation. Thus, misfolded plaques containing small peptides of
39-43 amino acids long are called beta-amyloid (Af). APP is important for nerve cell growth,

survival, and damage recovery 222,

Several enzymes are known to cleave APP at several amino acid positions near C terminal. For

instance, a-secretases acts on APP, 83 amino acids from its carboxyl terminus, which belongs
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to ADAM protease family ("A disintegrin and metalloproteinase"). Whereas, the -secretase
enzyme contains two or more different complexes called BACEL and BACE2 which cleaves
APP at 99 amino acids from its carboxyl terminus. The third type of APP cleavage is provided
by the enzyme complex y-Secretase. Presenilin-1 and Presenilin-2 mediate the catalytic
function of y-Secretase and is encoded by PSEN1 and PSEN2 gene. APP is cut twice by y-
Secretase generating a 50 amino acid peptide which consists of the APP C-terminal end, and
is named as the amyloid intracellular domain (AICD). The second y-secretase fragment is
slightly variable, but tends to be located at 57, 59, or 61 amino acids at the C-terminus of APP.
Sequential processing with a- and y secretases yields a large N-terminal peptide called soluble
APPa (sAPPa) and a smaller 3kDa peptide called P3. B-secretase cleavage produces a large N-
terminal peptide called soluble APPB (sAPPp) and a smaller C-terminal fragment called CTFp.
The y-secretase cleaves CTFP, and the AP peptide. Depending on the continuous activity of B-
y-secretase, the exact cleavage site of y-secretase varies, resulting in AP peptides, which are
usually 38-43 amino acids in length ?*. The o-secretase enzyme in the “nonamyloidogenic
pathway” appears to exhibit neuroprotective activity by cleaving APP at the AP sequence and
releasing the sAPPa fragment through the membrane °. Primarily in the hippocampus,
neurofibrillary tangles consisting of paired helical filaments are present in the cytoplasm of

neurons 2,

Neurofibrillary tangle formation in AD is directly related to protein dysfunction. Tau is a
microtubule-associated protein that plays an important role in supporting axonal transport and
promoting cellular stability. The main polypeptide of the paired helical filaments is the
microtubule-associated protein tau. Tau levels in the AD neocortex are 7 times higher than in
the control aged brain group, and this elevation is a result of abnormally phosphorylated
proteins (Igbal and Grundke-Igbal, 2007). Hyperphosphorylation of T reduces the binding of t
to microtubules and disrupts subsequent axonal transport 26, Abnormally hyperphosphorylated
tau has shown to have a neurodegenerative effect by inhibiting microtubule function, impairing
axonal transport of neurons, and enhancing functional toxicity by forming paired helical
filaments °. Apart from phenotypic markers, others like inflammatory processes, cytokines and
growth factors (BDNF) are attributed to play a role in the pathophysiology of AD. Tissue
damage is marked by an elevated immune response resulting in inflammation at the affected

site which are considered to be the signs of secondary damage to the tissue 2’. Similarly,
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changes in the distribution of various neurotrophic factors such as the brain neurotrophic factor
(BDNF) and the expression of its receptors have been found to be associated with AD 2829,
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Figure 1: Generation of soluble APP peptides (sAPPa, sSAPPR) is processed due to the
cleavage by a-secretase, 3 — secretase or y — secretase. The C-terminal membrane
anchored fragment (C83) yields P3 peptides by y — secretase depicting the major

secretory pathway which is non-amyloidogenic. The presenilin/nicastrin-mediated vy-

secretase processing yields amyloid beta proteins, amyloid-beta 42 (Ap42) from C99
fragment. Ap42 is the major component of amyloid plaques.

Adult neurogenesis in the healthy brain

Traditionally, it was believed that no new neurons are produced after birth 3. But in the late
50s new method on labeling techniques was developed for dividing cells with [H3]-thymidine,
that incorporates into the replicating DNA during the S-phase of the cell cycle, and can be
detected with the help of autoradiography 3!. Generation of new neurons has already been
reported in the embryonic stages of mammalian CNS by Cajal et al, while using the above
mentioned technique pioneering work done by Altman and colleagues demonstrated the adult
neurogenesis in rats various brain regions, which includes the dentate gyrus °, neocortex *2 and
olfactory bulb 3. Advancement in staining has been done by 3* where they have used BrdU a

synthetic thymidine analogue, for the detection of neuronal proliferation in mammals.

Adult neural stem cells (NSCs) are responsible for the generation and differentiation of new
neurons, which were first isolated from the adult CNS of rodents 3 and later from humans *°.
Combined retroviral-based lineage tracing and electrophysiological studies provided the most

convincing evidence so far that newborn neurons in the adult mammalian CNS are continually
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produced throughout adulthood 37*83° However, human adult neurogenesis is currently under
investigation and evidence marks the formation of new neurons throughout the human life,

nevertheless the rate of production is too low compared to other mammals %12,

NSCs reside in two major parts of the adult brain: the subventricular zone (SVZ) of the lateral
ventricle and the sub granular zone (SGZ) in the dentate gyrus (DG) of the hippocampus ..
These NSCs can self-replicate and differentiate into multiple neural lineages such as neurons,

astrocytes, and oligodendrocytes °.

Based on three major factors like morphology, molecular markers and proliferative behavior,
two types of neural stem cells were identified. The SGZ of hippocampus contains type 1 neural
progenitor cells (NPCs) also abbreviated as radial like neural stem cells (rNSCs), contains
radial projections that spans entire granule cell layer and ramifying in the inner molecular layer
of DG. They can be detected by the molecular markers such as Glial fibrillary acidic protein
(GFAP), Sox2 and Nestin. These stem cells are quiescent but gets activated due to
environmental factors that generate the type 2 NPCs. These cells express Sox2, Nestin, Thr2
and MCM2 except GFAP. These cells generate both astrocytes and DCX expressing
neuroblasts that migrate into the granular cell layer and undergoes maturation. These
maturing/surviving cells receive inputs from the entorhinal cortex (EC) and send axonal
projections through the hilus towards the CA3 area of the hippocampus “>*3. These newborn
immature granular neurons in the DG receives GABAergic synaptic input around one week
after birth followed by glutamatergic inputs by two weeks, and full maturation is achieved
within 4 weeks in development #4. Mature granule cells mostly become glutamatergic dentate

granule cells (DGCs) and express neuronal nuclear antigen (NeuN) and calbindin 4342,

'?;!gglNTERWOVEN Copyright © 2022, Navrachana University WWW.Nuv.ac.in



Vol. 5, Issue 1, February 2022  Interwoven: An Interdisciplinary Journal of Navrachana University 24

— Radial like NSCs . ~A3 :
CAl | CA3 neuron

L .
-~ . 123 N
- 4 Nonradial NSCs
5
\C\O/ g
\¢~"" CA1 neuron
@\?’// A Neuroblast
\?} "4 DG
&b\// N2
$/ I\p;;‘
Vi Type 1 | o 'I"l/, "
/ S 40[)/@5, Immature DGCs
/ - ) .
) __mossyfiber L o - .EC
\ == | B
CA3 \ 4 Hilus zDG(J//‘ /
Newborn DGCs

Figure 2: Neurogenesis in adult mammalian hippocampus: Radial-like neural stem cells
(Type-1) which are quiescent stem cells that produce non-radial precursor cells (Type-
2) which are actively proliferating and produce astrocytes and neuroblasts; Neuroblast
cells migration into the granular layer; Differentiate into dentate granule cells;
Maturation of Newborn dentate granule cells takes place and they receive EC input and
send their axons to hilar interneurons, mossy cells, and CA3 pyramidal neurons.
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Figure 3: Stage specific markers of neuronal development in adult neurogenesis depicts
time specific differentiation.
Adult neurons generated in these two neurogenic areas are integrated into existing neuronal
circuits®®.  New adult neurons have a high input resistance and a subthreshold Ca?*
conductance, which enables new neurons for action potential firing with very small excitatory
currents. This unique development may allow them to integrate easily into a mature brain
without altering existing cognitive processes**. This integration plays important functions such
as the migration of new neurons born in the SVZ migrate to the olfactory bulb via the rostral
migration stream (RMS) and are encapsulated by the complex network of astrocyte tunnels in
rodents 194 and in humans “¢. Decreased adult neurogenesis in SVZ in mice has been reported

to induce abnormal olfactory and sexual behavior*’. New neurons born in the SGZ are
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integrated into the DG neural circuitry, which plays an important role in short-term memory
generation. Impaired adult neurogenesis of SGZ in mice has been reported to impair new
memory formation*®“®. In particular, these new neurons are important for spatial memory
formation®. Furthermore, new integrated neurons in the DG have also been important in

memory consolidation during Rapid eye movement (REM) sleep in rodents °%,

Adult rats produce approximately 9,000 new neurons daily in the SGZ, with a survival rate of
approximately 50%°2. In an adult human, the data showed that 700 new neurons are added to
the SGZ every day. About as many are also lost, keeping the total number of hippocampal cells
roughly constant. The annual yield is almost 2%°3.

This process of neural stem cell proliferation, lineage differentiation, migration and integration
of the developing neuron in the adult brain has been regulated by both intrinsic, genetic,
epigenetic factors and extrinsic signaling pathways °*. Membrane-bound extracellular factors
and their intracellular signaling cascades have been identified in the regulation of the SVZ and
SGZ neurogenesis, which includes Wnt, sonic hedgehog (Shh), Notch, BMPs, neurotrophins,
growth factors (BDNF, FGF-2), various neurotransmitters (glutamate, GABA and dopamine),
cytokines (IL-6), and hormones (estrogen, corticosterone) 44°4, Further, intrinsic mechanisms
including miRNAs, transcription factors and epigenetic regulators have been shown to be
crucially involved in regulating neurogenesis in the adult mammalian brain °*. Thus, future
research trends will be based upon modulation of these factors, manipulating the production of

new neurons, and improving the disease condition.

Association of Adult neurogenesis and AD

Adult neurogenesis reduces during normal aging in healthy brains and during Alzheimer’s
disease (AD). Hippocampal adult neurogenesis helps in cognition and memory formation °.
Aging is the greatest risk factor for AD. The reduction of new born neurons during aging and
AD leads to cognitive loss and impairment of memory °¢. The integration of the new neurons
is impaired during aging. This is because of loss of extrinsic signals (physical activity, dietary
intake) or reduced response of the precursor cells/stem cells to normal signalling during aging,
or AD ',

Adult neurogenesis of both SVZ and SGZ are affected during AD. The alteration of neuronal

proliferation, differentiation, maturation and survival in both SVZ and SGZ is observed in
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%8 and clear

different transgenic adult mouse models of AD*, in human iPSC cell lines
reduction shown in the post-mortem of AD patients compared to healthy donors %3, As
discussed earlier there is a lack of evidence in the increase or decrease of new neurons in AD
patients and some show increase in the generation of new neurons 436261 This alteration in
outcome may be related to the observation of different stages of AD in relation to
neurodegeneration. According to various hypotheses, enhanced new born neurons may arise in
the affected brain as a homeostatic self-healing mechanism® ; and decreased neurogenesis
might be contributing to the AD pathophysiology®®®*. So, in the decreased condition of
neurogenesis in AD, Amyloid-beta (AB) peptide, would deregulate new born neurons for
facilitating disease progression %. The mechanisms of how the various AP species affect adult
neurons remain unclear, and defining the pathophysiological environment of the AD brain

remains an area of research.

By studying and targeting the molecular players involved in the different stages of adult
neurogenesis it can be used as a potential biomarker for AD and creating an alternative
therapeutic option for the treatment. Current therapeutics for AD only provide symptomatic
relief but doesn’t reverse the damage of neurodegeneration. Adult neurogenesis in the
hippocampus could be an option to reverse the process of neurodegeneration. But scientists are
still figuring out at what point in the disease, adult hippocampal neurogenesis plays a role in
AD’s pathophysiology. Also, studies show in rodents, there is no negative impact of increased
neurogenesis in AD models*?, but there might be ethical concerns in humans. Adult
neurogenesis is restricted in humans but there is a possibility to induce human neural precursor
cells to generate new neurons, to cure neurodegenerative diseases, such as AD ', We can
enhance neurogenesis either by stimulating the production of endogenous NSCs by
manipulating the extrinsic and intrinsic signals or by providing exogenous NSCs. For instance,
transplanting stem cells into the AD mouse model reversed cognitive deficits ®. Additionally,
more research is conducted to understand this stem cell therapy carried out in clinical trials
pertaining to humans. Whereas, endogenous therapeutic targets would be to neutralize
intracellular AP oligomers in the adult NSCs by using gene therapy, and at the same time
restoring functional neurogenesis *. Another target to cure AD through adult neurogenesis
could be interleukin-4. Studies have shown that interleukin-4 inhibits AB42 aggregation and

restores the proliferative and neurogenic ability of NSCs by suppressing AB42 in zebrafish ©°.
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Other therapeutic approaches like increasing adult neurogenesis with the help of different
modulators had neuroprotective effects on mice with cognitive impairment ’, so modulating
neurogenesis could be helpful in reversing the process of AD. Studies show that the help of
running/exercise promotes the rapid integration of new neurons in the aging brain through
modulating neurotrophins, which promotes the plasticity of aging networks in the hippocampus
5, In AD condition exercise also helps in enhancing neurogenesis and improved cognition
along with reduced AP load and also increased levels of brain-derived neurotrophic factor
(BDNF), interleukin-6 (IL-6), fibronectin type Il domain — containing protein-5 (FNDCS5),

and synaptic markers which helps to improve adult neurogenesis survival and maturation 2.

Future directions:

The alteration of adult neurogenesis during AD, could be proposed as biomarkers for AD
progression in humans, and new literature indicates impaired neurogenesis in the early stages
of AD patients, i.e. prior to amyloid plaque formation, so it would be of potential to use adult
neurogenesis as an early stage biomarker for AD 11*° Although AD is a multifactorial disease
whose phenotypic characteristics revolves around the neuronal death. Multiple protein
aggregates in the different stages of AD maybe a connecting link in neurogenesis impairment.
Thus, by using advanced techniques like NGS, immunohistochemical localization and
electrophysiological recordings will open new avenues for the treatment of AD. Hence, more
research should be focused on extrapolating and unravelling the mechanistic base and targeting

its therapeutic biomarker.

Conclusion

Current therapies for AD aim at symptomatic relief and are futile once neurodegeneration
crosses a certain stage. Adult neurogenesis is a well-examined phenomenon and is still under
exploration as a therapeutic mode for neurodegenerative diseases. Artificial induction of
neurogenesis can be a much efficient treatment mode for AD as it can overcome the loss of
neurons caused due to neurodegeneration and replenish the source of healthy neurons.
However, further research is required to study the effect of induction of neurogenesis on an

aging brain and its feasibility as a biomarker for Alzheimer’s disease.
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Glossary:

p-amyloid protein- Peptides of 36-43 amino acids in size that cause plaques in brains of
people having Alzheimer's Disease.

Microtubules- polymers of tubulin protein that form cytoskeleton to support the eukaryotic
cell.

Tau protein- microtubule associated proteins which are known to maintain stability of axons.
Neural stem cells- self-renewing cells in the nervous system that give rise to neurons and glia.
Dementia- A group of thinking and social symptoms that interferes with daily functioning.
Autosomal- located on one of the non sex chromosomes.

Cognitive- Involved in gaining knowledge and comprehension.

Familial- Family-related or occurring within a family.

Atrophy- Reduction in size of cell, organ, or tissue, after attaining its normal mature growth.

Neurotrophins- Neurotrophins are a family of proteins that promote the survival,
development, and function of neurons.

Homeostatic- The process by which an organism tends to maintain stability while adjusting to
the best conditions for survival is termed homeostasis.

Whnt- The Wnt signaling pathway consists of a group of signal transduction pathways that
begin with proteins that transmit signals to cells via cell surface receptors.

Sonic hedgehog (Shh)- Sonic hedgehog is a protein that is encoded by the SHH gene. Different
types of animals use this signaling molecule to regulate embryonic morphogenesis.

Notch signaling pathway- Notch is a highly conserved signaling pathway that is found in most
animals.

Calbindin- it function is in mediating calcium absorption.
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Abstract

In spite of advance interventions and novel strategies, cancer is still one of the major causes of
mortality worldwide. The constant increase in cancer patients, failure of conventional
chemotherapeutics due to toxicity clearly demands an alternative approach. In past decades,
scientific community is engrossed in the discovery of new agents from natural sources. The
phytochemicals have recently gained the attention because of their potential to modulate
cascades of molecular mechanisms that governs the tumor growth and progression. The
protective effects of phytochemicals have gained attention due to less side effects and greater
safety index. The present review summarizes the perspective of the scientific evidences as well
as their potential druggability. The approach aimed to examine the current status of
phytochemical compounds currently used to treat cancer and their potential at a preclinical and
clinical level. It also addresses current challenges that lie ahead for their use. The methodology
adopted for this review was comparative analysis of the papers published in the areas of
antitumor plant-based products or plant compounds or dietary phytochemicals, anticancer
phytochemicals or anticancer herbs. The analysis involved papers published from 2010 to 2020

for the recent understanding.
Keywords

Cancer, Secondary metabolites, Phytochemicals, Phyto-agents

'Z!gé'NTERWOVEN Copyright © 2022, Navrachana University WWW.Nuv.ac.in



Vol. 5, Issue 1, March 2022  Interwoven: An Interdisciplinary Journal of Navrachana University 36

Introduction

Cancer is a significant public health problem worldwide and is the second leading cause
of death. Cancer is a large group of diseases that begin in any organ or tissue of the body when
abnormal cells grow wildly, go past their usual limits to attack connecting parts of the body
and/or spread to other organs. The latter process is called metastasizing and is a significant
reason of death from malignancy. A neoplasm and malignant tumors are commonly considered
for cancer. According to the World Health Organization (WHO), it is estimated that globally
9.6 million deaths occur due to cancer and its complications. Lung, colorectal, prostate, liver
and liver cancer are well known types of cancer in men, while breast, cervical, thyroid, lung
and colorectal cancer are well known among the women. The economic burden continues to
grow due to lack of proper health management systems. The current treatment options available
for treatments are chemotherapy and radiation therapy while sometimes surgical removal is
also opted. The major disadvantage due to the chemotherapeutics is relapse of cancer, drug
resistance and toxicity to the non-targeted tissues. These problems resist the use of the currently
available chemotherapeutics drugs as it ultimately impairs the quality of life. Therefore, there
is urgent need to search new lead anticancer agents with better potency and lesser
complications. There are many scientific evidences available which shows that natural
compounds are good sources for the development of new remedies for cancer.! There has been
investigation that floral kingdom consists of approximately 250000 plant species and nearby
10% have been researched for the cancer treatment.? The plant derived analogues are present
in different plant and have several pharmacological functions. There is wide research gap and
investigation is needed to identify the molecules involved in cell signaling network and better
assessment is needed in understanding their mechanism of action. Another research need is
dosage concentration and frequency of intake at human trials. However, an important research
need is testing in vitro dosage which are unachievable in human trials.®® Phytochemicals serve
as the promising candidate for the treatment of the cancer. For example, currently Taxol
analogues, Vinca alkaloids and podophyllotoxins analogues has been used for the treatment.
This paper aims to review the available biological actions of phytoconstituent in relation to
cancer treatments. It also attempts to investigate the current concerns of chemotherapeutics

being used in practice.
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Challenges and introspection into the current cancer treatment regimen:

There are three major aspects for clinical trials with phytochemicals: 1) adjuvant for chemo
and radiotherapy. 2) reduction of chronic side effects of chemotherapy, and 3) unwanted
interaction with chemo and radiotherapy. The array of compounds like berberine, curcumin,
epigallocatechin, quercetin, resveratrol and sulphorafane are currently in clinical trials on
various cancers. The major classes of plant-based anticancer compounds clinically used include
epipodophyllotoxin, camptothecin derivatives, vinca alkaloids, and taxane diterpenoids.
However, there still remains the key concern of poor solubility, poor penetration in target cells,
limited therapeutic potential and toxicity. In this regard, prodrugs, combination therapy with
conventional chemotherapeutics, synthetic metal analogues and nano-formulations could be
targeted to enhance the bioactivity. These major limitations can be overcome with the advent
of nanotechnology and micro-encapsulation of phytochemical for targeted delivery, longer
circulation period in the bloodstream and lesser side effects over free compounds. The
combinational approach with mixture/single of phytochemicals and chemotherapeutic drugs
induce synergistic effect and may be efficient at the lower dose compared to an individual drug
which increases toxicity in normal cells. The use of cholesterol/sphingomyelin liposomal
vincristine (Marigbo®) for the treatment of acute lymphoblastic leukemia was approved by
Food and Drug Administration (FDA).” Paclitaxel is considered to be a magic pill in
chemotherapeutic not only used as a single drug but combined with other anticancer drugs. The
hormone-refractory metastatic breast and prostate cancer is treated with Cabazitaxel
(Jevtana®) approved by FDA.2 These modifications in delivery system have increased
accumulation of drugs in target cells and improved their cytotoxicity. When docetaxel
combined with curcumin administered in mice having breast cancer showed reversal in drug
resistance.® Recently it has been reported that the gingerol increased the sensitivity of cisplatin

in gastric cancer and doxorubicin in liver cancer.10-!
An overview of Phytochemicals

Phytochemicals, or ‘plant chemicals’, are bioactive non-nutrient plant compounds that has
ability to interact with at least one component of a living tissue introducing enormous scope of
credible effects. They shield plants from destructive microorganisms and also from ultraviolet
(UV) irradiation and extreme temperatures. Additionally, birds and insects are attracted to

promote seed dispersal, pollination and germination. Phytochemicals are responsible for
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colours to plants and range of flavours both pleasant and unpleasant when consumed. They are
explicit to specific plants and parts of plants, and that they usually synthesis is increased during
stressful events. Phytochemicals additionally provide health benefits when plant or its part are
devoured. They consist of biomolecules essential for well-being (e.g., proteins, carbohydrates,
vitamins, and minerals) and other supplements (e.g., phenolic acids, flavonoids, and other
phenolics).*2 Phytochemicals are classified as primary metabolites and secondary metabolites.
Primary metabolites comprise of the common sugars, amino acids, proteins, nitrogenous bases
pyrimidines and purines, chlorophylls etc. Secondary metabolites include alkaloids,
flavonoids, steroids, terpenes, lignans, saponins, phenolics and glucosides. The detailed

classification is represented in Fig 1.
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Figure 1: Classification of Phytochemicals
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Role of Phytochemicals in cancer treatment

Plants are indispensable sources for anticancer drug development. Natural dietary
phytochemicals are broadly utilized in in vitro, in vivo, and preclinical cancer prevention and
treatment studies. In number of clinical trials have shown various degrees of success. Since
ancient times plants and their formulations are used for its probable effects. In any case, therapy
of plant-based compounds for the treatment of cancer can be followed back to 1950s. Some of
the very first anticancer agents derived from plants are vinca alkaloids such as vinblastine,
vincristine, and cytotoxic podophyllotoxins. Modern drug development program based on
Ayurveda and has acquired acknowledgement in present healthcare settings. Plant derived
natural products are nontoxic to normal cells and also better endured henceforth they have
acquired consideration for modern drug discovery. Alkaloids, flavonoids, phenolics, tannins,
glycosides, gums, resins and oils and their derivatives present in root, stem, bark leaf, and
flower perform many pharmacological functions in human systems. Vinblastine, vincristine,
taxol, elliptinium, etoposide, colchicinamide, 10-hydroxycamptothecin, curcumol, gossypol,
ipomeanol, lycobetaine, tetrandrine, homoharringtonine, monocrotaline, curdione, and
indirubin are astounding phyto molecules in this scenario.'® The extraordinary potential of
plant-based compounds for the treatment and counteraction of cancer is ascribed to their safety,
low cost, and oral bioavailability. However, a couple of plant-based compounds induce some
side effects. It also has been elucidated that phytochemical can modulate key cellular signalling
pathways from initiation to progression by targeting different stages. The exposure of
carcinogen at cellular, genetic and epigenetic levels triggers the multistep carcinogenesis
process. The initial uptake of carcinogenic agent and its assimilation in tissues where its
activation and detoxification occur, interaction with the DNA, results in genetic damage and
transformation into neoplastic cells.'* The tumour promotion on other hand is relatively
expanded proliferation of cancerous cells regulated by mediators of cell signalling pathways
like receptors, regulatory proteins, kinases and cyclins. The tumour promotion on other hand
is relatively expanded proliferation of cancerous cells regulated by mediators of cell signalling
pathways like receptors, regulatory proteins, kinases and cyclins. The final stage is progression
of neoplastic transformation characterized by metastatic potential and migration to the distant
location in the body. Thus this bidirectional communication between cells and their secondary
sites serve as one of the promising target for the action of phytocompounds.*® For instance, to

name a few dietary phytochemicals like quercetin from onion, apple, lemon, Epigallocatechin
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from green tea, genistein from soya bean, caffeic acid from coffee, resveratrol from red grapes,
berries, Indol-3-carbinol from cruciferous vegetables have been proved in extensive range of
anti-proliferation, cell cycle blockage, DNA repair alterations, apoptosis induction, free radical
scavenging, anti-inflammation, activation of tumour suppressor genes, suppression of
oncogenes, regulation of growth factors and hormones and inhibition of invasion, angiogenesis
and metastasis.'® The molecular connection between the phytochemicals and regulatory check
points of cancer progression is illustrated in the fig.2. Several crude phytochemicals which are
obtained from medicinal plants and has multifactorial effects on the many types of cancer are

as depicted below.

Important phytochemicals and their effect on types of cancer:

1. Andrographolide

Species: Andrographis paniculata

Andrographolide is one of the diterpene lactone found in the Andrographis paniculata which is
reported to exert the anti-proliferative activity on various human cancer cells.!” The anti-cancer
activity is modulated through cell-cycle arrest by induction of p27 accompanied with decrease
in cyclin dependent kinase 4 (CDK4) expression. Further, the immunomodulatory activity was
reported by increase in cytokine levels and enhanced natural killer cell activity. These
demonstrate  andrographolide as an opportunistic pharmacophore with potent
anticancer/immunomodulatory activity.'8

2. Berberine

Species: Berberis vulgaris

Berberine is a benzylisoquinoline alkaloid present in the roots, rhizomes, stem and bark of B.
vulgaris. Berberine has multifaceted role like cell cycle arrest, autophagy, inhibition of cell
invasion and metastasis, regulation in tumour microenvironment and immunomodulatory
activity.'® Also it has been demonstrated in vivo levels of catalase and glutathione peroxidase
enzymes increased which proves berberine as a potent anti-oxidant.?°

3. Crocetin

Species: Crocus sativus

Crocetin is a diterpenoid and natural carotenoid found in crocus flower. There are reports which
shows that crocetin have significant effect on Breast, Cervical, Colorectal, Leukemia, Liver,

Lung, Pancreas, Skin.?! Crocetin exert anti-proliferative, anti-apoptotic, and decrease the
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activity of RNA and DNA polymerase. It also decreases the lipid peroxidation with
concomitant increase in GST, catalase and superoxide dismutase.?>?

4. Curcumin

Species: Curcuma longa

Curcumin is polyphenol extracted from rhizome of Curcuma longa also known as turmeric.
Several studies demonstrated curcumin’s anti-cancer activity on leukemia, breast, gastric,
pancreas, colorectal, prostate, cervical, liver and lung.?* The curcumin mainly exerts its activity
by prompting apoptosis and restraining proliferation and invasion of tumors by suppressing
cellular signalling pathways like including Wnt/p-catenin, PI3K/Akt, JAK/STAT, MAPK, p53
and NF-xB.%»

5. Aloe emodin

Species: Aloe barbadensis

Aloe emodin is dihydroxyanthraguinone present in sap of aloe vera. It exhibits an array of
deleterious effect on cancers like ovary, colorectal carcinoma, gastric carcinoma, liver, glioma,
leukemia, breast, small cell lung cancer including reduction in cell viability, induction in cell
cycle arrest, apoptosis, cell cycle arrest through downregulation of cyclin dependent and
independent kinase. Additionally, emodin related compounds also served as adjuvants with
chemotherapy in treatment of certain cancers.?6-?’

6. Magniferin

Species: Mangifera indica

Magniferin is xanthoid present in the peel, stalks, leaves, barks, kernel, and seed of mango
fruit. Magniferin showed anti-proliferative effect on breast, prostate, pancreas, lung, colon,
leukemia and cervical cancer.?® Further it causes cell cycle arrest at G2/M phase accompanied
with the inhibition of expression levels of proteins like ATR, Chk1, Weel, Akt, and Erk1/2. It
also relieves the oxidative stress, suppress metastatic potential, decrease the expression of
MMP-7 and 9, and inhibit b-actin pathway by reversing epithelial-mesenchymal transition
(EMT).2

7. Plumbagin

Species: Plumbago zeylanica

Plumbagin is a naphthoquinone isolated from roots of Plumbago zeylanica. There are reports
which demonstrated the role of Plumbagin against gastric, breast, melanoma, promyelocytic
leukemia cancer. It has been reported that plumbagin suppress malignant activity of tumour
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cells through cascade of mechanism such as the inhibition of growth, invasion, metastasis and
anti-angiogenesis.®® Flow cytometric analysis of human cancer cell lines revealed that
Plumbagin arrest cell cycle at G1 phase with concomitant inhibition of cyclin D1, cyclin E, and
upregulation of p53.3!

8. Piperine

Species: Piper longum

Piperine is an alkaloid transcendently found in the fruits and roots of Piper longum. Black
pepper has been exploited as king of spices in Indian system of medicine for various ailments.®2
Piperine not only exhibits anti-proliferative activity but also regulates the fundamental proteins
involved in the cancer progression. Piperine inhibits cell proliferation via cell cycle arrest,
triggers reactive oxygen species production which in turn activates intrinsic and extrinsic
apoptosis pathways. Piperine at the molecular level block the Akt phosphorylation leading to
inhibition of angiogenesis and vascular endothelial growth factor (VEGF).*

9. Epigallocatechin

Species: Camellia sinensis

Epigallocatechin (type of catechin) is a polyphenol extracted from tea plant. The
epigallocatechin mediates the anti-cancer activity via inhibition of nuclear factors associated
with the inhibition of migration, invasion and angiogenesis. It has dual function of anti-oxidant
and pro-oxidant potential which modulates the production of reactive oxygen species leading
to epigenetic modification, regulation of histone acetylation and upregulation of apoptosis.3+3°
10. Resveratrol

Species: Vitis vinifera

Resveratrol is trans-stilbenoid polyphenol present predominantly in grapes but also found in
mulberries, blueberries, cranberries and peanut. Resveratrol activates apoptotic pathways
which includes increase in levels of Bax and decrease in levels of Bcl-2 and cyclin D1. In
addition to this it regulates cell differentiation, DNA repair, cell cycle arrest, autophagy,
angiogenesis and metastasis.®® It also modulates the balance of cyclins as well as cyclin-
dependent kinases (CDKSs) which inhibits cell cycle at GO-G1 phase. It activates the STAT3
which promotes the proliferation, survival, invasion, angiogenesis, and metastasis of tumour

cells.?”
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Phytochemical

Type of cancer

Biological action

Andrographolide®-°

Breast, Liver, Lung,

Ovarian, Cervical

suppression of heat shock protein 90,
cyclins and cyclin-dependent kinases,
metalloproteinase and growth factors, and
the

induction of tumour suppressor

proteins p53 and p21.

Colorectal, Leukemia,
Liver, Lung, Pancreas,
Skin.

Berberine**-42 Breast, Liver, Lung, | Caspase activation; ROS production,
Ovarian, Cervical, | Cytochrome ¢ release; Bcl-2/Bcl-xL
Prostate, decrease, COX-2 downregulation
Colorectal

Crocetin*-4 Breast, Cervical, | suppression of Bcl-2 and up-regulation of

Bax expression,

Curcumin?6-48

Blood, Breast, Gastric,
Pancreas, Colorectal,
Prostate, Cervical,

Liver, Lung, Skin

interfere with multiple cellular signalling

cascades including Wnt/B-catenin

signalling, 3-kinase

(P13K)/protein kinase B (Akt) pathway,

phosphoinositide

Janus kinase (JAK)/signal transducer and
(STAT)
mitogen-activated

activator  of  transcription
signalling pathway,
protein kinase (MAPK) pathway, p53
signalling and nuclear factor-xB (NF-kB)

pathway

Aloe emodin?°-0

Ovary, Colorectal
carcinoma, Gastric
carcinoma, Liver,

Glioma, Blood, Breast

cell cycle arrest through downregulation
of cyclin dependent and independent
kinase and suppression of Bcl-2 and up-

regulation of Bax expression

Magniferin®

Breast, Liver, Lung,
Blood, Prostate, Brain,

Gastric, Kidney

down-regulation of inflammation, cell
cycle arrest, reduction of
proliferation/metastasis, promotion of
apoptosis in  malignant cells and
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protection against oxidative stress and
DNA damage.

Plumbagin®2->*

Breast, Liver, Lung,
Blood, Prostate, Brain,

Gastric, Kidney

Cell cycle arrest, DNA damage, apoptosis,

and suppression of telomere and

telomerase  activity, inhibition  of
proteasome, Inhibition of COX-2 and

STAT3 signalling pathway

Piperine®>-

Breast ,Lung, Prostate,

induction cell cycle arrest, increased cell

Pancreatic, Ovary,
Oral, Prostate, Blood,
Colorectal,

cervical, Ovary, | apoptosis, disruption of redox
colorectal homeostasis, inhibition of angiogenesis,
modulation in stress, and autophagy,
influence on the Wnt/B-catenin and
inhibition of PI-3K/Akt signalling
pathways.
Epigallocatechin®’-® | Breast, Lung, | induction of apoptosis, inhibiting NF-xB

activation and downregulate the key genes
associated with
metastasis and

angiogenesis, tumour

survival.

Resveratro|>?-60

Breast, Colon, Liver,

Lung, Prostate, Blood

induction cell cycle arrest, increased cell
apoptosis, inhibition of COX-2 and

STAT3 signalling pathway

Table 1: Summary of phytochemicals used in cancer treatment.
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Figure 2: Phytochemicals alterate the key signalling pathways of cancer from initiation

to progression.
Conclusion and Future perspective:

The high biodegradability and biocompatibility of phytocompounds have open the new
avenues in cancer therapy. The phytochemicals can be categorized as signalling molecules and
imposition of serving as phyto-chemotherapeutics is still needed to be investigated. The
phytocompounds could be combined with the conventional therapies to enhance the potency
and prevent tumour recurrence after achieving a successful treatment. The pleotropic properties
of Phyto agents can be considered as pioneering adjuvant line of action that can be in
combination with chemotherapeutics. In conventional approach of research, efficacy of
phytochemicals is evaluated in vitro and then in vivo followed by mechanistic studies. This
screening only suffices the cytotoxic effect on cancer cells. To overcome these limitations, the
approach should be developed to predict the pharmacological activities by using OMICS
analyses. Although there are many known phytochemicals having cytotoxic effects, but the
exact molecular/cellular targets and systematic mechanisms for many of them is questionable.
With the advancement of bioinformatics, the in-silico approaches to study the
pharmacokinetics properties of molecules should be opted. So due to large scale use of
traditional healthcare products and their demand by humans, it is very essential to scrutinize

different formulations for anticancer therapy in vitro as well as in vivo.
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Glossary:

e Neoplasm- an abnormal growth of tissue caused due to rapid cell division. It is also
known as tumour.

e Malignant tumors- cancerous tumor

e Chemotherapeutics- drugs for treatment of cancer.

e Adjuvant- substance which help or aid to increase the potency of the drug.

e Alkaloid- a class of naturally occurring heterocyclic nitrogen bases in plants having
pharmacological effects.

e Flavonoids- a class of complex polyphenolic compounds naturally present in plants.

e Terpenoids- also known as isoprenoids.

e Tannins- water soluble polyphenol naturally present in plants.

e Apoptosis- It’s a programmed cell death.

e Metastasis- It’s a process through which cancer cells spreads to other body parts.

e Adenoma- structurally unorganized neoplasm consisting of fibrous, glandular and fat
tissues.

e Carcinoma- most common type of malignancy starts at inner or outer epithelium of

the organs.
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Abstract:

A crystal lattice of a solid consists of periodic arrangement of atoms. The atoms in the lattice
vibrate about their allotted positions at normal temperatures. These atomic vibrations generate
sound waves in the crystal lattice. According to the quantum theory, analogous to Photons-
light particles, the particle avatar of these sound waves are called as Phonons. In reality, the
vibrations of atoms in a crystal lattice deviate from their harmonic rhythm as a function of
temperature. This anharmonic behavior affects the atoms ability to help flow heat seamlessly
throughout the solid with varying temperature. This in turn is responsible to the fact whether
and how much the solid should expand with increase in temperature. Present paper intends to
understand the crystalline solids which shrink when heated instead of usual expansion. The
cause of this so called ‘Negative Thermal Expansion’ can be explained by anharmonic behavior
of the phonons. We present a few of the various approaches adopted in literature to study the

contribution of anharmonicity in thermal expansion.

Keywords
Anharmonicity, Negative Thermal expansion, Griineisen parameter, Phonon, Specific heat,

Lattice dynamics

'Z!gé'NTERWOVEN Copyright © 2022, Navrachana University WWW.Nuv.ac.in



Vol. 5, Issue 1, March 2022 Interwoven: An Interdisciplinary Journal of Navrachana University 54

Introduction

The vibrations of atoms in a solid are interpreted as elastic waves or acoustic waves propagating
through the solid. These vibrations rely on crystal symmetry, number of atoms per unit cell,
chemical bonding and presence of crystal defects in a solid. The displacement of atoms in this
oscillatory behavior will be greater at high temperatures. Forces holding these atoms in their
equilibrium positions are proportional to their relative displacements mimicking their network

with neighboring atoms by springs.
Phonons and Specific Heat:

When the temperature is raised above absolute zero there is a rapid increase in the specific heat
from zero which eventually becomes constant (C=3NK; K= Boltzmann constant). Dulong and
Petit stated that this value at high temperature is about 6 cal mole? degree™. According to
Dulong and Petit law, a solid has 3R molar heat capacity at constant volume developed with
the help of the equipartition theorem of Boltzmann. This model failed to explain the drop of
specific heat value for solids at low temperatures and was overcome by involving quantum
aspect introduced by Einstein.Einstein assumed that all the atoms in a solid vibrate at same
frequency. The frequency of the atom can be effected by restoring force and mass of the atom.
Einstein model replaced the classical law of equipartition with the mean energy of Planck’s
oscillator. The specific heat at constant volume for Einstein model where all the atoms of a

crystal were assumed to be N harmonic oscillators having same frequency (v) is given by,

(1

C, = 3NKB( o )2 [ - (hv/KBT)

KT exp (hV/KBT) _ 1]2

At high temperatures, T > hV/KB, above expression reduces to the Dulong-Petit value of the

specific heat . On the other hand, at low temperatures i.e.T < hV/KB , Cytends to zero for T

approaching to zero Kelvin and it increases with increasing temperature as required by third
law of thermodynamics. This model was improved by Debye by assuming solid to be a
continuous medium rather to be a discrete one and accounting for the range of frequencies in a
solid instead of assuming same frequency of oscillation for all the atoms, as claimed by
Einstein?3. Debye Specific heat is given by
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3 e x*etdx 2)

hv
C,=3NKzg| = | ———=— |;xp, =""P
A P e

T
= 71) ; Tp is Debye temperature

The above expression reduces to Dulong-Petit law at high temperatures whereas for low
temperatures, Debye specific heat decreases as T3. Figurel shows the typical variation of C,as
a function of temperature for Debye model and Einstein models where all the harmonic
oscillators vibrate at the same frequency.

To examine the Debye model, one can have a resemblance with a particle in a cubic box.
Equation (2) suggests that T, decides the complexity in the integration of above expression.
The smallest dimension in a solid (i.e. a unit cell) decides the minimum wavelength of the
atoms performing lattice vibration and thereby setting up a limit for maximum thermal
vibrational energy for the atoms in a solid which in turn model into an independent normal
mode vibration®. The internal energy possessed by the atoms in such a condition is expressed
as

Uthermar = 3nNyKgT = 3nRT 3)

Where n, Ny Kp, T, andR are the mole number, Avagadro number, absolute temperature and
Universal gas constant respectively. The T}, defined in equation (2) describes the temperature

at which ordered lattice vibration turns into an independent lattice vibration.
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Figure 1: Comparison of Debye and Einstein Specific Heat Curve®
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Figure 2: Debye Specific heat curve for metals?
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In case of metals, the total contribution of specific heat involves specific heat of free electrons

in addition to that of phonons and it is given by,

Cy= AT(CV(free electronS)) + BT3(CV(ph0n0"5)) )

CJ/T verses T2 graph (Figure2) shows that the linear plot which allows to determine Debye
frequency by calculating the slope value (B) and intercept (A) determines the contribution to
the specific heat by the electrons across Fermi level in a metal which is known as electronic

specific heat coefficient?.
Phonons and Heat Conduction:

In this section, we describe the heat conduction due to phonons in insulators. Thermal
conduction in insulators occurs as a result of exchange of energy and momentum termed as
phonon-phonon collisions. The thermal conductivity of a material is dependent on the specific
heat per unit volume (Cy), phonon velocity(v) and phonon mean free path(l).When the atoms
of a solid material experience purely harmonic forces then the phonon-phonon collision do not
occur. This means that there will not be any scattering between the phonons even for a finite
temperature. As a result, there is no occurrence of thermal resistance (i.e. infinite thermal
conductivity) in the case of solids with harmonic approximation. By contrast, phonons get
scattered with one another when the atoms in a solid experience anharmonic forces. The
distribution of phonons gets disturbed for an anharmonic solid when there is a temperature
gradient. Consequently, phonon-phonon interactions or scattering take place in the system in
order to acquire their equilibrium distribution back. The rate at which the equilibrium
distribution is regained decides the thermal resistance of the material. This rate of attaining
equilibrium distribution is dependent on the phonon-phonon scattering. At low temperatures,
only low energy phonons get excited. Such phonons corresponding to longer wavelengths
experience scattering across the boundary of the material. In this case, C, varies asT3as
discussed in the above section and [ is nearly constant. Moreover, the velocity of phonon is not

sensitive with varying temperature. Consequently, the thermal conductivity varies as T3at low
temperatures but once the temperature is reached to %D the thermal conductivity varies as 1/T

since at high temperatures, Cy is nearly constant and [ decreases with the magnitude of 1/T.At

high temperatures, phonon-phonon collisions dominate due to the anharmonicity established
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in the solid material. Hence, “anharmonicity” of the lattice vibrations plays the vital role to the
thermal resistance of a system?. In case of metals, free electrons are available in abundance

which efficiently conducts heat transfer resulting into high thermal conductivity into metals.

Umklapp process helps to understand the mechanism of thermal resistivity conducted by
phonons. The Umkalpp process commonly known as flipping over says that in the phonon-
phonon collision the total momentum of the system is changed after the collision. When two
different phonons with momentum hq, and hq, collide, the total momentum of the system is
given as hg;with a difference of the material’s lattice parameter vector (G). This phenomenon

can mathematically express as follows:
ki+ki- ks +G (5)

In case of normal scattering (N-process), total momentum is conserved. The vector G= 0 in this
situation and there is no prominent variation in the direction of energy. Hence, such a normal
process cannot contribute towards thermal resistance. By contrast, in Umklapp process (U-
process), one can notice peculiar variation in the energy direction (in the direction of k-vector)
resulting in thermal resistance of the system (Figure3). As shown, resultant phonon vector(k;
vector)for N-process lies within 1% Brillouin zone of 1D k-space and this moves outside of
18Brillouin zone (k3) for U-process. The G vector describes the distance between two lattice

phonons and G= 2n/a for 1D k-space?.

N-Process U-Process

Figure 3: Umklapp process in a solid®
Retrieved from https://commons.wikimedia.org/wiki/File:Phonon_nu_process.png

This image was marked with licensed under CC BY-SA 3.0
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Lattice Vibrations:

For a 1D lattice infinitely extended in the X-direction of identical atoms having mass m and

interatomic separation a, the equation of motion of the n' atom can be represented as:

— OO0 00O OO0 —/—
{H“}xpTﬁ

Figure 4: Monoatomic lattice vibrations in a 1D infinite solid?

d’x,
m dt2 - _f(xn - xn+1) - f(xn - xn—l) (6)

Where, x,,, x,,4+,and x,,_,are the displacements of the n™" atom and its nearest neighbor atoms
at (n-1)" and (n+1)" positions. ‘f> is the force constant of the interacting (n-1)"and (n+1)™"

atoms. The solution to the above equation takes the form of running wave as follows:

x,(t) = AeJ(@t=qna) (7
Xpi1(t) = Ae7JIwt-a(m+al (8)
Xp_1(t) = Ae~/I@t=a(n-1a] €©))

Where ® and q describe the frequency and the wave vector of the elastic wave. Putting the
above obtained solutions into the equation of motion, one can determine the frequency of the

elastic waves called as dispersion relation given by,

Af . (qa
®= |——sin (—) (10)
The atoms of an elastic wave are considered in accordance to the quantum laws. The quantized
excitations in such an elastic wave due to the virtue of thermal vibrations are called Phonons.

The energy of the atoms of the elastic wave is taken as discrete since atoms are quantum

particles and its smallest unit is termed as “Phonon”. The medium can be approximated as a
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continuum in the limit of long wavelength phonons (A>>a) reducing the dispersion relation to

w = \/% (qz—a) (since qa<<l). The relation between frequency (®) verses wave vector (q)

(Equation 10) states that  has a periodicity of qg=2n/a. The unique values of ® are limited to
a range of q within 2n/a. The range of q lying between -n/a to +n/a is called the first Brillouin

zone?.

w(k)

LY
Cd

'T[/a 0 k> T[/a

Figure 5: Dispersion Curve of a Monoatomic Lattice’
Retrieved from https://search.creativecommons.org/photos/7cfa6¢60-blad-415c-bf5f-
8bfaf43de579. This image was marked with a CC BY-SA 3.0 license.

In general, for an infinite lattice chain of two different types of atoms is considered then the

dispersion relations are classified into ranges and can be expressed as follows:

2n-1 2n 2neld

<009 OO0 OO0 O —
i } Ny — H
S xznf; Xan Xans1

Figure 6: Diatomic lattice vibrations in a 1D infinite solid?
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. 1

1 1 1 1, A4sin? 2
ov = 1 (G )+ 1G5 =1 =
B 1 1 1 1, 4sin’qa 1, 2 12
w——[f(w;)—f[(wm " Mm l 4

Where M and m are the masses of two different types of atoms with force constant f and wave
vector g. The dispersion curves for w, and w_(as shown in Figure7)states that w, includes
high frequency range of phonon modes categorized as Optical phonons while w_ includes low

frequency range of phonon modes termed as Acoustic phonons?.

Optical
_wj\
w(k)
Acoustical
branch
-n/a 0 — m/a

Figure 7: Dispersion Curve of a Diatomic Lattice®
Retrieved from https://search.creativecommons.org/photos/e241e9a9-aa09-490f-adab-
cdbe6829cf3e
This image was marked with a CC BY-SA 4.0 license.

The oscillation of atoms about their equilibrium positions becomes more intensive at high
temperatures. This can influence several properties in a solid such as specific heat, thermal

conductivity and thermal expansion as discussed below.
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Phonons and Thermal Expansion:

A solid undergoes a thermal expansion upon heating which is a direct consequence of
anharmonicity of lattice vibrations. For a solid having perfectly harmonic vibrations, the mean
position of the oscillator does not get shifted with increasing temperature. But the atomic
oscillators in general, have an asymmetric anharmonic potential. In such cases, atoms possess
higher energy and consequently greater amplitude of vibration at higher temperatures. The
mean position of the atom then shifts towards the right at higher temperatures in order to obtain
the symmetric amplitude of vibration. Due to this shifting of the equilibrium position of each
atom in the lattice, the mean interatomic separation increases as shown in the Figure No.8. This

causes increase in the dimension of the material with a positive coefficient of thermal expansion

().

emm%j TR @
| |
G B O 7 § @
i} | )
GO 000D @n
4 >
. __.-"/
Harmonic Anharmenic
internuclear seperation (r) —> internuclear seperation (r) —>

Figure 8: Spring Model for Vibrations of a Solid (Blue: compressed spring, Red:
Stretched spring

Researchers have been studying the phonons behavior as a function of temperature over the
decades. It is observed that not every material undergoes expansion upon heating but some
materials contract when heated. Such materials have been named as Negative Thermal
Expansion(NTE) materials. Anharmonicity in phonon mode frequencies plays a vital role for
such an unusual thermal behavior in this class of materials. The phonon mode frequency
variation with respect to temperature at constant pressure is a combined contribution of two
effects: 1. True anharmonicity (also called as explicit anharmonicity) which occurs due to the

change in vibration amplitudes at fixed equilibrium positions. 2. Quasi-anharmonicity (also
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called as implicit anharmonicity) resulting from volume change with respect to pressure at

constant temperature. The total anharmonicity in a solid can be represented mathematically as

—Yja (13)
v

v and a (measured in K?) in the quasi-term is the Griineisen parameter and coefficient of

thermal expansion respectively and can be computed as follows
Yj = —0dlnw;/dInV (14)
a=V~"1(V/aT) (15)

The first term in Equation 13, on right hand side is the true anharmonicity and second term is
the quasi-anharmonicity. The contribution of these two terms is responsible for the total
anharmonicity of the phonon modes expressed on left hand side in the above equation. For a
typical positive thermal expansion material (PTE), vibration frequency red shifts with increase
in temperature making the left side of the above equation negative. Normally, the first term on
the right hand side is also negative and with positive values of y and a, even the second term

on the right side of the equation is negative.

For NTE materials, change in the sign of y;j in the equation13 may result in the overall sign
change of total anharmonicity® *°. The average Griineisen parameter (y,,;;) at constant volume

1s related to o as follows

_ YavCly

= 1
3V,,B (16)

Where V,, is the molar volume, Bis the Bulk Modulus and Cyis the specific molar heat at

constant volume given by,

1
G =5 ) P (17)

Where N is the number of formula units per unit cell,p; is the number of phonons having

frequency w;andc; is the single mode specific heat.

One can calculate average Griineisen parameter (y,4y) by the following expression
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Yav = (%z piC; Vi) /Cvy (18)

It can be noticed from above equations that for the material with negativey,,, a has to be

negative confirming it as NTE material°.
Major Advancements:

Present article attempts to present various methods often found in literature that can be

helpful in understanding the phonon behavior in NTE materials.

1. Experimental Methods:

Experimentally temperature dependent inelastic neutron scattering experiments and
temperature and/or pressure dependent Raman measurements on NTE materials have
proven to be very fundamental to assess role of phonons in negative thermal expansion
property in these materials.

In-elastic Neutron scattering technique involves exchange of both energy and momentum
of thermal neutrons with moving nuclei, hence giving information about atomic vibrations.
This scattered cross-section corresponding to the characteristic of the system provides the
information about the phonons of the sample. It gives an idea whether the scattering is due
to a one phonon process or multi-phonon process. Moreover, for the case of incoherent
approximation this method can give neutral weighted density of states of the powdered
sample scattering once the weighting of the total scattering crossection of the constituent
atoms is determined!.From the Inelastic neutron scattering data, one can extract phonon
dispersion relation and phonon density of states. This can further be used to determine
quantitative thermodynamical response and phase information inmaterials?2.

The phonon behavior of the very popular NTE material, zirconium tungstate (ZrW>0Os) has
been extensively studied based on this method and below we overview these
studiesZrW,0Ogshows isotropic NTE over a wide temperature range from 0.3K to 1050K.
The structure contains 3-dimensional network of ZrOs and WOQOspolyhedra with one non-
bridging Oxygen atom present on each WO;4 tetrahedron which undergoes a transverse

vibration exhibiting rigid unit mode®3.
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Figure 9: The crystal structure of Zrw:0g®3: (color online). Red: oxygen, Blue:

tungsten, Green: zirconium

Inelastic neutron scattering measurements:

Neutron scattering studies by Ernst et al.'*had traced two groups of phonons: low
energy phonons (at 30meV) and high energy phonons (at 110meV). Since there are 4
formula units of ZrW>0g per unit cell, there are total 44 x 3 = 132 vibrational modes,
out of which 3are the acoustic modes and 129 are the optical modes. These modes were
determined and subjected to investigation of their contribution to NTE. y; for low
energy phonons were obtained from equation (16) and (17) with negative magnitude as
a function of temperature. Moreover, large negative y; indicating the frequency red shift
as a function of pressure were analyzed for low phonon energies. Inelastic neutron
scattering data showed linear decrease in lattice parameter ‘a’ with increase in
temperature, whereas inverse dependence of Griineisen parameter y with temperature
except some deviation at low temperatures!*. Considering these aspects, a model was
proposed as shown in the inset of FigurelO, wherein the low energy phonons lying
between Eo(1.5meV) and Ei1(8.5meV) were assumed to be responsible for the
temperature dependence of theyvalues. Phonons having energies between Eo and E;,
were assumed to have fixed y= -14. This model was supported satisfactorily with the

help of the density of states g(w) values. Further g(w) verses ho plot was analyzed for
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these set of phonon modes at 50K and 300K. This Low energy spectrum shows
hardening for 3.8meV mode with increasing temperature contradicting the assumption
that frequency depends only on volume and not on temperature. It is known that the
difference in energy increases for every adjacent eigen states with the increasing eigen
state index in the case of quartic anharmonic harmonic oscillator. This in turn results
into increment of the average eigen states spacing'®.In ZrW.QOs, the structural
orientation of unshared vertex of tetrahedron and large experimental values of C,can
lead to the similar variation in the energy of the lattice. Hence it was interpreted that
hardening of 3.8meV is the result of dominancy of the quartic potential of the

oscillator'4.

0.8}

e T 2 ’;’

—300K
—50K

04

Yo

0.0 Energy dependence of y; in ZrW,04

Phonon density of states (meV-! per unit cell)

Energy (meV)

Figure 10: Variation of density of states with low-energy at temperatures 50K,
and 300K,

Re-drawn from “Ernst, G., Broholm, C., Kowach, G. R., & Ramirez, A. P. (1998).
Phonon density of states and negative thermal expansion in ZrW 2 O 8. Nature,
396(6707), 147-149.”

Specific heat measurements:

Phonon spectrum and specific heat at low temperature depends upon the atomic masses

and bonding forces especially on bonding with neighboring atoms, coordination
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number and symmetry of adjacent atoms. The change in the coordination number can
result into the structural change of a system. Hence, C(T)/T® vs InT plot can
satisfactorily explain the contributions of Cy(T) for the various different modes in a
system®. This plot also overlaps approximately with the one dimensional phonon
density of states with energy (Ref15) For ZrW-0s, C(T)/T3 vs InT plot was interpreted
for spectral weight of low energy phonons using fitting protocols of Einstein and Debye
and it was stated that these phonons can be associated to structural transition and
liberation of atoms. The former protocol assumes the individual contribution of
summation of Einstein phonons while the latter protocol assumes higher Debye
temperatures to fit for C,.After trials of various combinations, it was found that the
protocols lead to the ~6.5% fraction of the total degrees of freedom spectral weight for
the phonon modes residing at 5meV in ZrW»Og giving out the signatures of order-
disorder transition®.This kind of transition was further understood with an analogy of

‘guitar string’ as given below.

In ZrW,QOg, the underconstrained or unshared vertex (non-shared O atom in WOg) leads
to the order-disorder transition. By contrast, ZrOs has completely shared oxygen
performing a transverse vibrational motion. In addition, the negative sign of y; of low
energy phonons were also indicating this transverse behavior in analogy to the ‘guitar
string” wherein a heavy mass suspended between the strings tends to pull in the string
support resulting in the shrinkage of the overall structure. So, the transverse vibration
of rigid unit modes (RUMSs) of low energy phonons plays the key role in ZrW;0Os for
showing up the unusual NTE property. Low energy phonons show large softening in
case of HfW,0g and ZrMo20s consisting of isotropic NTE up to 1050K and 600K
respectively. Evidences proved that the guitar string analogy holds true in these two

compounds like ZrW,Qg*> 16:17. 18,
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Figure 11: C(T)/T2 vs InT plot of ZrW:0s as per the Einstein and Debye

protocols®®.

“Reused (figure 3 and 4) with permission from [Ramirez, A. P., & Kowach, G. R.
(1998). Atomwork http://crystdb.nims.go.jp/. 4903-4906.] Copyright (1998) by the

American Physical Society.”

Thermal properties of Metal cyanides are of keen interest to the scientists. Zn(CN):

consists of a pairing of strong C=N bonds to weak Zn-C/N bonds enabling transverse

vibration of Zn-CN-Zn linkages which is the key factor for NTE behavior in this

material. It has cubic structure available in two different models namely ordered model
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with space group P43m and disordered model with Pn3m space group. The former one
is having ZnC4 and ZnNgtetrahedra around the alternate cations along with CN ions
arranged in an orderly fashion residing along the body diagonal of the unit cell. By
contrast, the distribution of C and N atoms is oriented randomly in order to meet the
site probabilities to be in equal amount. By contrast, disordered model offers equal sites

occupancy with the help of randomly distributed C and N atoms?.

Figure 12: The crystal structure of Zn(CN)2 %

High pressure neutron scattering technique reported that the low energy (less than 15meV)
phonons cause NTE in Zn(CN) by plotting the energy variation of these modes with ratio
of calculated yi/B; B is Bulk modulus, at an ambient pressure for 165K and 225K
temperatures. The yi/B ratio obtained from ab-initio calculations were analyzed to observe
the anharmonicity of phonons. Using the high pressure neutron scattering data yi/B ratio
and energy of the low phonon modes, a was determined and it was confirmed that this set
low energy of phonons corresponds to NTE. Moreover, temperature and pressure
dependency of Zn(CN). over atomic displacement parameters indicated the softening of
the modes along Zn-CN-Zn transverse linkages which is the key compression mechanism

for this material?>22,

Raman Spectroscopy is a powerful technique when performed on the sample under
temperature or pressure constraints as it allows to probe into true and quasi-anharmonic
contributions of phonons (in equation13 of total anharmonicity). Further, the contribution
of anharmonicity of three phonon process and four phonon process can be determined with
true anharmonicity calculations as per Equation No-19 which describes the variation/shift

in the frequency of the phonon due to its phonon-phonon anharmonic
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contribution (ij (T )anh).This equation shows that each phonon frequency (®) can be
characterized into two (w,,, =1, 2) or three (w,,, =1,2,3) phonons resulting into three (cubic)
and four(quartic) phonon processes. Coefficients A and B describe the strength of three and
four phonon processes respectively?>24, The frequency variation of phonon modes in a
material against temperature and pressure determines the magnitude of o and y respectively.
One can obtain information of a with the help of phonon frequency variation with respect
to temperature (refer equation no 15). On the other hand, phonon frequency variation as a
function of pressure helps to obtain y information (refer equation no 14). The calculation
of Bulk modulus requires knowledge of y, which can be deduced from high pressure Raman
studies. The study of phonon anharmonicity of certain materials namelyZrW:Os,
AgzCo(CN)s, SnSe, 2H-WS; have been discussed below. It has been noticed that major
contribution in total anharmonicity is brought by true anharmonicity in the above listed

materials.

2
Aw; (T gnn = Al 1+2 1+ B[1
=1e€e

hw /KBT _ 1

3
+ Z T )] (19)

hwn
=il e /KBT -1 (ehwn/KBT _ 1) /

Zirconium tungstate has been reported to have an order-disorder phase transition from
P2:3(o-phase) to Pa3 (B- phase) with respect to temperature (at 428K). This phase
transition can be the result of anharmonicity in the phonon modes. High pressure Raman
spectroscopic study of zirconium tungstate (crystal structure discussed above) was
performed from 20K -400K for a-phase. Low frequency modes related to tungsten ion and
WOutetrahedra and high frequency modes related to only WOatetrahedra were traced. In
order to examine their behavior closely, phonon frequencies’ variation with respect to
temperature was analyzed. The slope of each mode reflects the anharmonicity in these
modes. The disappearance of certain modes below 400K confirmed the phase transition in
the material. Previous reports indicated negative Griineisen parameters (yi) for phonons

with energies less than 50meV.Temperature dependent specific heat shows that phonons
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much larger than 10meV contributes for NTE apart from low energy phonons (less than
10meV) reported earlier'**>16, Analysis of phonon frequencies variation as a function of
temperature and the linewidths were studied to distinguish between true and quasi-
anharmonicity. In the literature, Aw;(T)qn, and FWHM (T') are related® as follows:

. 1 . . — .
5—>ohm —mz&]; w 1 i6) = Awj(T)gnn + i (20)

Where 8,k and j describe the phonon phase, wave vector and j* indexphonon

branchrespectively.

Previous reports have given the formalism for cubic and quartic anharmonicities describing
three- and four- phonon processes with respect to the FWHM (I') as a function of
temperature. The cubic and quartic linewidths contributions can be deduced from the
equations (21) and (22). A and B define the coefficients of cubic and quartic
anharmonicities respectively?® 24, For Zirconium tungstate, the quantity called intrinsic
linewidth (A+B), bending modes showed large magnitude indicating strong anharmonicity.
This corroborated the temperature dependence specific heat results giving out negative vi
for low frequency modes. Calculated values for true and quasi-anharmonicity using these
vi confirms true anharmonicity has a larger magnitude corresponding to many lattice modes
and some bending modes of tungsten ion in comparison to stretching modes of tungsten
ion. Thus, the true anharmonicity of the phonons dominates in the NTE behavior of this

materiall®

-1
hw 1
. =A|ex 0 -1 += 21
¢ { p(szT] } 2 (21)
4 2
ho 1 1
I =B|{|ex L O O O 22
? { p[3kBTJ } "2 "1 (22)
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Total Quasi- True
Mode Anharmonic | anharmonic ayj | Anharmonic (10°
Frequency(cm?) | (10° K1) (10° K1) K1)
41 12(5) 15(3) 27(8)
64 -35(1) -3(2) -38(3)
84 -29(6) 7.4(2) -22(6)
144 2.5(9) 3.5(2) 6(1)
236 3(1) -2(1) 1(2)
308 2.9(7) 1.7(9) 5(2)
333 2.1(3) 0.4(5) 2.4(8)
381 0.6(2) 0.7(8) 1(1)
735 -0.3(1) -0.2(6) -0.5(7)
746 -0.8(3) -1(2) -2(1)
773 -2.3(2) -0.1(3) -2.4(5)
789 -2.5(1) -1.0(3) -3.5(4)
861 -1.0(2) -0.8(7) -1.8(4)
886 -1.2(2) 0.0(3) -0.6(2)
903 -1.68(7) -0.1(3) -3.2(6)
932 -0.62(4) -1.4(4) -0.6(2)
967 -1.8(2) -0.8(2) -3.2(6)
1018 -1.13) -0.8(2) -1.9(5)
1030 -1.3(1) -0.8(2) -2.0(3)

Table 1: Anharmonicity offered by various phonon modes of ZrW-Qg'°.

“Reused (figure 3) with permission from [Ravindran, T. R., Arora, A. K., & Mary, T.
A. (2003). Anharmonicity and negative thermalexpansion in zirconium tungstate.
Physical Review B - Condensed Matter and Materials Physics, 67(6), 1-4.] Copyright
(2003) by the American Physical Society.”

Tablel describes the total anharmonicities of the phonon modes of zirconium tungstate
offered by their quasi-anharmonic and true anharmonic components as explained in

equation11°. One can observe that the most of the low frequency modes shows positive
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total anharmonicities. It was known that out of 41, 64, 84, 144 and 308cm™, only 64 cm
'mode was the only one with positive y but all of these low phonon modes were having
large magnitudes of total anharmonicity. Considering the case of 64cm™ mode, having y to
be positive turns the quasi-anharmonic contribution to be negative value as the
corresponding thermal coefficient for this material is negative only for all the modes.
Further, the calculated true anharmonicity contribution was found to be negative which
when combined with the calculated quasi-anharmonic component turns total anharmonicity
to be negative. In a similar manner, one can understand the effect of anharmonicity offered

by rest of the phonon modes.
Raman Spectroscopy and X-ray Diffraction Measurements:

AgsCo(CN)s exhibits 14 times larger NTE than ZrW;Os. This colossal NTE material
consists of alternating layers of Ag atoms sitting over a Kagome lattice and Co(CN)g lies

above and below of it forming Co-CN-Ag-NC-Co linkages?.

W
/ . < »
« &P

. - Wi

Figure 13: The crystal structure of AgzCo(CN)e?’

High pressure Raman studies of AgsCo(CN)s studies was performed to understand the
anharmonic behavior of phonons in this material. Soft phonons were traced by pressure
dependence of phonon modes and they possessed negative yi. Moreover, quasi-anharmonic

contribution of these modes was obtained from frequency variation as a function of
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temperature. Consequently, stretching modes related to cobalt and CN were proven to be

highly anharmonic out of all other traced modes in the trigonal phase of AgsCo(CN)e?%%,

SnSe crystallizes in orthorhombic layered structure ( Pnma space group) at low
temperatures.Each layer contains zigzag planes of Sn-Se which is extended into two
directions. The network generated from covalent bonds forms the double layer in the
material. The Sn atoms orient at the off-center of the rectangle formed by Se atoms. With
increasing temperature, Sn atoms drift towards the center of the Se rectangle and eventually

at high temperature the crystal undergoes phase transition into Cmcm phase?.

(a) (b)

Figure 14: The crystal structure of (a) SnSe?®and (b) 2H-WS2*

The presence of strong anharmonicity also results in ultralow thermal conductivity
observed in single crystalline SnSe. Temperature dependent Raman studies (77K to 800K)
exhibited softening of optical phonons (between ~70and150cm™) six times more along b-
¢ plane in comparison to an axis. The magnitudes of cubic and quartic anharmonicity were
calculated and FWHM and peak frequencies of these phonon modes were plotted as a
function of temperature which proved that the cubic term of the true anharmonicity is
responsible for the phonon decay in this material?®. Another similar approach was adapted
in the study of phonon behavior of Tungsten Disulfide consisting of multiple layer of S-W-
S. Each S-W-S layer contains W atom enclosed in a 2D hexagonal lattices formed by six S
atoms around it>3°, Temperature Dependent Raman Study was performed on Tungsten
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Disulfide (2H-WS;) over a temperature range of 3.6K to 850K. Frequency dependence and

FWHM as a function of temperature shows nonlinear red shifts of all the phonons and

broadening of linewidths respectively which is a consequence of phonon-phonon

interaction (true anharmonicity). Softening of low optical phonons was traced over whole

temperature range. At lower temperatures, Softening was found to be dominated by three

phonon process while at high temperatures; four phonon processes played the active role

in phonon decay in 2H-WS. This was in agreement of the results of Density of phonon

states®.
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Figure 15:Thermal response ofA}, B34, A3 and A3phonon modes of SnSe

(a)Raman spectra of the above mentioned phonon modes in the Left panel and

their zoomed view in the right panel (b)Frequency variation and FWHM?,

“Reused (figure 2 and 3) with permission from [Liu, F., Parajuli, P., Rao, R., Wei, P.
C., Karunarathne, A., Bhattacharya, S., Podila, R., He, J., Maruyama, B.,
Priyadarshan, G., Gladden, J. R., Chen, Y. Y., & Rao, A. M. (2018). Phonon
anharmonicity in single-crystalline SnSe. Physical Review B, 98(22).] Copyright
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Figure 16: Thermal response ongg, E%g and Aj phonon modes of 2H-WS;

(a)Raman spectra (b)Frequency variation and (C)FWHM?*,

“Reused (adapted) with permission from {Peng, Y. K., Cao, Z. Y., Chen, L. C., Dai,
N., Sun, Y., & Chen, X. J. (2019). Phonon Anharmonicity of Tungsten Disulfide.
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Journal of Physical Chemistry C, 123(41), 25509-25514.}Copyright
{2019} American Physical Society.”

2. Analytical Method:
As discussed in the second method, phonon mode frequencies can be interpreted as a
function of temperature and pressure. A graphical approach called Zallen and Conwell

method is an alternative way to analyze the anharmonicity of phonon modes. The plot of

Ow; dw; . . .. .
w’/ap vs w]/dT for several modes gives out the visualization of anharmonicity. Thus,

one can obtain the phonon modes which are strongly anharmonic for a material by plotting
their quasi-anharmonic and total temperature dependent components. As described by

Zallen and Conwell, an implicit factor (1, dimensionless parameter) can be defined as

1= 5@ (5) @

Where f = —V‘l(aV/aP) defines the isothermic compressibility. For the case where

follows

quasi-anharmonic dominates, the temperature and pressure effects resemble each other and

-1
‘;—‘: (Z—‘;’) equals to the(g). Hence, in such a case n =1. On the other hand, n =0 describes

that the modes have purely true anharmonic contribution. If both (true and quasi
contributions) are comparable and possesses same sign then the implicit fraction has a
magnitude of 0.5. In a similar manner, one can draw various constant lines of 1 to realize
the specific contributions of anharmonicity 32,

Figure shows the Zallen and Conwell plot for Zirconium Tungstate. The constant lines of
various n for the traced modes of zirconium tungstate were examined. For PTE materials
modes lies in the fourth quadrant which was found to be shifted in the second quadrant in
this material. For most of the modes (41 cm™,144 cm™,308 cm™,381 cm™,333 cm™) the
upwards shift is observed with temperature and for the modes (84 cm™ and 64cm™)
downward shift is observed with pressure indicating NTE behavior in this material. The
latter modes were stated to be dominated by true anharmonicity whereas the former one
has quasi-anharmonic contribution. The 64cm™ mode and 84cm™modes (typically) have
been marked for exhibiting largest total anharmonicity in this material°.
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Figure 17: Zallen and Conwell plot ZrW:Os describing Anharmonic
contributions of the phonon modes of Zrw-0s'°.

“Reused (figure 3) with permission from [Ravindran, T. R., Arora, A. K., & Mary, T.
A. (2003). Anharmonicity and negative thermalexpansion in zirconium tungstate.
Physical Review B - Condensed Matter and Materials Physics, 67(6), 1-4.] Copyright
(2003) by the American Physical Society.”

Theoretical Method:

Density Functional theory based ab-initio calculations help to encounter quantities such as
band structure, force, pressure etc. Phonons have energy scale ranging from 1-500meV.
From Density Functional (DFT) calculations, phonon frequencies and also the phonon
dispersion inside the Brillouin zone characteristic of a crystalline solid can be obtained.
One can further investigate quasi-anharmonic contribution offered by the lattice dynamics
in a material'**2, Now, we present some insights into contribution of phonon modes of the
two materials (B-eucryptite and ReO3) with RUMs as a root cause for NTE interpreted by
DFT calculations. A variety of materials with source of NTE other than RUMs such as
Ag3Co(CN)s, ScFz, CuX (X= halides) etc have been extensively studied using DFT

calculations.

B-eucryptite (LiAISIO4) consists of double helices of SiO4 and AlOastetrahedraproviding
alternating layers of Al and Si perpendicular to c-axis. Primary channel consists of Lil

atoms while Li2 and Li3 atoms comprise of secondary channel type oriented along different
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axes in the unit cell. Li sitting in 1D parallel to c-axis. Single unit cell has six tetrahedra
available i.e. three secondary and one primary channel. But only three available sites are
occupied in an alternating fashion at room temperature. This material shows strong

anisotropic NTE between the temperature range of 300-1400K™? 33,

Figure 18: The crystal structure of p-eucryptite3.

“Reused from [Singh, B., Gupta, M. K., Mittal, R., Zbiri, M., Rols, S., Patwe, S. J.,
Achary, S. N., Schober, H., Tyagi, A. K., & Chaplot, S. L. (2017). Role of phonons in
negative thermal expansion and high pressure phase transitions in -eucryptite: An
ab-initio lattice dynamics and inelastic neutron scattering study. Journal of Applied
Physics, 121(8).], with the permission of AIP publishing.”

Single crystal X-ray diffraction (SCXRD) and Raman studies have shown pressure induced
transition for this material at 0.8 GPa and 300 K. High pressure XRD studies have stated that
it involves phase transition from hexagonal to orthorhombic phase between 0.83 GPa and 1.12
GPa, while with higher pressure ~4.5 GPa it becomes amorphous. Experimental inelastic
neutron scattering spectra was analyzed with the help of ab-initio DFT in order to understand
lattice dynamics, as shown in figurel9. It can be noticed that phonon modes can be
distinguished in two distinct regimes extended up to 100meV and 110-150meV respectively.
The first regime involves vibrations of all the atoms of the unit cell while another high-energy
spectrum part involves internal vibrations of the SiO4 and AlO4 tetrahedra. The understanding
of vibrations of individual atoms in the neutron inelastic spectrum (Figurel9) was given by

calculating Partial Density of States (PDOS). The calculated mean square amplitude for all the
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atoms was then analyzed with the variation of energy and temperature, and it was found that

since Li and O are lighter atoms with larger amplitude they can serve in polyhedral motion of
this materialt34,

0.02
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Figure 19: Plot of partial density of states verses energy in f-eucryptite
describing individual atomic contribution by comparing experimental (inelastic

neutron scattering and calculated (ab- inito) data3*.

“Reproduced from [Singh, B., Gupta, M. K., Mittal, R., Zbiri, M., Rols, S., Patwe, S.
J., Achary, S. N., Schober, H., Tyagi, A. K., & Chaplot, S. L. (2017). Role of phonons
in negative thermal expansion and high pressure phase transitions in -eucryptite: An
ab-initio lattice dynamics and inelastic neutron scattering study. Journal of Applied
Physics, 121(8).], with the permission of AIP publishing.”

Anomalous Thermal Expansion in this material required knowledge of Griineisen parameter

- _ % . r_ ’ . . . .
Vi(Eqi) = (6lnl )”,l,l =a,b,c &' # 1 obtained for entire Brillouin zone. For

hexagonal system, y, =y, .Hence, y,and y,variation as a function Eg; (describing g-point
energy of i phonon mode in Brillouin zone) showed large negative I' magnitudes for low
energy phonons(~10meV) while positive magnitudes for high energy phonons (30-70meV).
The observed anisotropy in y and calculated elastic constants suggested anisotropic NTE in the

material. Hence, volume thermal expansion coefficient (a, = (20, +a.)) was then
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calculated using calculated values of linear thermal
coefficienta,anda,. as mentioned in Ref34). a,along a-b plane was found to be negative
for low temperatures and positive for high temperature. The deviation of calculated lattice

parameters from the experimental data at 600K indicated the presence of anharmonicity.

Consequently, this material behaved as NTE(a,, = - 1.7x10° K1) below 300K and PTE at high

temperatures. To find out the specific mode causing NTE in this material, phonon dispersion
at ambient as well as 0.5GPa was constructed. Among all the modes of the Brillouin, y,and
ycturned out as negative resulting into NTE along a and c at low temperatures. On the other
hand, at high temperatures it showed PTE in a-b plane and NTE in c-axis. The polarization
vectors for soft modes were visualized further in order to understand their internal vibrations
along the three Cartesian axes. Large negative values for y, and vy, belonged to two modes.
1. M-point involving sliding motion of SiO4 in a-b plane, AlO4 polyhedral rotation and
movement of Li atoms along b and c axes. 2. A-point: AlOsployhedral rotation about a-axis,
SiOsployhedral rotation about b-axis and Li movement in a-b plane. The calculated eigen
values for these M and A point phonon modes showed softening in the entire Brillouin zone
obtained at 0GPa and 2GPa. This can be the driving point for phase transition in the material.
Hence, itis concluded that AlO4 and SiO4 polyhedral rotation along a and ¢ axes are responsible

for NTE at low temperatures in this material®*

20

15

|
I

Figure 20: The contribution to phonon dispersion spectra offered by High
symmetry directions in Brillouin zone of the unit cell of f-eucryptite at ambient
(solid lines) and 0.5GPa (dashed lines) .
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“Reused from [Singh, B., Gupta, M. K., Mittal, R., Zbiri, M., Rols, S., Patwe, S. J.,
Achary, S. N., Schober, H., Tyagi, A. K., & Chaplot, S. L. (2017). Role of phonons in
negative thermal expansion and high pressure phase transitions in -eucryptite: An
ab-initio lattice dynamics and inelastic neutron scattering study. Journal of Applied
Physics, 121(8).], with the permission of AIP publishing.”

ReOz s a simple perovskite like cubic structure of ReOs (transition metallic oxide) consists of

corner-linked ReOg octahedral units having Re at the centers and Re-O-Re linear linkages'*®.

Figure 21: The crystal structure of ReO3®

The structure of ReOsis comprised of linear linkages of Re-O-Re and corner linked ReOg
octahedra having Re centered in the octahedra®.1t shows phase transition from cubic(l) phase
Pm3m-monoclinic phase C2/C-rhombohedral | phase- rhombohedral Il phase as marked
through Raman and X-ray diffraction studies over high pressures but there was a large disparity
observed between obtained and theoretical phonon frequencies. This variance of the phonon
mode frequencies is observed due to electron phonon coupling and anharmonicity. The
dissimilarity was tackled using DFT over high symmetry points (I', X, M and R) in the Brillouin
zone of ReOs.The phonons along M, R and X points were traced to reveal softening. The M-
point belongs to the rotation of ReOg octahedron along z-axis and is triply degenerating similar
to R2s mode involving rotation of ReOg octahedron along each of the axes. Instability in either
of the above two modes (Ms and Rzs) have a tendency for the phase transition occurrence in
the material. Among all of the soft optical modes, Mz and R2s only showed strong anomaly as

a function of pressure giving out signatures of structural transitions. The transition pressure
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between Pm3m and Im3 phase was obtained as 0.5+ 0.1 GPa based upon calculated
enthalpies of the modes at different pressures. This was the pressure where Ms loses its
stability. Further it was realized that the transverse (TA) and longitudinal (LA) acoustic modes’
coupling to M3z modes take part in the phase transition.Msz phonons achieve instability at
P>3GPa and phase transition was noticed at lower pressure of 0.5GPa. Previous reports”
3Bshows that ©? is related to phase transition pressure by the relation: w? a (P-Pc) where P¢ is a
phase transition pressure and P< P, following the mean field theory. At the transition pressure,
o? corresponding to the soft phonons approaches to a very low value signifying the first order
phase transition. Thus, the ®? vs P plot for M3z mode was thereafter analyzed in order to
understand the behavior of Mz soft phonon mode across phase transition. It was observed that
there is a discontinuity of slope value for w? for M3 phonon mode at 0.5GPa and anon-zero
magnitude of phonon frequency at 0.5GPa. Moreover, the observed Ms phonon mode
frequency for pressure just lower to transition pressure was found to be 64cm™. Such a low

phonon frequency signified that the transition is of weakly first order.®.

Neutron diffraction studies of Chatterji et.al.*®on thermal behavior of ReO3 found that unusual
NTE property is a result of increased anharmonicity in the Mz mode. It has been witnessed that
there is a continuous decrement of lattice parameter with increasing temperature up to 200K.
After crossing this temperature, the material again shows normal thermal expansion (PTE) upto
the measured temperature of 305K. Further, the atomic displacement parameters of Re and O
atoms with change in temperature revealed that vibrations in O atoms are thermally strong.
Lattice dynamical analysis suggested that major contribution for NTE in this material
comprises of low energy phonons (~14meV), typically belonging to M3z mode in the Brillouin

zone®,

Significant gaps in the research

Present article focuses on the types of methodologies helpful for understanding the lattice
dynamics of NTE materials. Several other techniques such as Inelastic X-ray scattering and
Infra-red scattering can also be explored to study the aspect of Anharmonicity in an NTE
material. Various families of NTE materials namely metal cyanides, coordinated
cyanometalletes polymers, nanostructures, family of halides can also be explored for the

detailed investigation in this direction.

'E-i-!ré'NTERWOVEN Copyright © 2022, Navrachana University WWW.Nuv.ac.in



Vol. 5, Issue 1, March 2022 Interwoven: An Interdisciplinary Journal of Navrachana University 85

Conclusion and Future Directions

In Summary, phonon anharmonicity plays a vital role in understanding the thermal properties
of a system. Three methods namely, experimental, analytical and theoretical are discussed in
this article to understand the phonon anharmonicity. As discussed, Specific heat dependency
with Grlineisen parameter and ab-initio calculations of DFT can be approached to understand
the phonon behavior as a function of pressure. Brillouin zone of the phonon spectrum can also
be beneficial to the researchers for exploring the phonon anharmonicity. Further contribution
of anharmonicity can be studied with Zallen-Conwell plot. Presently discussed examples show
that low energy phonons with large negative yi cause NTE in the material involving transverse
vibrations, liberations and internal distortions of rigid unit modes. In majority of the materials
presented in this article, true anharmonicity is the key factor which dominates for strong
anharmonicity, typically the quartic or four phonon contribution. Another family of metal
cyanides has attracted scientists to inspect their thermal properties. Several compounds such as
HgCN(NOs), CuCN, AgCNetc*®4142have been reported as NTE materials. Investigations of
phonon anharmonicity in these compounds can help understand the cause for their NTE
behavior. Apart from metal cyanides, family of fluorides and nanostructures NTE materials

can be explored in detail40 414243, 44,
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Glossary:

Bulk Modulus- The property of resisting to compression in a material

Specific molar heat- The total portion of heat energy contributing to increase the temperature
by 1K for 1mole of a material

Inelastic neutron scattering- It is an experimental technique to understand atomic and
molecular behavior of a material. It determines the variation in Kinetic energy achieved due to
the inelastic collision between the neutrons and the sample.

Phonon density of states- Total number of phonon energy levels per unit energy per unit
volume

Thermal resistance- A property of a material to resist a flow of heat. It is an inverse of thermal
conductance.

Harmonic oscillator- It describes a system which dis-orients its equilibrium position when its
restoring force is linearly varying to the displacement.

FWHM- The line shape width at the half of its maximum amplitude determines the full width
at half maximum (FWHM).

Isothermic compressibility- It is the ratio of partial derivative of change in volume and partial
derivative change in pressure at constant temperature.

Lattice- Imaginary grid to place atoms in a crystal

Crystal defects- It describes the state of lattice involving imperfections in the atomic

arrangement deceased from regularity.
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Abstract: Secondary metabolites are the compounds synthesized by plants which are important in
providing defense to the plants and also enhance their medicinal value. As the endogenous levels
of these metabolites in plants are low, the present day research focusses on strategies for
enhancement of these compounds. Biotransformation is a useful method which refers to chemical
reactions which are catalyzed by cells or enzymes. This method can be used in plant cell and tissue
culture systems in which different explants can be used to produce compounds which have a
commercial potential. This method helps in production of secondary metabolites from plant
sources. This review focusses on the different strategies which are used for synthesis of secondary
metabolites.

Keywords: Biotransformation, secondary metabolites, agar cultures, agitated cultures, hairy roots.
Introduction:

Plants synthesize metabolites by primary metabolism and secondary metabolism. The primary
metabolites are carbohydrates, amino acids, lipids etc. These are utilized by the plants for their
growth and development. The secondary metabolites are the compounds involved in the protection

of plants against various abiotic and biotic stresses!. Secondary products are synthesized from
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primary metabolites. Secondary metabolites are sources for food additives, flavours,
pharmaceuticals and industrially important pharmaceuticals®3. In normal metabolic conditions the
synthesis of secondary plant products is often low. The concentrations of various secondary plant
products are strongly dependent on the growing conditions and physiology through altering the

metabolic pathways responsible for the accumulation of the related natural products®.

Biotransformation: Biotransformation in plants is the process in which the secondary metabolites
are converted into a newly metabolite which is of more use than the former one®. The new
compounds formed through biotransformation are considered as the modified compounds with
improved or advanced molecular structure which consists of high stereo- and region-selectivity®.
Secondary Metabolites are chemical compounds synthesized by the plants which do not directly
aid in the growth and development of plants’. Biotransformation can be enzymatic or non-
enzymatic conversion from one secondary metabolite to another novel and useful metabolite. The

enzymatic reaction is further classified into microsomal and non-microsomal reactions®.

[Enzymatic Reactions ]

» Microsomal Reactions
» Non-Microsomal Reactions

[Non-enzymatic Reactions ]

The most common enzymatic reactions taking place in biotransformation are Hydroxylation,
Oxidation, Glycosylation, Alkylation, O-, N-dealkylation and Carbon-carbon fission®. The
biotransformation capacity of the cell culture depends on pH, elicitation, permeabilization and
substrate uptake and product release®. Any changes in the above factors can cause a change in the
whole process so maintaining accurate and appropriate conditions is a must. Biotransformation
provides a suitable environment to the in vitro cells, which allow the accumulation of secondary

metabolites!?,

There are several advantages of biotransformation such as'?
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1. More than one reaction can be used in a single process of cell culturing.

2. The process of biotransformation is simple and efficient.

3. Non-useful compounds can be converted to compounds which are very important and can
also be used as precursors.

4. Chemical and natural, both the compounds can be used as substrate.

Biotransformation has applications in the degradation of xenobiotics. The detoxification
mechanism is usually done by glycosylation which often leads to the degradation of xenobiotics
and the accumulation of different important metabolites and also some water soluble by-
products®®.Biotransformation is also used in the transformation of several synthetic and toxic
chemicals, some solutes and solvents, organic and inorganic compounds, natural and synthetic
chemical compounds, steroids and non-steroidal compounds, sterols, pesticides and herbicides,
antibiotics and different kinds of pollutants*. Some common substrates for the biotransformation
are various phenols, alkaloids, steroids, coumarins, terpenoids and cardenolides®®.
Biotransformation is a very efficient process and is also environment friendly so, it is widely used
for the accumulation of secondary metabolites®. Biotransformation has also been used to study
the bioaccumulation potential and toxicity of the contaminants in aquatic animals®’. This helps in
the biotransformation of harmful toxic contaminants into less toxic compounds which is not lethal
to the aquatic organisms. Biotransformation has been successively used in different plant species
(Table 1)

Sr. No.| Plant species Secondary Metabolite
1 Schisandra chinensis (Turcz.) Baill*® | Hydroquinone and 4-hydroxybenzoic acid
2 Origanum majorana L.*° Hydroquinone
3 Astragalus vesicarius L.%° Colchicoside
4, Catharanthus roseus (L.) G. Don?* | Betulin
6 Nicotiana tabacum L.%2 Betulin
7 Cucurbita pepo L. Tetrabromobisphenol A
Whole pumpkin plants®
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8. Rhodiola rosea L. Cinnamyl alcohol glycosides
Rose root callus?*
9. Withania somnifera (L.) Dunal® Phenol and Flavonoid
10. Cannabis sativa L.?® Cannabinoid synthase and Osmoprotective
metabolites
11. Citrus paradise Macfad?’ Citrus Flavonoid aglycones
12. Scutellaria lateriflora L.%8 Flavonoids and Verbascoside
13. Hypericum perforatum L.% Flavor compounds
14. Onobrychis viciifolia Scop.*° Phenolic compounds
15. Micrococcus luteus Cohn®t Oleic Acid
16. Eryngium borgatii  Gouan var. | Phenolic Acid and Flavonoids
borgatii.32
17. Scutellaria baicalensis Georgi*® Flavonoids and Verbascoside
18. Scutellaria baicalensis Georgi** Phenolic Acids, Flavonoids and
Phenylethanoid glycosides
19. Verbena officinalis L.3 Phenolic Acids and Phenylethanoid glycosides
20. Cistusin incanus L.3* Phenolic Acids, Catechins and Flavonoids

Table 1: Secondary metabolites produced by biotransformation

Strategies for Biotransformation: Biotransformation can be carried out by various strategies

such as®

1. Biotransformation using precursor feeding
2. Biotransformation using co-culturing techniques

3. Biotransformation using Nonspecific/Exogenous molecules

Biotransformation of secondary metabolites can also be done by using various plant cells, tissues
and organ cultures. Biotransformation can also be carried out with the help of intact plants. For

example, Biotransformation of tetrabromobisphenol-A dimethyl ether was done with the help of
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whole pumpkin plants into tetrabromobisphenol-A%®. Biotransformation can also be carried out by

hairy root transformation which has been done by various researchers. Hairy root cultures have

several advantages such as low cost and the yield obtained is higher than the conventional

methods®’. For example, sapogenins were produced from hairy root cultures of Chlorophytum

borivilianum (Safed Musli)®. Silymarin flavolignans, phenolics, alkaloids and flavonoids were

produced from Silybum marianum L. through hairy root culturing®. Hairy roots are produced by

infecting the plants with Rhizobium rhizigenes which is responsible for causing hairy root disease

in plants*. Hairy roots have been known to produce secondary metabolites in plants since a very

long time**. The hairy root culture has several advantages due to which its application is high:

1.
2.

Biomass accumulation is very high.

Hairy roots can be cultured easily with varying mediums so; large number of variations
and factors can be tested and studied.

Efficiency rate is comparatively higher than other techniques.

Effect of various elicitors on the production of secondary metabolites can easily be studied
in hairy root cultured plants.

The amount of secondary metabolites produced through hairy root plant is higher and can
be continuously produced, compared to the natural way.

Other Strategies for secondary metabolite synthesis:

Production of Secondary Metabolites through Hairy Root Culture: Hairy root cultures

have been a widely adopted method wherein hairy roots of the selected plant can be cultivated

with microbes like Rhizobium and the biomass increase is observed. The selected plant can

also be subject to hairy root culture which has the potential for enhancement in levels of

econdary metabolites(Figurel).
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Rhizobium Optimization
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Prodcution Elicitation
Metabolic
Engineering

Figure 1: Production of Secondary Metabolites through Hairy Root Culture*

Production of Secondary Metabolites through Plant cell suspension cultures: The strategy
adopted here includes an approach where the plants are acclimatized on the suspension culture
media and using various elicitors, the secondary metabolites are enhanced. This method gives a

good yield of industrially important compounds (Figure 2).
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Cell Suspension Cultures are produced

Cells and Organ lines are selected which have the best
genotype performance

The culture conditions are optimized such as the
elicitation factors, permeabilisation, immobilization and
biotransformation

Scaling up techniques such as bioreactor design,
operations and design and modification in the culture
system

Natural products accumulation (Pharmaceutical
Industries, Food Industries, Cosmetic Industries etc.)

Figure 2: Production of Secondary Metabolites through Plant cell suspension cultures

Biotransformation of secondary metabolites by any of the process can lead to the discovery of

various new compounds®,
CONCLUSION:

The techniques discussed, provide a simple approach towards formation of novel compounds by
introducing chemical changes which are normally not a part of their regular pathway of synthesis.
Hairy root culture and suspension cultures are also a promising tool for synthesis of these
metabolites. By conventional chemical methods, it is difficult to synthesize these compounds and
expensive as well. These methods can be a promising tool for enhancement of many important

medicinal components in plants.
FUTURE PROSPECTS:

The methods used for production of secondary metabolites can be subject to scale-up for getting
good yield of metabolites. This will also help to extract useful metabolites for preparing different

drug formulations with good quantities of the metabolites.
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Glossary

Precursor feeding- Addition of chemical substances or enzymes
Co-culturing- Culturing with another organism or two organisms together
Nonspecific/exogenous molecules- Externally supplied molecules
Permeabilization- The process of making a membrane/medium permeable

Xenobiotics- A chemical compound eg: a drug, found in an organism that is foreign to the
organisms

Immobilization- Process of encasing the cells in some material to keep cells viable and useful
for a longer duration

Microsomes- The components/structures derived from parts of endoplasmic
reticulum obtained when the tissue is homogenized
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Abstract

The urban river environment not only consists of natural features but also other physical
surroundings within the city that fall under the influence of the river. They include the river
system, the built form, and the networks within the city. Due to development pressures, the
built form and the networks try to exploit the river systems. On the basis of a literature study,
it was found that assessment of the alteration of riverine landscapes due to anthropogenic
activities like riverfront development and its impact on the ecological processes in the upstream
and downstream of the river system reveals profound methodological gaps. In this review
paper, the cause of the alteration of riverine landscapes and how it impacts the ecological
processes are discussed. Riverine landscapes with reference to Indian contexts are discussed in
detail to understand the seriousness of this problem. Due to riverfront development activities,
there is a change in the structure of the land-water median/edge, along which most of the
ecological processes thrive. Hence, it becomes important to find and suggest sustainable ways
to deal with this issue. Newer habitats and systems get established due to changes in the course
of rivers and water, which need to be safeguarded from further alteration for the overall health

of the river.
Keywords

Riverine ecosystem; altered landscape; riverfront development; impact evaluation; river health;

ecological processes
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to study. It was also pointed out that these children are not able to cope up with the home
assignments given which restricts their understanding and participation in the class. Another
study conducted by Devi (2014) focussed that students of many classes are studying in the
same over-crowded classroom®!. There can be many reasons and consequences for this. One
reason is that there is a huge shortage of teachers along with the classroom, and the result is
that children do not get qualitative education properly. Due to the large number of children and
the number of children belonging to many classes in the same class room, it was found to be
run outside the classroom, which adversely affects the way of teaching and learning. Lack of
sports arrangements and lack of sports equipment were seen in almost all schools. There is very
less emphasis on learning outputs. Some teachers believe that parents get their children
admitted to school, but most of the children never come to school, even they do not give the
exam, they have to pass without examination. This makes the literacy rate increase
quantitatively but not qualitatively. If there is a qualitative increase in the resources and
education of schools, then the number and attendance of children can also be increased. The
study by Banerjee (2018) focussed on the implementation of the RTE Act with special
reference to girl child. It states that the RTE Act 2009 categorically aims at the ‘Compulsory’
education of children aged 6 to 14 years*!. Yet, the issue of children dropping out or remaining
absent from schools for the reasons of accompanying their parents who migrate for work is
nothing new in India. This process of migration has severe implications for the aim of
universalization of elementary education. Girls fall the victim of migration and are compelled
to discontinue education either to work along with their parents or to look after younger siblings
while their parents are migrating. The empirical research revealed that migrating children are
not treated as ‘Drop-out’ children.

Research Gaps

An analysis of the findings of the studies reviewed above have indicated research gaps. As per
the studies reviewed, studies on RTE Act are conducted only in 16 states out of 29 states in
which it is implemented. The studies reviewed are from the states of Gujarat, Punjab,
Rajasthan, Uttar Pradesh, Andhra Pradesh, New Delhi, Odisha, Tamil Nadu, Haryana,
Mizoram, West Bengal, Assam, Bihar, Madhya Pradesh, Maharashtra and Jharkhand. The field
reality in 13 states is not studied. As the studies are from only 16 states, the understanding
gained about the implementation of the Act is partial. If studies from all the states indicate
similar findings, then it will provide an input for the policy makers. The population of the
study can be taken from 29 states. Comparative studies among different states of India in which
RTE Act has been effective and the states in which it is not effective can be conducted to study
the challenges and effective implementation of RTE Act. Continuing this further, studies on
best practices adopted for effective implementation of RTE Act can be undertaken as now it is
almost a decade after its implementation.

An important factor in effective implementation of the RTE Act is the role played by the
stakeholders involved. There are six studies on role of stakeholders which in some ways also
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studies the challenges faced by them. More studies on role of stakeholders: heads, school
management committees, teachers, parents and students and their perception of RTE Act in
various states of India will inform a stronger understanding.

The findings of the studies reviewed on awareness among stakeholders about RTE Act 2009
has indicated that parents have low awareness and teachers have satisfactory awareness. In this
connection, researches on different aspects of awareness such as measures and initiatives taken
by government and organizations for creating awareness of RTE Act can be taken. At the same
time, how have those the parents who have admitted their children under RTE Act become
aware about it can be studied. This will add to the best practices for creating awareness and
implementation of RTE Act.

One important aspect of implementation of RTE Act is that students learn and benefit by
schooling. The academic achievement of RTE students, the challenges in learning and coping
mechanism adopted have not been studied in the studies reviewed.

There is only one study on Section 12 (1) (c) of RTE Act under which private schools are
mandated to have 25% reservation for students under EWS Quota. This study is also mainly
about awareness and infrastructure support. The condition of students in classrooms with wide
disparity of socio-economic background and the challenges that it can throw up have not been
studied.

Methodologically, almost all the studies have adopted survey as the research design. While
survey design has offered a basic understanding of the status of implementation of RTE Act in
schools, an in-depth understanding of the RTE students schooling experience is not studied.
Longitudinal studies on RTE studies can be conducted to understand how the weaker sections
of society have coped with the school and classroom processes. Case study of RTE students
who have excelled and benefitted and those who have not been able to take advantage of the
Act can be conducted.

Conclusion

The above analysis of the studies leads that very few studies were conducted on the
weaker section; the findings indicate that this is an important area which will help in effective
implementation of the RTE Act. More researches in this area will provide appropriate
understanding and input to policy makers and implementers. Most of the studies on RTE Act,
2009 are concerned with implementation status, awareness about the RTE Act and impact of
RTE Act. A point for deliberation here is, has the RTE Act been implemented effectively?
What are the factors which facilitate the implementation of this Act? What are challenges and
problems faced by stakeholders (parents, school management committees, teachers,
principals/Headmasters, local bodies etc.).

As far as studies on Right of Children to Free and Compulsory Education Act 2009 are
concerned, there have been numerous studies that have discussed the extent to which the Act

':gé!gglNTERWOVEN Copyright © 2022, Navrachana University WWW.Nuv.ac.in



Vol. 5, Issue 2, August 2022 Interwoven: An Interdisciplinary Journal of Navrachana University 32

has reached the masses. In India, RTE Act 2009 is implemented in all the states and union
territories. The researches based on RTE ACT 2009 have indicated an inclination towards
implementation and assessment. The attention to processes and the output are the areas which
need attention as a decade has passed by after the enactment of the Act. Based on the present
review further studies can be planned.
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Abstract

Deep learning has frequently been utilized for detection of neurological disorders Generally
two types of data i.e. Neurophysiological signals such as Electroencephalogram (EEG),
Electrocorticography (ECoG) and Neuroimages, such as Positron Emission Tomography
(PET) structural Magnetic Resonance Imaging (MRI) and functional MRI are taken into
consideration for diagnosis of neurological diseases. Deep learning has achieved substantial
performance developments over handcrafted feature extraction followed by machine learning
techniques in computer-aided diagnosis (CAD) of neurological ailment. This study presents a
broad assessment of the deep learning methodologies for neurophysiological and

neuroimaging-based neurological disorders i.e., epilepsy, Alzheimer’s, and autism.
Keywords: Alzheimer’s disease, autism disorder, deep learning, EEG, epilepsy, MRI

Introduction

Medical data (signals and images) encompasses a variety of technologies that offer visual
illustrations of the internal part of the human body to help clinicians discover, diagnose, and
treat diseases more quickly and effectively'. Medical imaging, which includes computed

tomography(CT), mammography, RI, PET, X-ray, and ultrasound has fast become a
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dominating and effective technology over the last few decades*Neurophysiological signals
which include EEG is widely used for the detection of epilepsy. For diagnosis and research,
the data gathered by these technologies provides numerous information about the various
human organs. Human professionals, such as radiologists and doctors, must undertake detailed
interpretations of medical data in taking decisions. However, due to the large amount of
medical data, elucidation is time-consuming and simply affected by human specialist’s
prejudices and exhaustion. As a result, clinicians have been using CAD systems to understand
neural signals and brain images to increase their effectiveness.

Handcrafted feature extraction followed by classical machine learning techniques is
capable of extracting informative features that explain the immanent patterns from data in CAD
systems, and it renders an important part in medical data analysis. The structures of medical
data, on the other hand, are extremely complicated, and feature selection is still done by humans
using their domain knowledge. This makes machine learning approaches in medical image and
signal analysis and difficult for non-experts to use.

As a result, handmade feature selection isn't appropriate for medical signals and images.
Although the efficacy of sparse learning and dictionary learning for impetuously identifying
inequitable features from training samples has been shown, these algorithms' shallow designs
limit their representational power.

Deep learning, in contrast to typical handcrafted feature extraction techniques,
automatically extracts useful information without the need for domain experts' knowledge,
allowing non-experts to effectively apply deep learning approaches. As a result, deep learning
has quickly become the preferred procedure for medical data analysis in recent times. Deep
learning has perceived unparalleled accomplishment in numerous artificial intelligence
applications, such as speech recognition, autonomous vehicles, and computer vision, thanks to
increased computation facilities and, the availability of enormous data. The use of deep
learning in medical data analysis was driven by the simultaneous progress and successes of
computer vision.

Deep learning is currently driving significant progress in medical image analysis.
Classification, detection/localization, registration, and segmentation are the four major
categories of medical image analysis tasks®. The initial job in which deep learning makes a
significant involvement to medical image processing is categorization. The goal of this job is

to divide medical images into two or more categories. To identify Alzheimer’s disease or
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moderate cognitive impairment, the stacked auto-encoder model was utilized by merging
medical imaging and biological®. The detection/localization challenge entails locating and
identifying features or lesions in a whole medical image. Deep convolutional neural networks,
for example, were utilized to locate lymph nodes in CT scans. The objective of segmentation
is to divide a medical image into distinct segments, such as tissue classes, organs, diseases, etc.
The U-net, is the widely utilized deep learning architecture for segmentation is composed of
convolutional network. Medical image registration technique corrects the alignment of images.
In an unsupervised approach®used convolutional layers to extract characteristics from input
patches. The acquired feature vectors were then employed in the HAMMER registration
process to substitute the handcrafted features. Other important tasks in medical image analysis
include content-based picture retrieval and image synthesis and augmentation in conjunction

with image data and reports.

Alzheimer’s Disease Analysis using Deep Learning Techniques

Alzheimer's disease (AD) is the supreme prevalent basis of dementia and is a neurological,
irreversible, growing brain illness. Although the causes of Alzheimer's disease are unknown at
this time, correct diagnosis of the disease is critical in-patient management, particularly in the
early stages. The Alzheimer's Disease Neuroimaging Initiative (ADNI), a research study is
targeted to progress clinical studies for the precaution and therapeutics of AD, has the
prominent public neuroimaging dataset for AD diagnosis. The ADNI study began in 2004 and
is currently in its third phase. The ADNI dataset currently covers over 1,000 patients and
includes ADNI-1, ADNI-GO, ADNI-2, and ADNI-3.These individuals were in three phases of
disease which are normal control (NC), mild cognitive impairment (MCI), and Alzheimer's
disease (AD).

A slew of articles on deep learning algorithms for Alzheimer's diagnosis have just been
released. These methods can be loosely separated into two types based on various architectures:
DGM-based and Convolutional Neural Network based methods. The Deep Belief Networks
(DBN), Stacked Auto-Encoders (SAE), and Auto-Encoders (AE) variants were included in the
DGM-based approaches. Authors in®built a sturdy deep learning structure by stacking multiple
restricted Boltzmann machines (RBMs) and using the reliability selection and multi-task
learning technique. In’, authors suggested a number of deep learning approaches, including the
Deep Boltzmann Machine (DBM) and SAE*®.To merge longitudinal and cross-sectional
characteristics calculated from MR brain images, Authors used multi-modality stacked
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denoising sparse AE (SDAE)°.Multiscale patch-wise metabolic attributes as input on
multiscale deep learning network is also used®. Authors employed a deep convolution AE
(DCAE) model to extract features that have strong relationships with clinical variables
including cognitive exams, age, and tau protein deposits!!. Authors in *2efficiently fuse and
learn feature representation using a multimode-stacked deep polynomial network (DPN) from
a short multimodal neuroimaging dataset due to tiny labelled samples in neuroimaging dataset.
Authors in Bused a sparse AE on random patches of natural images to pre-train a 2D-CNN
based on sMRI data. The use of cross-domain characteristics to show MRI data was an
important strategy. On ImageNet, Liu and Shen utilized an analogous method and trained a
pre-trained deep CNN*4. The fMRI data was originally used in deep learning applications by
authors in .In the preprocessing step, the 4D resting state-fMRI and 3D MRI data were
fragmented into 2D format images, which were then fed into the CNN-based architecture's
input layer.

Billones et al. adapted VGGNet structure and proposed a DemNet model where the coronal
image slices were chosen for classification task'®. By reducing 3D PET scans into 2D slices,
introduced a unique classification methodology which learns characteristics from a succession
of 2D slices’. The intra-slice features were captured using hierarchical 2D-CNN, while the
inter-slice features were extracted using GRU.

The 3D brain images must be split into 2D slices in the preprocessing step, resulting in 2D-
CNN approaches removing the spatial information. As a result, many 3D-CNN algorithms have
been presented, all of which can straightforwardly input 3D brain images. A sparse AE to train
a 3D-CNN on tiny 3D patches from sMRI data was proposed . To encapsulate anatomical
structure fluctuations in SMRI data, Authors suggested a deep 3D-CNN based on a 3D CAE
(Convolutional AE)*®.Extracted features from PET and MRI images-using several deep 3D-
CNN on various local image patches?. The learnt local features were then ensembled and latent
multi-modal features for AD classification were identified using a set of higher high-level
CNN. To increase performance, authors in 2*presented a 39-layer 3D-CNN architecture which
works on a residual learning network (ResNet).

The scientists initially identified parametric anatomical landmarks from MR images using
a data-driven approach, and then developed a 3D-CNN to learn patch-based features. This
technique avoids the high-dimensional voxel-level difficulty and manual ROI-level definition.
Following that, A deep multi-instance CNN methodology is presented, in which several image
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patches were employed as a bag of illustrations to characterize individual subject, with the
whole-image-level class label determining the label of each bag??. In?%, authors predicted
missing PET images from sMRI using a 3D-CNN and authors has achieved classification
accuracy similar to the genuine PET images. In?* authors proposed Cycle-GAN to study sMRI
and PET mapping in order to create missing PET scans created on their associated SMRI scans.
Authors in Z°presented a CNN architecture based on T1-weighted MRI.

MCI had a transformation frequency of 10-15 percent per year in 5 years as an early stage
of AD, but it was also the ideal time for treatment. As a result, developing an accurate
prediction model for early MCI diagnosis has become an important subject. MCI prediction
has recently been the subject of some Graph Convolutional Networks (GCN) based studies. In
26and 27, combines neuroimaging data with the demographic relationship on GCN for MCI
prediction. In?®, authors used a multi-class GCN classifier to divide people on the Alzheimer's
spectrum into four groups. PETNET, a model based on the GCN, was proposed by authors in

2%t analyze PET signals.

Autism Spectrum Disorder (ASD) Analysis using Deep Learning Techniques
ASD is a prevalent neurodevelopmental disease that impacts approximately 62.2 million
people worldwide. The Autism Imaging Data Exchange (ABIDE) project gathered fMRI brain
scans from laboratories all over the world. Two large-scale collections were released as part of
the ABIDE initiative: ABIDE | and ABIDE Il. The ABIDE | study encompassed 17
international sites and included 1,112 people, 539 of whom were autistic sufferers and 573 of
whom were not. The ABIDE Il compilation, which included 19 worldwide sites and 1,114
subjects from 521 people with ASD and 593 people without ASD, aimed to increase the number
of specimens with enhanced depicted genotypes.

Many approaches using deep learning techniques for Autism detection have been proposed.
To minimize data dimension and discover highly inequitable representations, AE-based
approaches exploited several AE variations or layered numerous AE. The basic SAE was
developed by Hazlett et al., who primarily extracted surface area information from brain MRI
to diagnose autism in children in *°. In 3employed a stacked multiple sparse AE (SSAE) to
develop whole-brain functional connectivity patterns, whereas in 32only used the top 3,000 F-
score ordered connectivity features from SSAE in descending order.
In®, authors employed 34 sparse AE for 34 spatial activation zones to create an automated
autism diagnosis method. Each sparse AE lowered the dimensionality of feature vectors. In
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¥employed VAE to extract two-dimensional features from functional connection networks.
One feature was discovered through a high level of discriminating between ASD and NC, and
it was found to be narrowly linked to ASD-related brain regions. In*® authors employed DAE
to increase generalization and lessen the effect of multi-site heterogeneous data. In®, authors
used transfer learning to build a deep neural network architecture for ASD classification due
to a lack of training samples. First, an SSAE was used to train this framework to discover
functional connectivity patterns. After then, it was moved to a new categorization with fewer
target subjects.

In®’, authors devised a technique which augment the data to generate artificial datasets for
the ASD-DiagNet model's training. To enhance the condition of retrieved attributes, this model
included a single-layer perceptron and an AE. The aforementioned techniques ignored the
spatial shape of the brain networks since the resting state-fMRI data were flattened into a
feature vector. Authors in *presented a CNN architecture on ABIDE dataset to classify ASD
patients and control subjects. In 3used pretrained models VGG-19 and NASNETMobile to
detect ASD on facial dataset publicly available on kaggle.

Epileptic Seizure Detection using Deep Learning Techniques

Around 65 million people are suffering from epileptic seizures worldwide out of which mostly
are developing countries. To detect seizures EEG reports are used by neurologists which is
captured by 10-20 system. Various publicly datasets are available for researchers to implement
their CAD system. One of the most widely used EEG dataset is developed by University of
Bonn, Germany. Temple University and CHB-MIT EEG datasets are also publicly available
used by various researchers. First CAD system to detect seizures using deep learning model
was done byauthors®. They proposed a 13-layer 1D-CNN architecture. Authors proposed a
pyramidal 1D-CNN model which has less training parameters and gives good accuracy*!. In*?,
authors proposed a 1D-CNN model to extract features followed by machine learning classifiers.
In “*proposed a CNN model which classifies the seizures only in 20 epochs. Authors in
“presented a 2D- deep convolution autoencoder followed by Bi-LSTM model to detect

seizures in children.

Future Directions
It can be observed from this review, research on neurological disorders applying deep learning

has been examined across three diseases. Furthermore, in PubMed, the number of papers on
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neurological disorders is increasing at an almost exponential rate. Unfortunately, no uniform
deep learning architecture exists that could be used for all disease studies. There is no single
model which is optimal for all problems. As a result, to detect a specific disease, several deep
learning approaches are constructed employing various modalities.

Despite the fact that deep learning models have an unprecedented success in analyzing
neurological diseases, there are still certain issues that need to be addressed. The following is
a list of probable challenges and possible solutions-

(1) Deep learning methodologies are very dependent on hyper-parameter setting i.e., batch
sizes, learning rate, activation function, number of hidden layers etc., which can substantially
affect performance. Hyper-parameter optimization approaches such grid search and Bayesian
Optimization etc., are proposed to achieve the best configuration. The process for creating the
architecture of deep neural networks, is still in the hands of experienced specialists.

(2) Deep neural networks use complex structures to extract features from training data before
making predictions for diverse tasks. These technologies have potential to outperform human
specialists and give accurate results. However, trusting predictions is tough as we don’t have
sufficient knowledge of extracted features. As a result, the deep learning algorithms' black-box
nature has limited their therapeutic application. Some studies are beginning to explore the
explain ability of deep learning architectures in neurological disorders, with the goal of
demonstrating the features that have the biggest impact on the predictions.

(3) Deep learning approaches necessitate a high number of samples to train their models,
despite the fact that obtaining training samples in various real-world circumstances,
particularly for neurological diseases, is sometimes difficult. In neuroimaging analysis, a lack
of appropriate training data has been often noted as a barrier to applying deep learning
architectures. A data augmentation approach has been presented to overcome this problem, and
it is extensively utilized to increase the amount of training samples.

(4) The data having lack of information is unavoidable in multimodal neuroimaging research
due to patient withdrawals and substandard data quality, therefore participants may be missing
some modalities. Traditionally, data-missing individuals are discarded, resulting in a
considerable reduction in the number of training samples and a decrease in diagnosis
performance. Most of the data-computing approaches impute the missing hand-crafted feature

values set by professionals for describing neuroimages.

Conclusion
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In this study, we focused on three common illnesses and examined the deep learning algorithms
presented by several researchers. Alzheimer's is a neurodegenerative disease while ASD is a
psychiatric disorder. Using brain images and signals, deep learning models have achieved
trailblazing achievement for the three brain illnesses. Finally, we address various research
avenues and outline these potential obstacles. CAD systems for disease identification and
treatment will become a companion in upcoming days as the etiology of human brain illnesses
becomes clearer, deep learning techniques get more advanced, and open-source datasets grow

in size.
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