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About Interwoven

Aim and Scope

Interwoven, Navrachana University’s peer reviewed interdisciplinary journal, weaves together a 

wide range of ideas to offer a layered mosaic of scholarly work. Peer reviewed journals are 
essential for academic work as they bring new rigor to make corrections and also a completely 
new perspective to the proposed idea.

Interwoven offers a platform to present scholarly articles that are disciplinary and non-disci-
plinary, and engage in a rich academic discourse. Non-disciplinary articles, because of their 
generalistic content provide a means for all readers to find a common ground to connect and 
get involved regardless of their expertise. Disciplinary work, on the other hand, is presented in 
a form that non-disciplinary readers can read, understand and participate in an academic 
discourse to reflect, reinvent and expand traditional disciplinary boundaries.

Interwoven is a double blind peer reviewed interdisciplinary journal of Navrachana University, 
published online biannually. The journal covers inherently general topics as well as specialized 
topics written for readers from wide backgrounds.  The effort is to build a strong interdisciplin-
ary academic and research culture in the society.

Regarding review process, there is a strong criteria established for an article to be considered 
for revision, acceptance or rejection.  Every article undergoes check for Plagiarism. Each article 
is reviewed by three referees.  

Interwoven has been granted an e-ISSN number (2581-9275). We strongly encourage faculty, 
scientists, postdoctoral fellows and research scholars to contribute their scholarly work in the 
form of research articles, review articles, perspectives, critiques, book reviews and articles in 
social research. We look forward to expand our authors and readers network and set a bench-
mark in the process of growth for students, faculty, University and the society at large by 
spreading awareness about various knowledge domains. We also encourage undergraduate 
and postgraduate students involved in dissertation work to write journal articles and promote 
new research ideas to expand their vision beyond standard academic curriculum. 
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Book Review 

The Sindhis: Selling Anything, Anywhere 
 

Falzon, Mark-Anthony. (2022) The Sindhis: Selling Anything, Anywhere. Penguin Random 
House India (ISBN: 9780143458388) 

https://doi.org/10.5281/zenodo.8220195 

 

Keywords: Business, Sindhis 

 

The book ‘The Sindhis: Selling Anything, Anywhere’ is written by Mark-Anthony Falzon who 
is currently professor at University of Malta and book’s introduction is written by world 
renowned Indian Author, commentator and public intellectual Gurcharan Das. This book is 
part of the series ‘The Story of Indian Businesses’ which is edited by Das.  

Falzon is a social anthropologist and currently he is a senior lecturer as well as Head of 
Department at University of Malta, which is the highest ranked university in Malta. For 
Doctoral work in Cambridge University, he did his fieldwork in Malta, London, and Mumbai 
to study the business of Hindu Sindhis. He is also a lifetime member of Clare Hall, Cambridge 
which is constituent college of University of Cambridge, England. His Keen interest lies in 
Cosmopolitanism, diasporas and migrations. The author worked as a consultant for 
International Organisation for Migration (IOM) which is a body of United Nations that looks 
after the migration issues around the world. Additionally, he works as weekly columnist at the 
leading newspaper of Malta, The Sunday Times1. 

Falzon’s research interest lies in Malta, Sindhi Traders, Human: nonhuman interaction, 
Environment and conversation. He has authored books like Cosmopolitan Connections: The 
Sindhi Diaspora, 1860-2000, Multi-Sited Ethnography, The Examined Life: Writings in honour 
of Guido Lanfranco (Lanfranco was a famous Maltese writer on natural history and folklore), 
The University of Malta and Birds of Passage: Hunting and Conservation in Malta. All of his 
books reflect his keen interest in research. His lot of publications are published by Routledge, 
British multinational publisher. He has authored several notable publications, including 
"Immigration, Rituals, and Transitoriness in the Mediterranean Island of Malta" published in 
the Journal of Ethnic and Migration Studies in 2012. Another significant work is "Ethnic 
Groups Unbound: A Case Study of the Social Organization of Cosmopolitanism" released in 
2016. In addition, he has contributed to "Multisited Field Studies" in 2015. Among his other 
publications, one stands out as "God Protect Me from My Friends: Prelates, Politicians, and 
Social Welfare in Contemporary Malta" published in 2007, showcasing his extensive research 
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and knowledge in the field. These are just a few examples of his diverse range of scholarly 
works. 

Editor of series ‘The Story of Indian Businesses’ Gurcharan Das studied philosophy at highly 
recognized Harvard University and then he continued his studies at Harvard Business School. 
Das is the former CEO of Procter and Gamble (P&G) India and South-East Asia as well as he 
was Managing Director of P&G Worldwide (Strategic Planning). He took early retirement at 
age of 50yrs to become full time writer. His bestselling books are India Unbound, The Difficulty 
of being good and India Grows at Night: A Liberal Case for a Strong State. India Unbound is 
translated in 19 languages & is also filmed by BBC. He has written a novel as well, A Fine 
Family, a book of essays named The Elephant Paradigm, & an anthology, Three Plays. 
Additionally, he is columnist for Times of India, & other five Indian Vernacular language 
newspapers. Das also writes for New York Times, Wall Street Journal, Foreign Affairs & 
Financial Times. 

There are a total of 7 chapters in this book whose summary is as follows: 

1) Who are the Sindhis? 

In this chapter a detailed information about Sindhis is given like their religious beliefs in god 
and author has always referred Sindhis as Hindu Sindhis as Sindhi Sikhs also exist who are 
devotees of Guru Nanak and other Sindhis also devoted to Sufi Saints. In Sindh people were 
recognized from regionality and there was no caste system unlike other parts of India. The 
annexation of Sindh by Britishers from Talapur Mirs (Muslim rulers) in 1843 is also mentioned 
and how the British era helped Sindhis to widespread their business globally which was earlier 
restricted to Indian Subcontinent. Author, in the beginning of this chapter, has also cleared that 
although Sindhis are renowned as business community but there is also notable number of 
Sindhi doctors, lawyers, teachers, civil servants, and salaried employees in state institutions 
and private companies. Story of world-renowned Sindhi business family Hinduja Brother’s 
father Deepchand Hinduja and stories of several other businessmen not only from India but 
from London and Africa are mentioned.  Sindhis migrated from several countries during war 
periods is also mentioned like India’s Partition in 1947, ‘Africanization’ in 1960s in Africa and 
moved to Australia, Canada, UK, and USA. During 90s also Gulf countries especially Dubai 
became a favourite destination for Sindhis to settle down. Author clearly mentions that he is 
not going to ask about why Sindhis always succeed because they always don’t succeed. Rather 
he will ask that how histories have come together to make Sindhis synonymous with business 
and entrepreneurship irrespective of country.  

2) The Beginnings 

This chapter is all about the commencement of Sindhi business at global level as Britishers 
came to rule. References of several explorers, traders are taken to describe the way Sindhis 
were. Seth Naomul Hotchand’s example is taken that his great-great grandfather owned 
properties around 500 places in Sindh and legacy was continued but Naomul started working 
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as gumashtas (agents) of British and his grandson left the business but continued the same thing 
(work of agent). Three occupational types that were present in Sindh are also described like 
landed elites (Talapur Mirs themselves were owner of large agricultural lands), Waderos (kind 
of Zamindars) and third one consists of merchants, traders, moneylenders and shopkeepers. 
Karachi became prime port of Sindh as per a British Army officer. Shikarpuri’s (people from 
Shikarpur) used to trade a lot earlier and were dominant especially in moneylending. Trade 
itineraries included Bombay, Muscat (Oman’s capital), Surat, Kutch, Malabar and Basra (Iraqi 
city). Many goods were imported from the west are mentioned and goods like saltpeter 
(potassium nitrate), ghee, rice, oil and many other were exported from Karachi port. A Dutch 
trader mentioned Sindhis in 1747 as ‘very parsimonious, suspicious and wary people’. 
Durrani’s empire is also mentioned that after it ended Shikarpuris business were ruined in 
Kandahar. During Britishers Hindus flourished more as earlier they became victims of Mirs 
cruelty.  

3) The Sindhworkis of Hyderabad 

This is the main and important chapter of the book as per the author himself. It describes about 
how the Hyderabadis found a scope to sell ‘Sindhwork’ to Europe. Earlier Hyderabadis used 
to sell it to Mirs as they were fond of luxury and embroidered goods. Hyderabadis made swords, 
spears and embroidered lungis. British started developing infrastructure at Karachi port and 
also set up the railway lines from Karachi to Delhi. This infrastructural development played a 
major role in flourishment of business of Hyderabadis. By the latter half of 19th century 
Hyderabadis spread their Sindhwork business in Africa, Singapore, China, Hong Kong, Japan 
and Arabia as well. Malta is focused more in this chapter. Many Sindhis set up their business 
in Malta of curios and later on they imported several things like brassware, Japanese Ceramics, 
silks etc. from Japan and sold in Malta. Three C’s Chellaram, Choitram, and Chanrai are 
mentioned in this chapter as they were very famous in Sindh for their business empire. Sindhis 
also formed several clubs like Rotary Club, Bhaiband club, and others in Sindh. There is little 
mention of effect of World great depression on Sindhi business in Malta. Employees of Sindhi 
firms were mainly Sindhis as they were recruited directly from Sindh.  

4) An Enduring Legacy 

In this chapter, the story of some Sindhi employees in firms of Sindhis in Hong Kong, Nigeria, 
Malta, Singapore and other countries who started their own firms is given. Also, the 
information about Gibraltar is mentioned like acts were passed there in 1923 and 1934 affected 
the Sindhi business and it was about restricting the number of Indians in Gibraltar but Sindhis 
found a way out of it and they did partnerships with local Christians and Jewish businessman 
and continued their business successfully. Sindhis diversified and changed their business in 
Malta like from Sindhwork and curios business they shifted to textiles and then readymade 
clothes. In 90s they also started selling electronics goods and in clothing business they became 
wholesalers as they imported clothes from Japan, Hong Kong, Singapore due to their network. 
Chanrai, Chellaram, and Harilela business group’s example is given that how they diversified 
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their business and Chanrai even shifted their headquarters to Singapore in 1996. These business 
families also contribute a lot in charity in India. Information about businesses of well-known 
Sindhis in Malaysia like Rupchand Binwani and Utamal Valiram is mentioned. 

5) Sindhi Business in India after Partition  

This chapter is about the poor socio-economic condition of Sindhis in India after 1947 Partition. 
After partition in Mumbai Shikarpuris commenced business of moneylending mostly to the 
Sindhis who wanted to establish their new business. They used to give credit without any much 
guarantee but they used to keep ‘keen eyes’ on their business and loan was usually repaid by 
debtors. Unbelievable poor conditions of Sindhi refugees in Ulhasnagar is also mentioned. 
Refugees asked camp in Mumbai but government denied and daily 10,000 refugees moved to 
Mumbai during that time. Government established a Technical training center for refugees and 
Sindhis learnt from that then started their own business and small factories. Falzon (2022) 
“Sindhis transformed the place from dilapidated army barracks into a thriving and busy 
industrial & commercial township” (pg. 95) writer mentions in chapter. Story of Hiranandani 
Group in Mumbai in the business of Real Estate is also given and Sindhis also started 
commission agents work as occupation in Mumbai. Textile was also a business in which 
Sindhis jumped in Mumbai and Ulhasnagar. Goods manufactured in Ulhasnagar were proudly 
labelled as Made in USA in which ‘USA’ means Ulhasnagar Sindhi Association! 

6) The Culture of Business 

This chapter is about the Mobility, exploration, innovation which are the pillars in success of 
Sindhi business. It also mentions the huge migration of Sindhis from various African countries 
like Uganda (in 1970), Kenya (in 1967), Tanzania (1970). A total of 28,600 refugees moved to 
Britain by 1972 from Africa due to government restrictions for business and commerce. Sindhis 
faced discrimination and racism in UK so they preferred to work only in Sindhi firms. Sindhis 
in London also established confirming house which used to pay on behalf of importers who 
don’t have money to pay. Story of Chandru and his son Alex is also interesting. Chandru in 
1978 visited Andaman and he thought to do business at Port Blair, Andaman, as his business 
was very low in Mumbai. He started selling pens and then his son Alex joined him and they 
started selling all the stationary items. Example of Chandru is perfect to show the readiness of 
Sindhis for Mobility. 

7) Biographies of Unknown Sindhis 

In this chapter Falzon has narrated biographies of 10 unknown and less successful Sindhi 
businessman from different countries and he has used the pseudonym throughout the chapter. 
Story of Sham Daswani is given as he leaves family business in Japan and  settles in London 
with empty pockets and  after struggle, he sets up his own export office in London and in 
struggle time he started by selling rugs and then clothes (especially Bangladeshis). Similarly, 
Mohan Raheja also has watch-strap wholesale business in Mumbai after a lot of struggle and  
failures. Ram Nandwani who changed two Indian cities (Gwalior and Lucknow) went to 
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London in Chellaram’s firm and then he left and after some other jobs and business he bought 
a store of Sindhi firm where he was a manager. Arun Moolchandani who was born in Hong 
Kong then came to Bombay and then finally settled in UK and did export of stationary items 
in Liberia to his family business. Suresh Kirplani who went to Dubai along with 50 cousins but 
eventually settled in Mumbai as they didn’t get UAE passport even after 50 years and his father 
was also there before them. Currently Suresh owns a 4-star hotel in Mumbai. Manish Bharwani 
whose family business was in Uganda but he went for higher studies in London and after his 
father’s death they lost their business to their cousins and Manish settled in London as an 
employer in a firm. Another biography is of Sabu Rupani who came to Ahmedabad then to UK 
and then from a firm he went to Nigeria to handle a matter and then returned back to London 
and he changed 8 jobs and retired from his last job in 1989 at Sindhi real estate business. 
Jagdish Balani, a Sindhi who wanted to become rich after leaving LIC job and then brother’s 
shop went to UK and worked for Chellaram and started importing rugs from India from a 
Punjabi and then he left that Punjabi and started importing from other parts of Asia as well as 
Romania. Last biography is of Gope Lalwani who spend his childhood in Hyderabad (Sindh), 
Bombay and Nairobi. After partition, reorganization and relocation of family he finally settled 
in UK as he had British passport in Nairobi. There he started his import-export business with 
his brother & their experience of doing business in Africa helped them to do business in UK. 

Epilogue 

Epilogue covers the journey of Sindhis in Indonesia especially in the T.V. industry. Sindhis 
started the soap opera traditions in Indonesia. They managed the money through their 
connections and some loans from banks (part-owned by Sindhis). To fill the creative gap, they 
hired artists from Bollywood again through their connections.  

The title of Book ‘The Sindhis: Selling Anything, Anywhere,’ I believe is fine to describe the 
Sindhi community residing in countries of several continents. ‘Anything’ is perfect here 
because Sindhis after partition used to do such business which can’t be digested easily by 
anyone. Sindhi sources of writer told him that one of his friend use to take some part of the 
train ticket’s price from the traveller and if the Ticket Collector (TC) caught them without ticket 
then the agent whom they paid some part of total ticket’s price will pay the fine on behalf of 
that person. This kind of business are really strange and hard to believe but Sindhis did them 
successfully. After the British annexation of Sindh in 1843 scenario changed and especially 
Hyderabadis contributed a lot in making Sindhi a global diaspora. It’s mentioned in book that 
Sindhis started competing with local Maltese shopkeepers at one time and Sindhis were 
considered as quality goods seller. But one aspect is that writer itself mentions in the very first 
chapter of book Sindhis as Hindu Sindhis and they are different from Sindhi Sikhs but title is 
kept general and not particularly Hindu Sindhis. I didn’t find anything about Sindhi Sikhs in 
the book so there was no meaning of generalizing the title to Sindhis instead it can also be 
Hindu Sindhis. But rest I think is fine.  
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Title of the Chapters 

a) Who are the Sindhis? 

I believe this title for the chapter works because here basic information & the beliefs pertaining 
towards the Sindhis are given. Writer has also given his opinion that he doesn’t believe that 
Sindhis are only businessman but also, they are in many other professions which creates an 
actual identity of Sindhis in reader’s mind. History of Sindhis in Sindh, occupation and  
religious aspects about them are also covered so this title if completely fine.  

b) Beginnings 

Beginnings chapter is more around Shikarpuris and especially Seth Naomul Hotchand and his 
son followed by grandson. It also covers the import-export of goods from Karachi port. 
Shikarpuris were mainly moneylenders but they also contributed in trade so I believe that name 
of this chapter can also be kept around Shikarpuris and the kind of the business they carried. 
Beginnings is very general kind of.  

c) The Sindhworkis of Hyderabad 

This chapter is the most important and lengthiest chapter of book. It mainly talks about the 
Hyderabadis that how they flourished in business all over the world and they didn’t keep their 
business restricted to Sindhwork although Sindhwork business was a gateway for them in 
Europe, Africa and gulf countries. The writer also notes that despite not being directly involved 
in the business of Sindhwork, they were still regarded as Sindhworkis because their ancestors 
were Sindhworkis. This aspect could serve as a significant factor in choosing the title of this 
chapter "Sindhworkis of Hyderabad." This title fits as it focuses on Hyderabadis residing in 
Hyderabad. 

d) An Enduring Legacy 

In this chapter author mentions the Sindhi employees who were in Sindhi firms which were 
outside India like Hong Kong, Nigeria, Sierra Leone & other nations. These employees after 
learning the business they started their own business thus enduring the legacy of Sindhi 
business and wide spreading it. Also, Sindhis diversified their business in electronics, textiles, 
hotels and real estate. Therefore, this title justifies the chapter. 

e) Sindhi Business in India after Partition  

Condition of Sindhis was severe after Partition and they migrated to India mostly with nothing 
in hands except the clothes they were wearing. Shikarpuris dominated the moneylending 
business in Bombay after partition & they also invested in Bollywood films but later on they 
faced strong competition from banks & their moneylending business became redundant. Then 
Sindhis entered in Real Estate, manufacturing and trading of textiles and other daily 
requirements products. Ulhasnagar was the place where highest number of Sindhi refugees 
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settled and they started their small business and factories. This title generalizes Sindhi Business 
in India but actually chapter focuses on Mumbai and its surrounding towns as mentioned above 
in this paragraph. I believe author should have covered other cities of India as well to justify 
the title.  

 

f) The Culture of Business 

This chapter tries to explain that wherever the Sindhi reside they master the business of that 
place. Some examples of London are taken to support the argument. Mobility, exploration, 
innovation and strong global network is the base of Sindhi business which helps them to spread 
the business. Mobility is the culture of Sindhi business and how they travel all over world from 
19th century till date is unbelievable. So, I believe this title works for the chapter as it explains 
the culture of business. 

g) Biographies of Unknown Sindhis  

This chapter covers biographies of not well-known Sindhis instead they are a kind of common 
man who are involved in business. Only differentiating factor is they are Sindhis! Biography 
of Sindhis in London, India and Africa is mentioned and they are not very successful and rich 
but point to be proven is whether they are successful or not but they are involved in business. 
So, this title fits this last chapter of book. 

“No matter how desperate a Sindhi is but he will never beg in his life”. The author described 
some apocryphal stories about the kind of business Sindhis were doing especially in 
Ulhasnagar. Like one story was about a Sindhi guy who used to sell insurance to passengers of 
trains and he would tell that they don’t need to buy the ticket and if they were caught by TC 
(Ticket Collector) then that Sindhi guy will pay penalty on their behalf. I believe this kind of 
stories metaphorically describes how poor the condition was of Sindhis in Ulhasnagar as they 
weren’t given any shelter in Mumbai so that they can earn penny.  

In very first chapter of book the author breaks the myths about Sindhis that they only do 
business, but they are also involved in other professions like lawyer, doctor, artists, teacher & 
others. 

Topic of this book mainly focuses on the ingredients behind Sindhi business success. Author 
believes that there’re four reasons behind success of Sindhis, which are a.) the compulsion to 
strike out on one’s own; b.) the will to succeed and bouncing back; c.) readiness for mobility; 
d.) spreading trustable persons in business like relatives, friends and family at distant places. 
In this book the kind of business Sindhis do from Talapur Mirs to British then after partition in 
India is given in detail as well as their business in other countries of the world is also given 
with real life stories. 
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Author has taken many stories of Sindhis from UK, India, Africa to support his argument of 
mobility as a differentiating factor for Sindhis from other business communities like Marwaris, 
Punjabi and Kachchis. Author has also taken statements and direct interviews of Sindhis spread 
all over the world but mainly focused on London, Mumbai and Malta. Author has also taken 
help of research papers published on Sindhis to present his point in a convincing way. He has 
also taken govt. records (Indian, Pakistani and British East India Company) not only for 
mentioning population but also to explain the kind of business communities Sindhis were and 
how governments have described them. Books, research paper and the notes of international 
travellers and traders who visited Sindh. Astonishingly, he has also taken the petition done by 
Sindhis in Malta. Reports released by Indian government also were considered by author.  

Book was mainly based on the practical fieldwork done by Falzon in Mumbai, London, and 
Malta. For describing Sindhi business at other places, he highly relied on his Sindhi sources 
and the interviews he conducted. Method adapted for this book is research as it is based on 
field work of author. Hard work for getting the proper information and interviews from the 
Sindhis is reflected in this book. This book and writer’s approach is quite convincing for the 
reader and makes it easier for reader to grasp the book as support of real-life stories is taken. 
Author has made a positive approach as he clarified that he is not going to talk about the success 
of Sindhi business instead he is going to tell the factors which are responsible for their success 
not only in earlier centuries but also in present times. Mobility is key and unique factors of 
Sindhi community which author has proved through real life stories. From Talapur Mirs to 
present times Sindhis are the community who trust more on people of their community and 
they keep their family, relatives and friends at important positions in business. Author has also 
clarified with his approach of not only presenting the Sindhis as business community, but they 
are also salaried persons, civil servants, lawyers, doctors, and professionals. Sindhis usually 
tried to stay away from politics which is also told by author and he has tried to convince it 
through the migration of Sindhi community from various countries of Africa due to political 
instability. 

Critical Evaluation of book 

Uniqueness of book 

There are a lot of books on how to make money and especially, on how to make successful 
business empire. There are some books also on business communities like Marwaris, Gujaratis 
etc. But this book is unique, as it not only talks about why Sindhis are a global business 
community, but it also talks about less successful Sindhi businessmen. It focuses on the 
dedication of Sindhis to do business. It also draws attention to factors that differentiate the 
Sindhis from other communities.  

Merits and demits of book. 

This book doesn’t only talk about Sindhis in general, but it magnifies its observation of 
different communities in Sindhis like Shikarpuri, Bhaiband, Hyderabadi, etc. It not only 
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discusses a particular period of Sindhi business, but it starts from pre-independence till the 21st 
Century which is appreciable. Whatever is stated in this book are facts because the author has 
conducted extensive research and interviews in London, Mumbai and Malta. The author has 
adopted this approach which is good.  

Overall, this book is good and the only missing point I feel is it didn’t talk about stories of Sikh 
Sindhis or Muslim Sindhis. There might be a possibility that the author didn’t find them 
because there is a negligible percentage of Sikh and Muslim Sindhis. (Muslim Sindhis are seen 
in Pakistan). 

Personally, this book has helped me to know history of my community that how they became 
world renowned as a business community. Sindhis maintained the business during Talapur 
Mirs rule then British and then the independent India after partition. After so many socio-
political instabilities and even the world great depression the Sindhis are still successful in 
business. A legacy that has been created by our ancestors are still carried forward by the Sindhi 
youths and hopefully it will never end and it gives a belief to us that ‘Business is in our veins’. 
I am a Hyderabadi Sindhi so it was really proud moment for me to read the greatness of 
Hyderabadi and how courageous they were. It immensely filled courage in me too to travel 
around the world to learn new things, to explore the opportunities (not only business) and to 
establish a strong network and to take help of that network whenever required. I will also apply 
the laws of Sindhis like exploration, mobility and grabbing opportunity whenever they arrive. 
Persistence power of Sindhis of bouncing back even after having loss in business is really 
awesome and they never lose hope instead they change business not their motive which is very 
important aspect to learn.   

I believe the mobility which is the kind of USP of Sindhis will be very helpful for me in 
professional life. As I am in the field of Journalism and Mass Communications so mobility is 
also an important aspect of it as you have to travel a lot which ultimately helps you to create a 
strong network which can be used whenever used. Smelling the opportunity is specialty of 
Sindhis therefore, its mentioned in book that ‘they are always at right place at right time to do 
the business’. This quality is very important for professional life as a lot of opportunities will 
come towards you and only thing is you have to smell it that that opportunity is yours and you 
have to grab it before anyone can especially in this present competitive world. To create an 
opportunity if it doesn’t exist is proved by Sindhis as they do business in African countries like 
Sierra Leone, Zimbabwe, Zanzibar, Mauritius & many others. These are the countries where 
someone can hardly find an opportunity to do business as political instability prevails in such 
countries but they are ready to take the risk. Professional life also there will be a lot of situations 
where we have to take risky decisions and I believe the learning from book will be helpful for 
me that Sindhis are always ready to take the risk and they create the opportunity if they don’t 
exist. Ulhasnagar is an excellent example; it was a small town with no hopes, no opportunities 
but Sindhis established it as a business city. Products manufactured there are famous as Made 
in USA (Ulhasnagar Sindhi Association). This kind of courage will be extremely helpful for 
me in difficult situations.  
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Currently, the wave of entrepreneurship is going on in India. Especially, youngsters are 
moving towards doing business so I believe these types of books about how the business 
community mastered the business can be learned by youths. Ideologically, also this book 
becomes important because before beginning any business one should know what kind of 
mindset to keep and what tactics should be used. Presently, Government of India (GOI) is 
supporting financially to MSME. Hence, the Ease of Doing business has increased in recent 
times. The book teaches how the Sindhis grew their business by getting finance from their 
connections so, the youngsters should grow connections with VCs & NBFCs to get the finance.  
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Abstract 

Freshwater fishes are an important part of many countries' economies as it is a huge part of the 

aquaculture industry. But due to its detrimental effects on growth performance, sexual 

behaviour and health, precocious puberty or delayed puberty are some of the reasons the 

aquaculture business is having issues. Puberty is controlled by various environmental 

(exogenous) and internal regulatory mechanisms (endogenous). However, the exact 

mechanism is not yet known. Internal components like the hormones of the central reproductive 

axis (Gonadotropin-releasing hormone, Follicle stimulating hormone, Luteinizing hormone, 

Estrogen and Testosterone), peptides like Neurokinin B and Kisspeptin, Leptin, photoperiod 

hormone Melatonin, neuroendocrine transmitters (Serotonin, Dopamine, Gamma-

aminobutyric acid), are to name a few which are involved in the onset of puberty. Knowing the 

mechanism would help to control the pubertal onset in fish which would ultimately help in the 

growth of the aquaculture industry. Recently three molecules – Kisspeptin, Melatonin and 

Serotonin, have come to light which are involved during the pubertal onset. It is observed that 

Kisspeptin acts as a gatekeeper of the GnRH hormone, Melatonin levels decrease during the 

pubertal onset time and Serotonin has a role in GnRH secretion and gonadal maturation. The 

present review focuses on the advancements made in this field by elucidating the central players 
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(Kisspeptin, Melatonin and Serotonin) working in the diencephalon region of the brain of 

teleost. 

 

Keywords 

 pubertal onset, teleost, kisspeptin, melatonin, serotonin, aquaculture. 

 

Introduction 

Freshwater fishes (e.g., Tilapia, Rohu, Catla, Carp, Mrigal, etc.) form an important 

element in the economy of many nations as they have long been a staple item in the diet of 

many people. That is why the aquaculture sector is growing expeditiously in animal food 

production and is considered to be a sustainable solution to world food security. The freshwater 

aquaculture industry accounts for more than 95% of the total aquaculture production1. 

For the aquaculture industry to grow, it is vital that the fish breeds and reproduces 

properly. The breeding period of fishes is varied in India and reproduction is a periodic 

phenomenon that is controlled by environmental (exogenous) as well as internal (endogenous) 

regulatory mechanisms. 

Environmental factors like photoperiod, water temperature, feed intake, nutrition, 

stress, endocrine disruptors, etc. influence the timing of puberty. Light and temperature cue the 

seasonal breeders to adjust their breeding time to the most appropriate season. For example, in 

the Atlantic salmon (Salmo salar), their spawning depends on light and water temperature. This 

again depends on the larval development and its first food intake which should optimally occur 

in spring. Lower water temperature is favourable as compared to high water temperature for 

successful spawning2. Fish species like Barbel (Barbus barbus), Tench (Tinca tinca) and Chub 

(Leuciscus Cephalus) show pubertal development during the summer which has long days 

(more photoperiod)3 while Atlantic cod (Gadus morhua) show pubertal development in short 

days (less photoperiod). Other factors like salinity, swimming frequency (migration), rain 

period and social communication also play a role in the pubertal onset but are far less studied. 

For example, Eels can reproduce only once a year after a long migration. It is still unclear how 
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reproduction is controlled in them, although prolonged swimming might play as a stimulus for 

the onset of puberty4.  

One of the significant endogenous factors that controls reproduction is the molecular 

mechanism (sex steroid feedback mechanism) in which comes the highly conserved central 

reproductive axis, called the Hypothalamic-Pituitary-Gonadal (HPG) axis. In this, the 

Gonadotropin-releasing hormone (GnRH) is released from the hypothalamus, stimulating the 

production and release of pituitary glycoprotein hormones, the gonadotropins - luteinizing 

hormone (LH) and follicle stimulating hormone (FSH). These gonadotropins then act on the 

gonads to activate gametogenesis and steroidogenesis by stimulating the release of sex steroids 

(androgens and estrogens). The GnRH neurons sit on the apex of this axis and control 

reproduction by integrating information from social and environmental signals with hormonal 

state5.  

Puberty is a biological transition that vertebrates go through, in which they have certain 

physiological changes in their body. During this time, they show the first signs of sexual 

maturity and become capable of reproduction. With the initiation of the HPG axis, puberty also 

starts in vertebrates (including fishes). In teleost, puberty starts sometime after gonadal sex 

differentiation6 which is characterized by the onset of spermatogenesis in males7 and 

vitellogenic ovarian development in females8. 

In fish farming, in order to control the onset of puberty, it is important to understand 

the mechanism that triggers puberty as well as the various factors that govern this process. The 

factors that control the gonadal development and gamete maturation are well-studied in various 

fish species, but till date data is scarce in regards to the mechanism of puberty in different fish 

species. Hence, this review focuses on a few factors which are involved during the pubertal 

onset in teleost and discusses the progress made till now.  

Kisspeptin             

As discussed earlier, GnRH neurons are the main hub for the regulation of the 

reproductive system, but their regulation is intricate. A diverse range of cell types and signaling 

molecules converge on the GnRH neuron network, either directly or indirectly. GnRH neuron 

regulators work through G Protein-coupled receptors (GPCRs). One of the most significant 
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GPCRs in the neuroendocrine control of reproductive function is the kisspeptin receptor and 

its ligand kisspeptin.  

Kisspeptin, encoded by gene kiss1, belongs to the Arginine (Arg)-Phenylalanine (Phe)-

NH2 (RF-amide) peptide family9. It was originally discovered in 1996 as a metastasis 

suppressor gene in human melanomas and was known as metastin10. Following the discovery 

of kisspeptin, an independent research done in 1999 discovered an orphan receptor GPR54 in 

rats, which belonged to the rhodopsin family and had a partial sequence resemblance (45%) to 

the galanin receptor family, but no binding affinity11. It was not until 2001 when GPR54 was 

deorphanized that it was characterized that kiss1 acts as the endogenous ligand and binds and 

activates GPR54. Therefore, it was then designated as kiss1r12, 13. 

In 2003, there was a breakthrough in the field of reproductive neuroendocrinology when 

two independent studies linked kisspeptin with the onset of puberty. It was observed that 

mutation in the kiss1r gene caused the impaired onset of puberty and hypogonadotropic 

hypogonadism in humans14, 15. Similar results were also observed in mice when kiss1 and kiss1r 

genes were mutated16. Since then, several studies have been conducted, both in mammalian 

vertebrates and non-mammalian vertebrates, to understand the physiological role and the 

mechanistic action of kisspeptin in the control of reproduction.  

In 2004, the first non-mammalian kiss1r gene was discovered in Tilapia (Oreochromis 

niloticus)17. Another paralogous kisspeptin encoding gene, kiss2, has also been identified in 

Zebrafish (Danio rerio) and Medaka (Oryzias latipes)18 which has amino acid differences at 

three positions compared to kiss1. Following this, the non-mammalian kiss1/kiss2 gene was 

then identified in different fish species like Zebrafish19, Medaka20, Sea bass (Dicentrarchus 

labrax)21, Goldfish (Carassius auratus)22, Senegalese sole (Solea senegalensis)23, chub 

mackerel (Scomber japonicas)24, Catla (Catla catla)25 and Rohu (Labeo rohita)26. Species-

specific differences arise, where some species have both the forms present (e.g., Zebrafish, 

Medaka, Goldfish, Sea bass, Chub mackerel, Rohu) and whereas some species have only one 

form (e.g., Tilapia, Senegalese sole). It is evident from all of these investigations that the amino 

acid sequences are highly conserved, and they also provide evidence that the kiss1/kiss1r 

system is a trait that all vertebrates have maintained throughout evolution except birds. Other 

than the brain, kisspeptin is also found to be expressing in other tissues like gonads and adipose 

tissue, nevertheless, their tissue-specific role is yet to be explored. 
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Anatomical distribution of kisspeptin neurons and its receptors 

Two populations of kiss1 neurons have been observed: [1] In Zebrafish, Medaka18, 

Goldfish27 and Sea bass28 kiss1 is found in the ventral habenula. [2] Another population has 

been observed only in medaka18, 20 is present in the nucleus posterioris periventricularis (NPPv) 

and the nucleus ventral tuberis (NVT).  
kiss2 has been observed only in a hypothalamic nucleus, the dorsal zone of the 

periventricular hypothalamus (also designated as the nucleus recessus lateralis, nRL) in the 

Tilapia29, Zebrafish, Medaka18, 30, Goldfish27 and Sea bass28. A second population has also been 

found in Goldfish and Zebrafish in the pre-optic region (POA)27, 31. 

In Chub mackerel both kiss1 and kiss2 are found in the anterior POA and hypothalamus (NLT 

and the nRL region)32. 

The receptors (kiss1r and kissr2) of the genes (kiss1 and kiss2) are found to be 

expressing at the same location where the genes are present. This suggests that there is an 

autocrine regulation of the genes. 

 

Species Habenula 
Preoptic 

region 

Hypothalamus 

nPT/NPPv Hd/nRL Hv/NVT/nLT 

Zebrafish kiss1 kiss2 kiss2 kiss2  

Medaka kiss1  kiss1 kiss2 kiss1 

Goldfish kiss1 kiss2  kiss2 kiss2 

Tilapia    kiss2  

Sea bass kiss1   kiss2  

Chub 

mackerel 
 kiss1, kiss2  kiss1, kiss2 kiss1, kiss2 

 
Table 1: Distribution of kisspeptin cells in the brain of teleost 
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nPT/NPPv: posterior tuberal nucleus/nucleus posterioris periventricularis; Hd/nRL: dorsal 

zone of periventricular hypothalamus/nucleus recessus lateralis; Hv/NVT/nLT: ventral zone of 

periventricular hypothalamus/nucleus ventral tuberis/nucleus lateralis tuberis. 

 
Figure 1: Distribution of kiss1 cells in the brain of teleost 

1-Habenula, 2-Preoptic region, 3-nPT/NPPv, 4-Hd/nRL and 5-Hv/NVT/nLT. Red-Zebrafish, 

blue-Medaka, yellow-Goldfish, green-Sea bass and purple-Chub mackerel. 

 
Figure 2: Distribution of kiss2 cells in the brain of teleost 

1-Habenula, 2-Preoptic region, 3-nPT/NPPv, 4-Hd/nRL and 5-Hv/NVT/nLT. Red-Zebrafish, 

blue-Medaka, yellow-Goldfish, pink-Tilapia, green-Sea bass and purple-Chub mackerel. 

Physiological action of kisspeptin 

In a study done in 2004 in the brain of Tilapia fish, it was observed that the expression 

of kiss1r increases during the time of pubertal onset, which subsequently decreases after 

exposure to continuous light17. These findings also suggested that light may have an impact on 

the transcriptional processes controlling the kiss1r expression. In 2008, gene expression studies 
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done in Zebrafish revealed that levels of kiss1r mRNA in the brain rise sharply at the start of 

puberty, indicating that the kiss1/kiss1r pathway contributes to the onset of puberty in fish like 

that of in mammals. The study also suggested that kisspeptin has a role in reproduction as it 

was also found to be expressing in the gonads19. Increased expression of kisspeptin was also 

observed in the brain and gonads of Olive flounder (Paralichthys olivaceus) during the onset 

of puberty33. In Catla fish, after injecting with nano-encapsulated kisspeptin, an increase in the 

expression pattern of reproductive genes (GnRH, LH and FSH) was observed, which ultimately 

led to the onset of puberty25. Similar results were observed in Nile Tilapia, where the kiss2 

expression was significantly higher at the immature stage than the mature stage, suggesting its 

involvement in the gonadal development. Also, administering kisspeptin externally resulted in 

elevated estradiol and testosterone levels in blood plasma and GnRH, and gonadotropin 

expression in the brain34. Recently in 2020, an intramuscular injection of kisspeptin was given 

to Senegalese sole and it resulted in the increase of gonadotropin synthesis and secretion, as 

well as the testosterone plasma titers35. 

Kisspeptin & GnRH 

A study done by Parhar in 2004 in Tilapia fish showed the co-expression of kisspeptin 

in GnRH neurons, which offers the first proof of a connection between kisspeptin and the 

GnRH system17. Following that, studies done in Grey mullet (Mugil cephalus)36, Cobia 

(Rachycentron canadum)37 and Fathead minnow (Pimephales promelas)38 have established 

that kiss1r expression in the fish brain is localised to GnRH neurons and is higher in fish at the 

beginning of puberty compared to pre or post-puberty, at a time when GnRH expression is also 

elevated. These results offer preliminary proof that kisspeptins directly target GnRH cells in 

fish and that they likely cause the release of GnRH during puberty by interacting with kiss1r, 

as is the case in mammals. Gnrh1 neurons are found to be expressing kiss2r in Burtoni fish 

(Astatotilapia burtoni)39 and Stripped bass (Morone saxatilis)40. A positive correlation of 

kisspeptin-GnRH was also reported in Zebrafish41, Chub mackerel42, Sea bass43 and Chinese 

sucker (Myxocyprinus asiaticus)44. To ascertain the precise physiological function of the 

GnRH-kisspeptin system in fish, however, a far more thorough understanding of the expression 

of kiss1r and gnrh concerning pubertal onset is an area of research. 

Kisspeptin on pituitary level  
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Although the hypothalamus is the main action centre for kisspeptin to control puberty 

by regulating GnRH secretion, in mammals evidence suggests that it can also affect the 

pituitary directly as its mRNA expression has been observed there. In-vivo experiments have 

been conducted on pre-pubertal Sea bass by administering kisspeptin and checking its effect 

on the GTH (pituitary hormones) secretion. Results reveal that LH and FSH secretion was 

induced by both kisspeptins, while kiss2 exhibits a more pronounced response to activation 

than kiss145. The opposite was observed in Goldfish where kiss1 induced the LH secretion in-

vivo but no significant expression in-vitro, whereas kiss2 had no effect on LH in both in-vivo 

and in-vitro22. In female Zebrafish it was found that after administration of both kiss1 and kiss2, 

it was found that kiss2 (and not kiss1) increases the FSH and LH expression in the pituitary18. 

There are also reports which show an inhibitory role on LH expression in the European eel 

(Anguilla anguilla) but not on FSH expression46. Another report found that after giving 

kisspeptin injections to the fishes, it accelerated their puberty by showing advancement in 

spermatozoa and oocyte development in males and females respectively47. But again, another 

report in Sea bass found that kiss1 had no effect on gonadotropin release but kiss2 induced the 

secretion43. From these reports, we can say that the role of kisspeptin on the pituitary level is 

conflicting and needs further studies.  

The presence of the kisspeptin system in the brain of fish provides a solid base to 

perform further studies to demonstrate the claimed central role in the control of puberty and 

thus reproductive function. 

Apart from kisspeptin, the other key player which accounts for puberty is the 

neuroendocrine transducer, melatonin. 

 

Melatonin 

Fishes are either irregular or seasonal breeders. For a brief period of time, they are 

engaged in their peak reproductive activity or breeding which is followed by an intricate 

preparation process. To ensure that the breeding takes place during the most advantageous time 

of the year, recurrent reproductive events frequently coincide with the seasonal changes in a 

group of environmental cues (as discussed earlier)48. The circadian clock is synchronized and 

modulated by environmental cues, and this in turn affects the rhythmic generation of 

messengers that act on target cells and tissues to regulate various bodily activities49. This 

biological/circadian rhythm is sensed and managed by the eye (retina) and the pineal gland. 
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The fish pineal organ is regarded as the most significant element of the neuroendocrine system 

due to its special ability to directly respond to changes in environmental light-dark 

circumstances. The primary role of the pineal gland is to take information about the 

environment's status of the light-dark cycle and transmit it so that the hormone melatonin can 

be produced and secreted50. 

Melatonin is a lipophilic molecule that is synthesized from tryptophan amino acid. A 

prerequisite for melatonin synthesis by five enzymatic reactions is the uptake of tryptophan 

from the circulation into the pineal gland, and arylalkylamine N-acetyltransferase (AANAT) is 

the penultimate rate-limiting enzyme in this biosynthetic pathway. When the AANAT gene is 

expressed in the pinealocytes of the pineal organ, the adrenergic system is used as a response 

mechanism to changes in environmental light-dark conditions. Melatonin is then synthesized 

and released into the bloodstream to carry out its final hormonal actions on the target cells, 

tissues, and organs51, 52. 

Melatonin is used to determine recurrent reproductive events in an annual cycle by 

measuring and predicting daily and seasonal time. Plasma melatonin titers stay high during the 

dark phase (night) and low during the daylight in fish, as they do in other vertebrates, where 

melatonin functions as a conservative chemical messenger of photoperiod or Zeitgeber53. 

Because of this characteristic, it is also termed as “signal of darkness” or the “time-keeping 

hormone”54. Throughout evolution, the mechanism of photoperiodic or circadian control of 

melatonin production in the pineal gland has undergone significant change, yet the melatonin 

signal released into the blood is the same in fish and mammals55. 

Researchers have focused on how melatonin regulates reproduction in a wide range of 

fish species as a powerful photo-neuroendocrine signal from the pineal organ. According to the 

theory developed from various fish research, melatonin interacts with the hypothalamus to 

affect the reproductive system. To integrate the photoperiodic information, the preoptic area 

(POA) of the hypothalamus in fish receives nervous inputs from the retina and the pineal organ, 

among them the hormonal (melatonin) input from the pineal organ plays a crucial role in the 

photo-neuroendocrine control of fish reproduction55.  

Melatonin receptors 
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In fishes, three forms of melatonin receptors are found: MT1 (mtnr1a), MT2 (mtnr1b) 

and MT3 (mtnr1c). They are found to be present in the retina and different parts of the brain 

(POA telencephalon, diencephalon and in the pituitary)56. However, the exact role of these 

receptors during pubertal onset in fish remains elusive. A study done in Nile tilapia found the 

MT1 receptor to be most associated during the onset of puberty57. 

Melatonin, kisspeptin and GnRH 

It is known that European sea bass exhibits day-night fluctuations and that melatonin 

inhibits the expression of GnRH and its receptors in the brain58. There is co-expression of kiss1 

and kiss2 neurons and the melatonin receptors found in the lateral tuberal nucleus and the 

parvocellular preoptic nucleus region of the brain in Sea bass28, 59. The findings of the Zebrafish 

study, which demonstrate the receptor-mediated action of melatonin at the brain level, suggest 

that melatonin may promote the release of hypothalamic GnRH by likely involving the kiss1r 

system in the GnRH neurons60. Although it has been shown that melatonin plays a significant 

part in the transduction process of photoperiodic signals in the regulation of seasonal 

reproduction, kisspeptin cells do not appear to express the melatonin receptor, therefore it is 

still unclear how seasonality alters kisspeptin activity61. It was found that in Orange-spotted 

grouper (Epinephelus coioides), the down-regulation of melatonin receptor (which is more 

expressed at night and less expressed in the day) resulted in up-regulation of kiss2 and GnRH 

(which is more expressed in the day and less expressed in the night)62. The results of a recent 

study on Goldfish, however, suggested that melatonin's light-mediated effects to regulate 

sexual development in fish may be the result of interactions between melatonin, GnIH, and 

Kiss63. In European sea bass, a study was conducted to look into whether essential genes that 

activate the HPG axis can be activated by the light stimulus integrated by clock proteins. It was 

found that the clock genes (clock, npas2 and bmal1) and the genes kiss, kissr and gnrh shared 

conserved transcription factor frameworks in their promoters. This indicated that there might 

be a correlation between them64. Furthermore, in the hypothalamus region (diencephalon) of 

the Cinnamon clownfish (Amphipirion melanopus), GnIH (an antagonist of GnRH) and the 

melatonin receptor were found to be co-localized65.  

Substantial evidence from studies66, 67, 68, 69 suggests that to activate the reproductive 

axis, melatonin levels must either rise or fall. In mammals, it has been found that melatonin 

secretion reaches its lowest levels at the time of puberty. If there is excessive melatonin 

secretion, then there is a delay in the onset of puberty67. It was also observed that by giving 



Vol. 6, Issue 1, June 2023    Interwoven: An Interdisciplinary Journal of Navrachana University                 21 
 

 

 Copyright © 2023, Navrachana University www.nuv.ac.in 

 
 

melatonin, it reduces the expression of kisspeptin under conditions of prolonged photoperiod68, 

while endogenous melatonin suppression (after pinealectomy) abolishes the effects of reduced 

photoperiod on kisspeptin expression69. So, from these studies, it can be said that because of 

melatonin, the kisspeptin hormone remains suppressed before the pubertal period, and during 

puberty, the decrease of melatonin results in the release of kisspeptin which in turn activates 

the HPG axis.   

The research on melatonin is more emphasized with respect to reproduction. Not many 

studies have been done to check its functional role during the onset of puberty in fish. But from 

the existing reports, we can say that melatonin might have an indirect activity with both 

kisspeptin and GnRH. Thus, studies need to be carried out in this area so that the role of 

Melatonin and its crosstalk with kisspeptin become evident in the onset of puberty. 

For the control of reproduction in vertebrates, the endocrine and the nervous system 

work together (neuroendocrine). We have already discussed above the prime factors involved 

in it, i.e., the environmental factors, GnRH, kisspeptin and melatonin. In addition to them, the 

monoamine neurotransmitter serotonin (5-hydroxytryptamine) is also involved in reproductive 

functions.  

Serotonin 

Serotonin is the precursor of melatonin and is synthesized from L-tryptophan, an 

essential amino acid, with the assistance of two enzymes: tryptophan hydroxylase (TPH) and 

amino acid decarboxylase70. 

Anatomical distribution of serotonin and its receptors in the brain of teleost: 

Studies have shown three major serotonergic populations in the brain of teleost: (i) 

pretectal population, (ii) posterior tuberculum/hypothalamic populations, and (iii) raphe 

populations71, 72. Serotonin receptors have been identified in various fishes such as Zebrafish73, 

Tilapia, Rainbow trout (Oncorhynchus mykiss), etc. Three serotonin receptor subtypes (5-HT1, 

5-HT2, and 5-HT7) have been found in Zebrafish, including two subtypes (5-HT2A and 5-

HT2C) of 5-HT2 and three subtypes of 5-HT1 (5-HT1aa, 5-HT1ab, and 5-HT1bd)74, 75. 5-

HTr1aa, 5-HTr1ab, and 5-HTr1bd are predominantly expressed in the preoptic area and 

hypothalamus of the Zebrafish brain74, while 5-HT2C is expressed in the telencephalon, 

diencephalon, rhombencephalon, and spinal cord75. In addition to these, serotonin cells are also 
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found in the pineal gland72, suggesting a possible interaction between serotonin and melatonin 

during the pubertal onset. 

 

Functional role of serotonin 

According to an immunohistochemical investigation, Serotonin fibres closely associate 

with GnRH neurons in the hypothalamus and olfactory bulb of the Atlantic croaker 

(Micropogonias undulatus)76. In Zebrafish, serotonin receptors are expressed in a number of 

brain regions that contain GnRH neurons, which suggests that GnRH may co-express with 

serotonin receptors, as shown in mammals74, 77. Studies conducted on teleost in both in-vitro 

and in-vivo environments have demonstrated the role of 5-HT1 or 5-HT1 receptor subtypes in 

promoting gonadotropin secretion78, 79, 80. Serotonin and GnRH promote LH secretion in the 

Atlantic croaker80. In cultured brain preoptic-anterior hypothalamic area and pituitary 

fragments of Goldfish, serotonin promotes the release of GnRH81. In Prussian carp (Carassius 

gibelio), serotonin alone had no effect on the spontaneous release of LH, but when GnRH 

analogue was co-administered, serotonin's additive effects were seen82. These findings point to 

a functional link between the GnRH and serotonin systems in teleost. 

Conclusion 

From the existing studies, we can say that the three components - kisspeptin, melatonin 

and serotonin are closely associated with the reproductive endocrine signalling pathways and 

somehow control the onset of puberty. Till now individual studies of these components have 

been done with respect to the onset of puberty. Only a few studies are found linking kisspeptin 

and melatonin. However, no research has discussed how serotonin affects the kisspeptin system 

in vertebrates. Therefore, further analysis needs to be done to understand how these three 

interacting players affect each other, which will further help to elucidate the 

mechanism of puberty. Advanced techniques like transcriptomics will help in deciphering the 

expression profile of key molecules playing a role during the onset of puberty. Additionally, 

thorough research is needed in understanding the mechanism of the onset of puberty which can 

be extrapolated as an application to the aquaculture industry. 
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Figure 3: Summary diagram of the possible interaction between kisspeptin, melatonin, 
serotonin and other factors in fish during the onset of puberty. 

Environmental cues are interpreted by the kisspeptin neurons present in the hypothalamus and 

they activate the GnRH neurons, initiating the HPG axis. How melatonin, serotonin and other 

factors contribute to it is yet to be understood. Potentially, they may bind with the kisspeptin 

or GnRH neurons in the hypothalamus or may directly bind with the Gonadotrops at the 

pituitary level. 
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Glossary 

Endocrine Disruptors- They are chemical substances that can interfere with the normal 

functioning of the endocrine system, disrupting hormone production and regulation in humans 

and other organisms. 

Gametogenesis- process by which sperm and eggs are produced from the germ cells in the 

testes and ovaries, respectively. 

Steroidogenesis- the biological process by which specialized cells, typically located in the 

adrenal glands and gonads (ovaries and testes), synthesize and produce steroid hormones. 

These hormones include hormones like cortisol, aldosterone, testosterone, and estrogen, which 

play essential roles in various physiological processes such as metabolism, immune response, 

and reproductive functions. 

G protein-coupled receptor (GPCR)- are a large family of cell surface receptors that transmit 

signals from the extracellular environment to the inside of the cell. They are involved in a wide 

range of cellular processes and play a crucial role in mediating the effects of various hormones 

and neurotransmitters. 

Hypogonadotropic hypogonadism- is a medical condition characterized by abnormally low 

levels of sex hormones, such as testosterone in males and estrogen in females, due to a 

deficiency of gonadotropin-releasing hormone (GnRH) or the failure of the pituitary gland to 

produce sufficient amounts of gonadotropins (LH and FSH). This hormonal imbalance leads 

to impaired development and functioning of the gonads (testes in males and ovaries in females), 

resulting in delayed or absent puberty and reduced fertility. 

Circadian- refers to biological processes or behaviors that exhibit a rhythmic pattern with a 

cycle of approximately 24 hours. These processes are influenced by the internal biological 

clock in organisms, which helps regulate various physiological and behavioral changes, such 

as sleep-wake cycles, hormone production, body temperature, and metabolism, in alignment 

with the day-night cycle. 

Zeitgeber- A zeitgeber is an external cue or time cue that helps to synchronize an organism's 

internal biological rhythms, particularly the circadian rhythm, with the natural 24-hour day-

night cycle. Common zeitgebers include light, temperature, social cues, and feeding times, 
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which can influence an organism's internal clock and help it adjust its physiological and 

behavioral activities to the appropriate time of day. 
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Abstract 

Traditionally solid mechanics problems are formulated in the Cartesian, cylindrical and 

spherical coordinate systems. Using such formulation and coordinate systems, solutions of 

solid mechanics problems are obtained for different geometries such as straight boundary, 

circular, cylindrical and spherical boundaries. However, the available coordinate systems 

cannot describe several geometries in spherical or cylindrical coordinate system alone with the 

inclusion of eccentricities, two spherical or cylindrical bodies in contact and parallel. In this 

article, author addresses this issue by giving complete original formulations and derivations of 

basic governing partial differential equations in Bipolar cylindrical coordinate system. The 

bipolar cylindrical coordinate system allows us to solve several solid mechanics problems such 

as eccentric cylinders, two parallel cylinders (intersecting or non-intersecting) where the 

traditional cylindrical or spherical coordinate system cannot handle these problems. Author 

develops the original equations in the bipolar cylindrical coordinate system in terms of useful 

quantities of stress and strain components in three dimensions. The paper is limited to 

development of the basic formulations and practical applications of such formulation can be 

expanded easily for getting solutions using any known analytical or numerical method. 

Keywords: Bipolar cylindrical coordinate system, Elasticity, Deformable solids, Orthogonal 

curvilinear coordinate system 
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Introduction 

Traditionally, equilibrium problems of solid bodies use only three coordinate systems, i.e., the 

Cartesian, cylindrical and spherical, to solve any problems. Though, the traditional coordinate 

systems are capable of solving thousand number of examples accurately, they are insufficient 

for describing all boundaries and geometries in continuum mechanics problems and real-life 

practical problems. 

By incorporating anew coordinate system, named as the bipolar coordinate system1, the 

problems of eccentric cylinders, two parallel intersecting and non-intersection cylinders can be 

tackled easily wherein, the traditional cylindrical coordinate system cannot handle these 

problems easily. The references show the basic information about the traditional coordinate 

system, however, basic governing equations representing the problems are not seen which is 

very tedious to derive and due to these difficulties, problems having complex geometries and 

boundaries remain unsolved. In this view, the present paper focuses to use the bipolar 

cylindrical coordinate system and subsequently derives basic governing equations for tackling 

static equilibrium problems which are occurring in the bipolar cylindrical coordinate system. 

This coordinate system is used to tackle problems of eccentric cylinder (Fig.1), two parallel 

cylinders etc. Few applications of such formulation for transport phenomena are available in 

ref2. Summary list of these non-traditional coordinate systems is seen in references1,4. 

Application areas of non-traditional coordinate systems is seen in few references.  

In article5, author solves a 3-D magnetostatic problem using the cylindrical bipolar coordinate 

system by separation of variables. The analytical solution applies to the field area between two 

non-concentric cylindrical surfaces located in close proximity to each other. Rigorous coupled 

wave analysis of the bipolar cylindrical coordinate system is used to study electromagnetic 

scattering from an inhomogeneous dielectric material, with eccentric composite circular 

cylinders are seen in the article6.A closed-form three-dimensional field solution is presented 

for cylindrical magnets that are polarized perpendicular to their axes are given in7. A dispersive 

full-wave finite-difference time-domain model is used to study the performance of bipolar 

cylindrical invisibility cloaking devices, and are given in8. Transport phenomena in an 

eccentric cylindrical coordinate has been studied by9.A finite-difference method for solving 

three-dimensional time-dependent incompressible Navier–Stokes equations in an arbitrary 

curvilinear orthogonal coordinate system is presented in10. In above literature, application areas 
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of non-traditional coordinate system in various fields such as electrical and mechanical 

engineering is used. However, direct use of governing equations for solving solid mechanics 

problems was also not seen in earlier studies. 

                  

Figure 1: Eccentric 3D cylinder subjected to pressure 

Mathematical Formulation 

Detailed derivations in Bipolar cylindrical coordinate system 

The bipolar cylindrical coordinate system is a three-dimensional orthogonal coordinate system 

obtained by rotation of two dimensional bipolar cylindrical coordinate about the axis which is 

joined by two focal points, result in a family of cylinders which are intersecting or non-

intersecting with each other. The physical significance regarding representation of the bipolar 

coordinate system is shown in Fig2b.To develop equations in the system of the bipolar 

cylindrical coordinate system, the symbols as given in Appendix are used. , ,  z indicates axes 

of the bipolar cylindrical coordinate system, and(x1, x2, x3)indicates axes of the Cartesian 

coordinate system. It is required to express the curvilinear basis in terms of the Cartesian basis 

as follows and symbols are used in accordance with the reference3 (Fig. 2a). 
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(a)                                                                      (b) 

Figure 2: Curvilinear coordinate systems and physical significance of bipolar 

Coordinatesystem3,4
 

Here, k is the number of coordinate axes, i.e., 1, 2, and 3. 1̂e , 2ê , 3̂e are defined as the unit vectors 

(in general notation) or ê , ê , ˆze (in bipolar cylindrical coordinate system) are defined as the 

curvilinear basis in three dimensions. Derivative of this curvilinear basis is required which will 

be useful eventually while deriving divergence. Also, scale factors are defined as 1 2 3,  ,  h h h (in 

general notation) and ,  ,  z zh h h h h h      (in the bipolar cylindrical coordinate system) 

which is an increment in differential length of the element along the curvilinear axis. The 

coordinates have two foci F1 and F2, which are generally taken to be fixed at (−a, 0) and (a, 0), 

respectively, on the x-axis of the Cartesian coordinate system. 

The scale factors for the bipolar coordinate system are given as follows4, 

1 2 3,  ,  1.
cosh cos cosh cos z

a ah h h h h h h h      
       

    
(2) 

Also, the relation between the Cartesian and bipolar cylindrical coordinate systems are given 
by  

1
sin ,

cosh cos
ax x 
 

 


                 (3)

  
 



Vol. 6, Issue 1, March 2023    Interwoven: An Interdisciplinary Journal of Navrachana University              40 
 

 

 Copyright © 2023, Navrachana University www.nuv.ac.in 

 
 

  

 

2
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cosh cos
ax y 
 

 


     

                                                     (4) 

3 .x z z         

                                                 (5)

 
To obtaine curvilinear basis as shown in Eq. (1), derivation of the Cartesian coordinate system 

with respect to the bipolar cylindrical coordinates is carried out using simple use of the quotient 

rule of differentiation. 

       

 
Further expressions can be expanded for the derivative with respect to α,   and the third 

dimension z will give the Curvilinear basis in the form of the bipolar cylindrical coordinate 

system. It is further followed by the derivation of the curvilinear basis which is necessary to 

derive the relationship. However, this procedure is quite lengthy, and the following alternative 

approach as given in Chou and Pagano11 is used here for the derivation of the curvilinear basis. 

Derivative of the curvilinear basis is required before deriving the equilibrium equations, 

derivatives of unit vectors can be given by the following equations as given in Chou and Pagano 

(1992)11, 
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Here, substituting the values, 1 2 3 1 2 3,  ,  ,    and  ,  zc e c e c e z             and 

expressions for scale parameters h1, h2,h3, as given in eq. (2). 
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Eq. (7) are the derivative of unit vectors or the curvilinear basis, which is significantly used 

further in deriving the general equilibrium equations. 

Equilibrium Equations 

Generalized expression for a differential divergence operator of a vector field is written as 

follows3, where the divergence expression explains how the vector field behaves from one end 

to another end and a useful quantity to understand the behavior of a solid body subjected to 

forces. 

     1 3 1 3 1 2 1 3 3

1 2 3 1 2 3

1 .
h h F h h F h h F

F
h h h u u u

   
       

   (8) 

where F1, F2 and F3 are the force components. The values of scale factor h1, h2 and h3, and 

   1 2 3, , , , u u u z  are substituted in this equation. Here, bipolar cylindrical coordinates are 

in three dimensional form, and hence all three coordinates  z , ,  will be considered. 
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(9) 

Defining symbols and now the stress can be expressed in terms of the traction components as 

   z ze T e T e T       ,     
                                              (10a) 

where, 
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Also Writing,  
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          (11) 

By substituting Eq. (11) into Eq. (8), three terms in Eq. (8) are defined as  

1st term of Eq. (8) is given as   1
1

cosh cos sinh. F F
a a

  


 



, 

where 

 

 

1
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e e
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         
             

           (12a) 

2nd term of Eq. (8) is given as   2
2

cosh cos sinF F
a a

  


 



 

where 
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 (12b) 

3rd term of Eq. (8) is given as 3F
z




 

which is presented as 

3 
 

                    
zz z

z
F e e e
z z z z

.        (12c) 

Above three terms are combined together  and is rewritten by separating out the terms with 

the unit vectors, e  , e , and ze  as 

   
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                    (13d) 

Further simplification of above equations leads us to the following expressions in the bipolar 

cylindrical coordinate system, 
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 (14) 

Separating the terms inside brackets in eq. (14) will give us the general equilibrium equations 

in bipolar cylindrical coordinate system in three-dimensional form. The governing partial 

differential equations in three directions in the bipolar cylindrical coordinate system which are 

derived here, are readily used for formulation of elasticity problems having eccentricity in 

cylindrical bodies and helpful in solving the problems along with strain displacement and 

Hooke’s law. In the following section, strain displacement relations are derived further which 

are basic essential equations for getting solutions of the cylindrical problems having 

eccentricity in the geometry. Using these equations, complexity is reduced while assigning the 

boundary conditions to the posed problem for the bipolar cylindrical coordinate system having 

cylindrical eccentricity. 
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 
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        
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(15)
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Strain Displacement Equations 

In solid body mechanics, gradient is the strain-rate tensor which is a physical quantity that 

describes the rate of change of the deformation of a material in the neighborhood of a certain 

point. It is a useful quantity which represents the relationship between strain and geometrical 

deformation of the solid body. Generalized form of gradient of  is expressed as follows, 

1 2 3
1 1 2 2 3 3

1 1 1 .c c c
h h h

  
  
  

   
  

             (16a) 

Furthermore, the displacement vector u is defined based on its three directional component as 

follows, 

.z zu u e u e u e                    (16b) 

The strain e  is a symmetric second-order tensor and is commonly written in matrix format as 

z

z

z z zz

u u u
e u u u

u u u

  

  

 

 
   
  

.             (16c) 

Here, we define three normal and three shearing strain components leading to a total of six 

independent components that completely describe small deformation theory. Here, u , u  

and zzu  are the normal strain and remaining quantities of the matrix are shear strain. This set 

of equations is normally referred to as the strain-displacement relations which are derived using 

curvilinear coordinate system in the bipolar cylindrical coordinate system. The development of 

the strain-displacement relations in the bipolar cylindrical coordinate system is given as 

follows.  First, substituting the values as 1 1 2 2 3 3,  ,  ,  ,  ,  zc e c e z c e            and 

scale parameters from Eq. (2) into Eq. (16a).
 

Upon substituting the above equations of strain and strain tensor in Eq. 16b-16c, and 

performing the derivative operations, we get following equations, 
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  

            (17) 

Substitution of the displacement vector from Eq. (16a) and replacing the generalized symbols 

from 1, 2 and 3 with , , z   , the right hand side of first term of Eq. (17) is given as follows. 

           
   

  
   


 

     
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     

z z

z z
z z

u e u e u e

u eu e u ee u e u e u
           (18) 

Upon substitution of derivatives of the unit vectors appears in above equations and simplifying 

the equations further, 
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



  (19) 

Similarly, second and third terms are obtained. Collecting all the terms together, Eq (14) 

presents as follows by separating out the terms with the unit vectors e , e and ze  in the 

bipolar cylindrical coordinate system, 

1 2 3
1 1 2 2 3 3

1 1 1 .c c c
h h h

   
  
  

    
  

                                (20a) 
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        (20b) 

In Eq. (20), the individual bracket terms give the desired strain displacement relations 

as given in matrix Eq. (17b) in the form of the bipolar cylindrical coordinate system. The 

individual scalar equations are given by 
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(cosh

z
zz

z
z

z

uuu
a a

u uu
a a

uu
z

u uu uu
a a a a

uuu
a z

u




 


  







 


 


   
 

 


 
   

 
   
    

  
      

 
    


cos ) .z uu

a z
 


    

 

         (21) 

The above equations are the strain-displacement relationship in the bipolar cylindrical 

coordinate system in the three-dimensional form. The strain-displacement relationship is used 

to determine the strain in the solid body. Eq. (21) are used for special problems formulated in 

the bipolar cylindrical coordinates and analyzed using analytical or numerical method. 
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Numerical illustration and usefulness of the proposed study 

Few examples of the real-life applications are illustrated here considering the prospect 
applications of the derived equations in this article. 

 

Example 1 – Civil and Structural engineering applications 
Consider the solution of two-dimensional plane stress problem of ring with eccentricity through 

either analytical or numerical solutions to investigate the parameters adversely effect on the 

stress and strain due to eccentricity. In real life engineering such applications are seen in infinite 

length pipelines where walls of the pipelines are weakened through corrosion or environmental 

effect and reducing the load carrying capacity of the structure. It is necessary to investigate the 

stresses and strain in the weakened structure help engineers to understand the defect and results 

are useful for the future design. Current equations have the potential applications for tackling 

such problems. Fig. 3 shows the geometrical and output parameters which are the result of such 

formulations. 

 

     (a)                                                                             (b) 

Figure 3: 2D ring problem having eccentricity subjected to pressure
 

Example 2 – Mechanical engineering applications 

Present equations can be formulated for the for the application of Interaction between ideal 

surfaces in contact characterized by acted forces in such a way lead to the so-called equilibrium 

separation and adhesiveness contact between two surfaces are investigated as areas of 

application of contact mechanics and useful in design of adhesive surfaces and manufacturing 
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of micro devices. Representation of the problem of adhesive contact of a rigid cylinder with an 

elastic half-space is shown in fig.  

Analytical problem or numerical treatment of such problem is formulated in bipolar 

coordinates to evaluate the shear stresses between the contacting surfaces by assuming contact 

with friction. Such problems have an immense engineering applications, present formulation 

facilitates for deriving the governing equations to present mechanics of contact problems 

 

(a)                                                               (b) 

Figure 4: (a) Contact of an elastic half space with a rigid cylinder12 and (b) Eccentric 
circular inclusion of press -fitted disk13 

 

Example illustration 3 - Mechanical engineering applications 

Another real-life engineering problem which can be tackled using the present formulation is to 

investigate the stresses induced in an elastic and isotropic disk by an eccentric press-fitted 

circular inclusion. Representation of such problem is shown in Fig. 4 and given in reference12. 

However, in this reference, tedious mathematical technique is used which can be replaced with 

use of convenient equations derived in the present work formulation. The disk is also subject 

to uniform normal stress applied at its outer border. The inclusion is assumed to be of the same 

material as the annular disk and both elements are in a plane stress or plane strain state. A 

frictionless contact condition is assumed between the two members. 

 

Example illustration 4 – Electrical engineering applications 
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Apart from above illustration from mechanics, also real engineering application in electrical 

engineering is seen where magnetic field calculation of tubular linear permanent-magnet 

machine assemblies is required to calculate, where, off centered rotor and for the analysis of 

the field of a two – roller magnetizing fixture is formulated in cylindrical bipolar coordinates. 

Fig. 6 (a) represents schematic of this problem. 

 

 (a)                                                              (b) 

Figure: 6 (a) Tubular Linear Permanent-Magnet Machine Assemblies5 and (b)The 
electrostatic problems with parallel cylinders14 

 

Example illustration 5 - Electrical engineering applications 

The electrostatics problem of two infinite, parallel, conducting cylinders provides a real-world 

application of the use of bipolar cylindrical coordinate system. The schematic image reflecting 

the problem is to find the capacitance per unit length C is shown in Fig. 6(b). 

Conclusion 

In this paper, author presented an original and detailed systematic derivations of governing 

partial differential equations in the bipolar cylindrical coordinate system comprising of a stress 

and strain tensor. A governing differential equation and physical quantities of strain are derived 

based on the following factors which represent the exact theory of elasticity in the bipolar 

cylindrical coordinate system, as (1) the orthogonal curvilinear coordinate systems, (2) scale 

factors, (3) Cartesian coordinate system in terms of the bipolar cylindrical coordinates and (4) 

the curvilinear basis in terms of the Cartesian basis. The formulations of the curvilinear basis 

in terms of Cartesian basis and its derivatives are formulated in the bipolar cylindrical 
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coordinate systems in the three-dimensional form. Equations are very useful in tackling several 

static equilibrium problems of solid cylindrical bodies which cannot be tackled by using 

traditional cylindrical coordinate system. The equations are generalized, and can conveniently 

be used for future numerical and analytical solutions in various real life practical solid 

mechanics problems such as eccentric hole in the three-dimensional solid cylinder, elastic half 

space with cylindrical geometry, family of interacting cylindrical body subjected to various 

loadings and boundary conditions and parallel cylinders. Such configurations are used in 

engineering structures such as pressure vessels, pipe lines, aircraft body and various parts of 

the machines. Real life applications and usefulness of the formulations of the proposed study 

is discussed with illustrations in the article. 
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Appendix: Mathematical symbols used in the formulation of the bipolar cylindrical 
coordinate System 

 

 

 
 

 
 

 
 

 
 

 

, ,  z  Coordinate in the Bipolar cylindrical Coordinate 

System 

x1, x2, x3 Direction in Cartesian coordinates 

, ,  zh h h  Scale factors in the bipolar cylindrical coordinate 

system 

1 2 3, ,h h h  Scale factors in the generalized system 

1̂e , 2ê , 3ê  Curvilinear basis in generalized symbol 

̂e , ˆe , ˆze  Curvilinear basis in generalized symbol 

F1, F2 and F3 components of the Traction in generalized symbol 

, , zT T T   Components of traction  

1 2 3, ,    orthogonal curvilinear coordinates  

, ,
, ,
, ,

  

  

 

  

  

  

z

z

z z z

 
Stress tensor in the bipolar cylindrical coordinate 

system 

, , , , ,    z z z zu u u u u u  Normal and shearing Strain in the bipolar cylindrical 

coordinate system 
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Glossary 

Rigid body- Body that does not deform or change its shape 

Solid body- Body that deforms or change its shape 

Solid mechanics- It is the branch of mechanics that studies the behaviour of solids under the 

action of external forces and displacement. 

Behaviour of solid- Behaviour of solid is studied to evaluate the critical parameters such as 

deformations, stresses, strains in the solid body which are helpful for engineering design 

Coordinate system- It is the number coordinates uniquely define the position of a particle. 

Ordinary differential equations- Governing equations and mathematical expressions in 

one dimension (1D) that represents the physical behaviour of solids (in the present case) 

contains the unknown critical parameters such as deflections, stresses, strains and are 

required to solve using mathematical techniques either, numerical or analytical 

Partial differential equations- Governing equations and mathematical expressions in two 

dimensional (2D) or three-dimensional domain (3D) that represents the physical behaviour 

of solids (in the present case) contains the unknown critical parameters such as deflections, 

stresses, strains and are required to solve using mathematical techniques either, numerical or 

analytical  

Curvilinear coordinate system- It is the coordinate system where coordinate lines are 

curved 

Scale factors- An increment in differential length of the element along the curvilinear axis  

Stress- It is the intensity of the measured per unit cross sectional area assumed to be 

distributed over the area approximately in approximate theory and assumed to be acted at a 

point in exact theory of elasticity 

Strain- Strain occurs in solid body as a result of stress due to external forces 
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Stress equilibrium equations- They are ordinary or partial differential equations presenting 

the unknown quantities as stresses and its change from one section to another section 

Divergence- It is similar to stress equilibrium equations engineering derived from free body 

diagram of forces, however, in vector calculus and curvilinear coordinate system it is termed 

as divergence 

Strain-displacement relations- It is a measure of how rapid the displacement changes 

through the material 

Gradient- It is similar to strain-displacement relations in engineering which is derived from 

free body diagram of forces, however, in vector calculus and curvilinear coordinate system 

it is termed as gradient 

Normal stress- Stress acting in normal (perpendicular) direction 

Normal strain- Strain acting in normal (perpendicular) direction 

Shear stress- Stress acting in tangential direction 

Shearing strain- Strain acting in tangential direction 

Unit vector or Cartesian basis- Vector whose unit is unit 

Tensor- Tensor is defined by the number of directions 

Vector- Vector is first order tensor, means it has a single direction 
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Abstract 

Trace level determination and quantification of potentially genotoxic impurities (PGIs) in drug 

substances is a challenging task. p- Formaldehyde is a known PGI and analysis of it is very 

taxing due to its volatility, low molecular weight, high polarity and absence of any 

chromophore. The present study demonstrates development and validation of an HPLC-UV 

method for quantification of p-Formaldehyde in Duloxetine Hydrochloride. The LOD and 

LOQ achieved are 0.01 and 0.03 % w/w respectively. The calibration curve was found to be 

linear over a range of 0.03% to 0.15%. The validated method is precise, sensitive, and accurate 

and has been successfully utilized to ascertain p-Formaldehyde content in scale up batches of 

bulk drug. 

Keywords 

Genotoxic impurity, HPLC-UV, derivatization, active pharmaceutical ingredient 
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Introduction 

 Duloxetine is a selective serotonin norepinephrine reuptake inhibitor (SNRIs)1-2, 

approved by US FDA as safe and effective antidepressant3. It is chemically known as y (+) - 

(S)-N-methyl-γ-(1-naphthyloxy)- 2-thio phenyl propyl amine hydrochloride4 (Figure 1). It is 

also used for the treatment of generalized anxiety disorder, and relieves the pain of 

fibromyalgia and peripheral neuropathy5.  

  

 

Figure 1: Chemical structure of Duloxetine hydrochloride 

p-Formaldehyde when depolymerized results in formaldehyde which is utilized as an 

important entity in the synthesis of many pharmaceuticals and specialized chemicals6. As a 

formaldehyde releasing agent, p-formaldehyde is a potential carcinogen7. Its acute oral median 

lethal dose in rats is 592 mg/kg8. 

It is highly reactive, volatile, toxic and exposure to it is a significant concern for human 

body. 

Analytical monitoring of potentially genotoxic impurities in drug substances is now a day 

greatly emphasized by regulatory bodies because these impurities are unwanted chemicals or 

compounds that harm an organism by inducing its genetic material (DNA) such as genetic 

mutation, chromosomal breaks or rearrangements and have the potential to cause cancer. The 
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International Conference on Harmonization (ICH) and The European Medicines Agency has 

dedicated guidelines for identification and quantification of impurities in new drug substances9-

10. In 2014, these bodies also have formulated M7 guidelines for identification, categorization, 

qualification and control of PGIs in pharmaceuticals11-12. 

Due to increased review by regulatory agencies with respect to the potential hazards, there 

has been an increase in number of analytical methods for determination of PGIs in drug 

molecules. Based on the maximum daily dose of Duloxetine Hydrochloride, p-formaldehyde 

needs to be controlled at a limit of 0.1% since it is for oral administration. In the present study, 

considering the overview facts, a sensitive HPLC - UV method was developed and validated 

by utilizing derivatization technique. This developed method will help pharmaceutical 

industries for qualification and quantitation analysis of formaldehyde for various drug 

molecules by using HPLC. 

 

Materials and Methods 

Materials 

p-Formaldehyde was purchased from S D Fine Chem Ltd, Mumbai. The solvents 

acetonitrile, methanol and ortho phosphoric acid were purchased from Merck, India. 2,4-

Dinitrophenyl Hydrazine AR was purchased from Molychem, Mumbai, India. Water used 

during this study was from Milli Q system.  

Instrumentation 

The analysis was carried out using Waters Alliance HPLC system (e2695 separating 

module) (Waters Co., Milford, MA, USA) with an Ultraviolet - Visible detector (Waters 2489) 

with an auto sampler and column heater. Data were collected and processed using EmpowerTM 

software (Version 3) from Waters. 

Chromatographic Conditions 

The method for p-Formaldehyde was developed, validated and applied to study the 

estimation of p-Formaldehyde in Duloxetine Hydrochloride. The mobile phase was filtered 

through 0.45μ filter (Millipore) and degassed using sonicator. p-Formaldehyde was analyzed 
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using Inertsil ODS 3V (250mm × 4.6mm, 5.0µm) column set at 35°C with mixture of Solution-

A, Solution-B and orthophosphoric acid (50:50:0.1 v/v) as the mobile phase in isocratic mode. 

Solution-A is water and Solution-B is pre-mixed solution of acetonitrile and methanol in 1:1 

ratio. A flow rate of 1.0 mL/min with an injection volume of 10µL and an absorption 

wavelength of 355 nm were used. The run time was 30 minutes and the retention time was 18.1 

minute for p-Formaldehyde. 

Preparation of derivatizing solution, standards stock, working standard and sample solutions 

1 mg/mL derivatizing solution of 2,4-Dinitrophenyl Hydrazine (DNPH) was prepared by 

using acetonitrile. Diluent was prepared by using mixture of derivatizing solution of 2,4-

Dinitrophenyl Hydrazine (DNPH) and water in ratio 5:95 v/v. p-Formaldehyde standard stock 

solution of 0.0025 mg/mL concentration was prepared by dissolving in 0.1N NaOH solution, 

further 1 mL of this solution was diluted to 100 mL of water. Working standard solution was 

prepared by diluting 10.0 mL of p-Formaldehyde standard stock solution to 100 mL volumetric 

flask containing 10 mL of 1% solution of ortho phosphoric acid solution, made to the volume 

by using diluent as derivatizing solution. The solution was allowed to stand for 4 hours for 

derivatization at room temperature before injection.  

Sample solution was prepared by dissolving accurately 25 mg of Duloxetine 

Hydrochloride in 10 mL of 1% solution of ortho phosphoric acid and made up to the volume 

of 100 mL by using diluent as derivatizing solution. The solution was allowed to stand for 4 

hours for derivatization at room temperature before injection. Blank solution was prepared by 

transferring 10 mL of 1% solution of ortho phosphoric acid into 100 mL volumetric flask and 

made up with volume by using diluent as derivatizing solution.   

 

Results and Discussion 

Method development and optimization 

Based on maximum daily dose of selected drug substance, p-Formaldehyde is required to 

be controlled to a limit of 0.1 % since the drug substance is administered orally. p-

Formaldehyde is volatile in nature and does not have any chromophore and therefore 

chromatographic method development was initiated by using gas chromatograph (GC) with 
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FID detector. During development, it was found that GC method is quite sensitive to detect the 

p-Formaldehyde peak after derivatization, however the analysis becomes difficult in 

Duloxetine Hydrochloride drug substance due to its non-solubility in major organic solvents. 

Eventually, High Performance Liquid Chromatography (HPLC) technique was tried for the 

determination and estimation of p-Formaldehyde content in drug substance. But due to the 

absence of chromophores in formaldehyde, it could not be detected by using UV detector in 

HPLC. Hence, a derivatizing agent, namely 2,4-Dinitrophenyl hydrazine, was selected to 

introduce UV chromophores into a carbonyl group of p-Formaldehyde. p-Formaldehyde and 

2,4-Dinitrophenyl hydrazine form an instant reaction at 1:1 mole ratio and immediately form 

formaldehyde-2,4-dinitrophenyl hydrazone derivative at room temperature (Figure 2), which 

is UV active and shows UV maximum at a wavelength of 355 nm. Based on peak response 

obtained for formaldehyde-2,4-Dinitrophenyl hydrazone complex, content of p-Formaldehyde 

was estimated. The retention time for the p-Formaldehyde derivative was observed at 18.1 

minute. The objective of this work was to develop an analytical method, which could not only 

separate p-Formaldehyde complex peak from drug substances and its related components but 

also could quantify at least less than 30% to the specification limit of formaldehyde which is 

0.1%. Several development trials were carried out by using water and acetonitrile as mobile 

phase and using different columns but poor peak shape was observed. In some cases, there 

were interference from sample matrix observed at the peak of p-Formaldehyde. Desired 

resolution and sensitivity were achieved by using 5 μm particle size, Inertsil ‘‘ODS-3V’’ HPLC 

column of 250 mm length, 4.6 mm internal diameter having 17% of carbon load. Elution mode 

was selected as isocratic with Solution-A, Solution-B and orthophosphoric acid (50:50:0.1 v/v) 

as the mobile phase in isocratic mode. Solution-A is water and Solution-B is pre-mixed solution 

of acetonitrile and methanol in 1:1 ratio. Impurity was monitored by using UV detector at 

wavelength 355 nm as shown in Figure 3 for chromatograms of standard solution, sample as 

such and sample spiked with p-Formaldehyde. Batch of Duloxetine Hydrochloride was 

analysed for p-Formaldehyde content and it was not detected in batch sample.  
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Figure 2: Reaction scheme of Formaldehyde derivative formation 

 

 

Figure 3: Representative chromatogram (A) blank, (B) formaldehyde-2,4-dinitrophenyl 
hydrazone (2,4-DNPH derivative), (C) sample chromatogram as such and (D) sample 

spiked with formaldehyde. 

 

2,4-DNPH 
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Method validation 

The method was validated according to validation of analytical procedures provided in the ICH 

guidelines13 and the results are presented in Table 1. 

Specificity 

Specificity was used to test the ability of the method to eliminate the effects of all interfering 

substances on Formaldehyde derivative peak, specifically by comparing the chromatograms to 

the blank samples. The validated method showed that there is no interference observed at the 

peak of interest. 

Linearity and range 

A linear relationship was observed between the area response for Formaldehyde derivative and 

corresponding concentrations. The calibration curves exhibit a linearity over a range of 0.03% 

to 0.15% with respect to sample concentration for formaldehyde with regression coefficient 

value greater than 0.9800. The method provided a good correlation between the area response 

and component concentration. 

Sensitivity 

The LOD (Limit of Detection) was evaluated by determining the minimum levels of 

concentration of Formaldehyde derivative that could be detected using this analytical method. 

The LOQ (Limit of Quantitation) was studied by estimating the minimum concentration that 

could be quantified with acceptable accuracy and precision. The precision study was also 

carried out at LOQ level by injecting six preparations of formaldehyde derivative. LOD, LOQ 

and Percentage RSD (Relative Standard Deviation) for the area response of impurity at LOQ 

level for formaldehyde derivative is shown in Table 1. 

Precision 

The precision for the said Formaldehyde derivative was evaluated by injecting six individual 

Duloxetine Hydrochloride samples spiked with 0.1% of p-Formaldehyde. Percentage relative 

standard deviation for actual recovered amount was calculated and were within 15% 

confirming the good precision of the developed analytical method.   
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Accuracy 

Accuracy was studied by analyzing three replicates at four different concentration levels: at 

LOQ, 80%, 100% and 150% (Table 1). The observed accuracy values were within a range of 

100.7% to 102.5% for Formaldehyde derivative. This indicates high accuracy of new method 

developed.  

Sr. 

No. 

Parameters Formaldehyde derivative 

1 System Suitability, Retention Time (RT) 

min 

18.1 

2 Linearity, Correlation coefficient (r) 0.9998 

3 Detection limit, LOD (%) 0.01 

4 Quantitation limit, LOQ (%) 0.03 

5 Precision %RSD. LOQ, (n = 6) 0.38 

6 Method Precision %RSD. (n = 6) 0.5 

7 % Average Accuracy  

 Accuracy at LOQ level (n = 3) 102.5 

 Accuracy at 80% level (n = 3) 101.5 

 Accuracy at 100% level (n = 3) 101.2 

 Accuracy at 150% level (n = 3) 100.7 

 

8 Sample Not detected 

 

Table 1: Method validation summary 
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Conclusion 

An isocratic reversed phase - HPLC method was successfully developed for the estimation of 

p-Formaldehyde in Duloxetine Hydrochloride drug substance. The method developed is simple 

for the purpose of quantification for the current specified limit 0.1%. The method validation 

results proved that the method is specific, linear, precise and accurate and can be applied for 

estimation of p-Formaldehyde in Duloxetine Hydrochloride for monitoring drug safety. Also, 

this method can be easily adopted for the determination at trace level i.e., less than 1 ppm level 

considering p-Formaldehyde as known genotoxic by using appropriate sample preparation 

technique based on solubility of individual molecule. 
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Glossary 

LOD- The detection limit of an individual analytical procedure is the lowest amount of analyte 

in a sample which can be detected but not necessarily quantitated as an exact value. 

LOQ- The quantitation limit of an individual analytical procedure is the lowest amount of 

analyte in a sample which can be quantitatively determined with suitable precision and 

accuracy. 

RSD- Relative standard deviation is also called percentage relative standard deviation formula, 

is the deviation measurement that tells us how the different numbers in a particular data set are 

scattered around the mean. 

HPLC-UV- High-performance liquid chromatography (HPLC) is a technique used to separate 

molecules based on size and surface charge, among other properties. The incorporation of ultra-

violet (UV) spectroscopy with HPLC allows the concentration of molecules to be determined 

following separation. 

Derivatization- Derivatization, or chemical structure modification, performed by high 

performance liquid chromatography technique in order to enhance detectability or to improve 

the chromatographic performance for the target analytes. 
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Abstract 

Chemical Reuse, Reprocess and Recycling is an emerging theme in Green Chemistry which 

has the potential to contribute to a low carbon protecting environment, resource efficient and 

sustainable economy; however, it is still at an early stage of development. The present work 

reports a cost-effective method for synthesis of Tri-chloroacetyl chloride which is 

commercially important Chemical Intermediate and is a Key raw material for synthesis of 

various commercial Agro and Pharma products. The reported method involves various steps 

like, Purification of Mother Liquor (ML) of MCA, Synthesis of Chloroacetyl Chloride and 

Synthesis of Tri-chloroacetyl chloride. In synthesis of Tri-chloroacetyl chloride various steps 

are involved.  The basic raw materials used are, Mother Liquor (ML) of MCA, Liquid Chlorine 

and Sulfurmonochloride (SMC) and phase transfer catalysts. Various catalysts are used, but we 

Pyridine catalyst gives higher yield. The overall yield obtained is up to 95% which is 

comparable with Tri-chloroacetyl chloride manufactured by using other methods. The 

processes developed for Chloroacetyl chloride synthesis from Mother Liquor (ML) of MCA is 

comprehensively evaluated to reveal the future opportunities of Tri-Chloroacetyl chloride 

broad-scale production and utilization. 

Keywords 

Green Chemistry, Sustainability, Synthesis, Chloroacetyl chloride, Trichloroacetyl chloride 
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Introduction 

Trichloroacetyl chloride is a colorless to light yellow color liquid with a strong chlorine odor. 

It Chemical formula is CCl3COCl and molar mass 181.8. It’s boiling plant is 118oC & is 

soluble in alcohol. It is denser than water and having specific gravity in the range of 1.602 – 

1.612 at 30oC. It is having multiple applications. It is very important chemicals and used as 

intermediates chemicals for synthesis of various pharmaceuticals & Agro-chemicals used plant 

protection compounds1. In the production of pesticides like Chlorpyrifos, Tri-chloroacetyl 

chloride is extensively used as an important intermediate. It can also be utilized in the 

production of trifluoroacetic acid as key starting material2. Additionally, Trichloroacetyl 

chloride can be used for the manufacture of the esters and the anhydrides of trichloroacetic 

acid3-4.  

Tri-acetyl chloride was initially manufactured on industrial scale by partial chlorination of 

acetyl chloride in liquid phase in presence of homogenous catalysis. This required the 

discontinuous operation of reactor leading to higher turnaround time (TRT) in plants. 

Moreover, the product could be obtained only after distillation from dissolved catalyst5. Since, 

more steps are involved in manufacturing, the production efficiency decreases with respect to 

power and chemical consumption. These disadvantages tremendously affect carbon footprint 

and sustainability.  

The later procedures implemented for synthesis included chlorination of acetyl chloride or 

acetaldehyde with the aid of heterogeneous catalyst like active charcoal1. Other synthesis routes 

explored were like, i) Reaction of Tri-chloroacetic acid and Thionyl chloride, or DMF in the 

presence of activated carbon, ii) Thermal decomposition reaction of tri-chloroacetic acid in the 

presence of a catalyst like KCl, CsCl, K2CO3 and quaternary ammonium salts6. However, all 

of them suffered from disadvantages like low yield, operational constraints & lot of reaction 

waste.  

To counter the disadvantages, industries switched to Chloroacetyl chloride (CAC), for 

synthesis of Tri-chloroacetyl chloride using acetic acid as main raw material7-9. Currently, the 
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increasing price of acetic acid has inflated the production cost of chloroacetyl chloride and thus 

affecting the cost of Tri-chloroacetyl chloride. 

The objective of the present invention is to provide a cost effective and greener manufacturing 

process for Tri-Chloroacetyl Chloride. Chloroacetyl chloride used in synthesis is produced 

from Mother Liquor (ML) of MCA, liquid chloride and sulfurmonochloride. Mother Liquor 

(ML) of MCA can be used completely or in combination with Acetic Acid. The new process 

recycles and reuses the chemicals, helps in better management of chemical inventories and 

thus, eliminating the negative impact on environment as well as the disposal costs of industries. 

Thus, our reported method of synthesis will contribute to a low carbon, resource efficient and 

sustainable economy. Tri-Chloroacetyl chloride-derived chemicals have already mature market 

and it is confirmed that this improved process is a promising pathway to expand the market 

and gain more environmental and energy benefits. 

 

Results and Discussion 
The following steps are involved in the manufacturing process: 

Step – 1:  Purification of Mother Liquor (ML) of MCA: The step includes heating of Mother 

Liquor at temperature of 100~120°C for 1 to 3 hours and then distillation to collect pure Mother 

liquor having moisture content less than 2%. 

Step – 2:  Synthesis of Chloroacetyl Chloride (CAC): Purified Mother liquor is chlorinated 

using sulfur mono chloride to obtain crude product at completion of the reaction. The crude 

CAC thus formed, is distilled out and collected. 

Step – 3:  Chloroacetyl Chloride to crude Tri-Chloroacetyl Chloride (TCAC): The CAC 

obtained in step (ii) is chlorinated further by using chlorine gas till minimum specific gravity 

achieved is 1.602 – 1.612 at 30oC. The catalyst from reaction mass is later separated in 4-6 hrs. 

Step – 4:  Crude Tri-Chloroacetyl Chloride to pure Tri-Chloroacetyl Chloride: Pure 

TCAC is obtained by refluxing the crude TCAC till the purity is reached around 99.5% and 

then further distillation is performed. This is final TCAC product 

Step – 5:  For Pharma/fine Grade: The product is again refluxed till the product purity is 

closer to 99.75% followed by another round of distillation. 
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The intermediate products obtained are characterized by using Gas Chromatograph (GC) 

Instruments. Gas chromatography is a separation technique in which the components of a 

sample partition between two phases, stationary phase and mobile gas phase. During a GC 

separation, the sample is injected and vaporized in Injector and carried by the mobile gas phase 

(i.e., the carrier gas) through the column. Separation of the different components is achieved 

based on their relative vapour pressure and affinities for the stationary phase in column. Then 

those separated components go into detector in which detection happens. The moisture content 

in ML of MCA is tested by using Automatic Karl Fisher (Auto KF) Titrator. The data obtained 

from various trials are presented in Table 1 (A, B, C). To obtain repeatability and 

reproducibility, conducted various Laboratory Experiments to optimize batch yield and the 

verification of Analytical method followed for Characterization of products. Detailed results 

are given below tables. 

Batch No % ASSAY % Chloroacetyl 
chloride (CAC) 

% Dichloro 
acetyl chloride 
(DCAC) 

% High boiling 
Impurities 
 

% SO2 

1 98.35 0.390 0.310 0.767 0.168 
2 98.40 0.366 0.224 0.822 0.181 
3 98.38 0.379 0.250 0.810 0.170 
4 98.41 0.356 0.260 0.780 0.180 
5 98.34 0.409 0.244 0.842 0.171 
6 98.47 0.350 0.200 0.740 0.180 

Table - 1A: Purity of Crude TCAC 
 

Batch No % ASSAY % Chloroacetyl 
chloride (CAC) 

% Dichloro 
acetyl chloride 
(DCAC) 

% High boiling 
Impurities 
 

% SO2 

1 99.46 0.084 0.134 0.168 0.145 
2 99.39 0.105 0.149 0.173 0.137 
3 99.43 0.098 0.110 0.187 0.151 
4 99.45 0.120 0.082 0.138 0.147 
5 99.52 0.092 0.091 0.140 0.151 
6 99.47 0.109 0.123 0.148 0.150 
 

Table - 1B: Purity of Distilled TCAC 

Batch No % ASSAY % Chloroacetyl 
chloride (CAC) 

% Dichloro 
acetyl chloride 
(DCAC) 

% High boiling 
Impurities 
 

% SO2 

1 99.76 0.040 0.075 0.017 0.082 
2 99.78 0.066 0.053 0.019 0.078 
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3 99.81 0.020 0.053 0.018 0.075 
4 99.77 0.053 0.050 0.023 0.088 
5 99.78 0.046 0.042 0.032 0.072 
6 99.71 0.023 0.078 0.028 0.092 

Table - 1C: Purity of Double Distilled TCAC 
 

Products obtained from trials were analyzed by Gas Chromatography (GC) for purity. A 

Representative GC chromatogram of one of the trial batches is shown in Fig. 1. 

 

 
Figure 1: GC Chromatogram of TCAC Batch No. 5 

The results presented in Table 1A are of crude TCAC obtained after step (iii) of synthesis. In 

all the batches tested, the purity of crude product is higher than 98 %. The side products are ~ 

3.0% & while the high boiling purities are ~ 0.8 %. The purity of TCAC increases to ~99.5% 

after first distillation & is close to 99.7% after double distillation. The level of side products & 

impurities drops to less than 0.1 % after final purification step. The maximum purity achieved 

from earlier processes was between 97 – 98 % with higher level of impurities. The new method 

produces TCAC with > 99 % purity, making it fit for using in pharmaceutical industries. 

Additionally, the process removes the tedious efforts needed for disposing the chemical waste 

generated through recycling & reuse. As a result, the methods become more sustainable. 

 
Conclusion 
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In this work, we have discussed the successfully manufacturing of Tri-chloroacetyl chloride 

from the by-product Mother Liquor (ML) of MCA obtained from the MCA manufacturing 

industries which they have bigger challenge to dispose off this by-product and hence, the 

importance of either reuse or recycling in other chemical manufacturing. We have successfully 

achieved the desired results and the quality of product prepared is equivalent or better than 

product manufactured using fresh starting materials.  The new improved process allows us to 

use of Mother liquor (ML) of MCA in combination with acetic acid as alternative raw material. 

Low cost and easy availability of Mother Liquor (ML) of MCA makes this process 

economically viable. In conclusion, chemistry plays a pivotal role to reuse or recycle by-

products into valuable chemical compound. It will help for MCA manufacturing industries for 

sustainable production as they will not have worry for deposition of this by-product and will 

also help them earn money by selling this by-product Mother Liquor (ML) of MCA to TCAC 

manufacturing Industries. An application of green chemistry by industry where the output of 

one process is the input of another one, can be viewed as a solution to promote a sustainable 

economy, low carbon footprint and resource efficient. 
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Glossary 

TCAC- Tri chloroacetyl chloride 

TCAA- Tri Chloroacetic acid 

DCAC- Di Chloroacetyl chloride 

MCA- Mono chloroacetyl chloride 

Mother Liquor- the liquid remaining after a substance has crystallized out 

Key starting material- a raw material used in production of chemical molecule and is 

incorporated as significant structural fragment 

Crude product- Impure product obtained immediately after synthesis 

Distillation- action of purifying a liquid by a process of heating & cooling 

Reflux- a technique involving the condensation of vapors & return of this condensate to the 

system 

Side product- Impurities which appear during the reaction as a result of side reactions that can 

be alternative reaction pathways 

SO2- Sulphur Dioxide 

Agro- Agrochemicals 

Pharma- Pharmaceuticals  

 



Vol. 6, Issue 1, June 2023    Interwoven: An Interdisciplinary Journal of Navrachana University                 74 
 

 

 Copyright © 2023, Navrachana University www.nuv.ac.in 

 
 

Development and Validation of an Analytical Method for 
the Estimation of Elemental Impurities in Choline 

Bitartrate 
Jateen Sheth1 and K. Santhosh Kumar2* 

1School of Liberal Studies and Education, Navrachana University, Vasna-Bhayli Road, Vadodara -391 410, 
Gujarat, India 

2School of Sciences, GSFC University, Vadodara - 391 750, Gujarat, India 

 
Received: 20 January 2023     Revised: 17 May 2023     Accepted: 30 June 2023     Published: 30 June 2023 

     

*Corresponding Author: ksk.india@gmail.com  

https://doi.org/10.5281/zenodo.8220278  

 

Abstract 

Choline, a water-soluble vitamin-like essential nutrient, can affect diseases such as liver 

disease, atherosclerosis and neurological disorders1. Although the liver can produce small 

amounts of choline, choline needs to be obtained through the diet to avoid deficiencies2. In 

addition to natural sources of choline like meat, poultry, fish, dairy products, and eggs, it can 

also be availed through chemical produced choline supplements like Choline bitartrate. 

Elemental impurities in drug products may arise from several sources; they may be residual 

catalysts that were added intentionally in synthesis or may be present as impurities (e.g., 

through interactions with processing equipment or container/closure systems or by being 

present in components of the drug product). Because elemental impurities do not provide any 

therapeutic benefit to the patient, their levels in the drug product should be controlled within 

acceptable limits3. Therefore, it is important to control elemental impurities like cadmium (Cd), 

mercury (Hg), lead (Pb), arsenic (As), Vanadium (V), Cobalt (Co) and Nickel (Ni) present in 

Choline bitartrate by using inductively coupled plasma mass spectrometry (ICPMS). The aim 

of this work is to optimize and validate a quick and easy method to determine and quantify 

above elemental impurities. Method showed that the estimated quantification limits varying 

between 0.15µg/g and 6.0µg/g, recoveries within 70-150% and relative standard deviation 

below 20%. This will help us to quantify and control elemental impurities in Choline bitartrate. 
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Introduction 

 Choline was officially recognized as an essential nutrient by the Institute of Medicine 

in 19984. Choline is required to make the phospholipids phosphatidylcholine, 

lysophosphatidylcholine, choline plasmalogen, and sphingomyelin – essential components for 

all membranes5. It plays important roles in brain and memory development in the fetus and 

appears to decrease the risk of the development of neural tube defects6,7. Choline intakes for 

children, adults, and pregnant women are often far below the adequate intake levels8. 

Especially during pregnancy and lactation choline consumption is very important. During these 

periods the demand for choline is high. Dietary sources of choline include eggs, beef, fish, 

pork, liver, soybean, and wheat germ9. Choline bitartrate is choline combined with a salt of 

tartaric acid. It has a much better absorption rate than pure choline, which is an essential human 

nutrient. 

Impurities in pharmaceuticals are the unwanted chemicals that remain with the active 

pharmaceutical ingredients (APIs), or develop during formulation, or upon aging of both API 

and formulated APIs to medicines. The presence of these unwanted chemicals even in small 

amounts may influence the efficacy and safety of the pharmaceutical products10. Impurities can 

be classified into three categories namely Organic impurities (process- and drug-related), 

Inorganic impurities (reagents, catalyst, filter aids related), and Residual solvents (used as 

vehicle in processes)11.  

Elemental impurities are basically inorganic impurities. They are classified in three 

classes, i.e. Class 1 (highly toxic elemental impurities), Class 2 (2A & 2B) (elemental 

impurities with relatively lower toxicity), and Class 3 (elemental impurities with lower 

toxicity). They do not provide any therapeutic benefit to the patient and they need to be 

controlled below their allowable concentration which are calculated based on their PDE 

(Permissible Daily Exposure) limits (established based on toxicity studies performed for an 

individual elements). There are three risk-based approaches namely Option 1, 2 (includes sub-
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options 2a and 2b) and 3 for establishment of allowable concentration of elemental impurities 

in samples based on route of administration.3  

PDE values are derived from toxicity studies and are route dependent. Three routes of 

administration have been provided for establishment of PDE values namely oral (drugs which 

are taken orally), parenteral (drugs which are taken intravenous) and inhalation (drugs which 

are taken through inhalation).  

Further Option 1 provides common allowable concentration for each component of the 

drug product (final formulation e.g. tablet, capsule, injection, nasal spray, etc.) like API (active 

pharmaceutical ingredient), excipients like sweetener, binder, etc. considering 10 gm 

maximum daily intake of the drug product. Option 2a provides common allowable 

concentration for each component of the drug product considering drug specific maximum 

daily intake. Option 2b provides specific daily intake for individual component of the drug 

product based on maximum daily intake of the drug product.  

As choline bitartrate is taken orally, considering Option 1 allowable concentration for 

each of the elements shall be as per Table 1. 

For determination and quantification of elemental impurities, there are several 

analytical techniques inclusive of classical method of analysis (colorimetry heavy metal tests), 

instrumental methods – AAS (Atomic Absorption Spectrometer), ICPMS (Inductively coupled 

plasma mass spectrometry), ICP-OES (Inductively coupled plasma optical emission 

spectrometry), XRF, etc.  

Objective of this work is to quantify multiple elemental impurities in pharmaceuticals 

at very low level concentrations. Based on this requirement ICPMS and ICPOES are best suits. 

Both these instruments can analyze and quantify multiple elements at a time. Out of these two 

instruments, ICPMS instrument can quantify elements at lower levels compared to ICP-OES. 

Therefore, ICPMS instrument was selected for the optimization and validation of an analytical 

method for estimation of elemental impurities in Choline Bitartrate. 

This study aims to optimize and validate method for determination of elemental 

impurities of Class 1 and Class 2A (as per ICH Q3D) on ICPMS instrument which shall be 

utilized for routine evaluation of elemental impurities in Choline bitartrate. 
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Validation of an analytical method ensures results are authentic and the method is fit 

for its intended purpose of quantifying elemental impurities. By quantifying elemental 

impurities in drug, we can know the levels of elemental impurities in drug substance and further 

the control the same through removing the sources of elemental impurities in the synthetic 

reaction of drug preparation. 

Materials and Methods 

Reagents and materials 

Nitric acid (65%), Hydrochloric acid (37%) and certified reference metal stock for Element 

impurities according to ICH Q3D, Standard 1 (containing 15 ppm of Arsenic (As), 5 ppm each 

of Lead (Pb) and Cadmium (Cd), 30 ppm of Mercury (Hg), 50 ppm of Cobalt (Co), 100 ppm 

of Vanadium (V), 200 ppm of Nickel (Ni) and other 3 elements i.e., 150 ppm each of Selenium 

(Se) and Silver (Ag) and 8 ppm of Thallium (Tl). Deionized water was prepared using a Milli-

Q plus water purification system from Millipore (Bedford, MA, USA). Yttrium standard for 

ICP TraceCERT®, 1000 mg/L Y in nitric acid, bismuth standard for ICP TraceCERT®, 1000 

mg/L Bi in nitric acid, gold standard for ICP TraceCERT®, 1000mg/L Au in hydrochloric acid, 

nitric acid ≥69.0%, TraceSELECT™ for trace analysis from Honeywell were used for the 

study. All the autosampler vials and glassware’s, centrifuge tubes, plastic bottles, were cleaned 

by soaking in 20% v/v HNO3 analytical grade reagent for 4 h, then after rinsing three times 

with deionized Milli-Q water. 

In analytical chemistry, sample preparation refers to the ways in which a sample is treated prior 

to its analysis. 

Sample preparation 

250 mg of sample was taken in 50 mL polyethylene tube and 0.2 mL of 1000 mg/L gold 

standard solution was added and then make up to 25 mL with 2% Nitric acid to make 10mg/mL 

sample solution. 

In analytical chemistry, a calibration curve plotted by injecting different level standards of 

known concentration, is a general method for determining the concentration of a substance in 

an unknown sample by comparing the unknown to a set of standard samples of known 
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concentration. Set of standards with known concentration used for plotting calibration curve 

are known as calibration standards. 

Calibration standard preparation 

For calibration standard stock solution preparation, 0.5 mL of elemental impurities according 

to ICH Q3D, Standard 1 containing 15 ppm of Arsenic (As), 5 ppm each of Lead (Pb) and 

Cadmium (Cd), 30 ppm of Mercury (Hg), 50 ppm of Cobalt (Co), 100 ppm of Vanadium (V), 

200 ppm of Nickel (Ni) was diluted to 20mL with 2% nitric acid. Then 0.2 mL of 1000mg/L 

Gold standard solution was added to each of them, and this stock solution was further diluted 

as per Table 2 to make different level calibration standards: 

Spike sample is a sample to which known concentrations of specific analytes (components 

under testing, here elemental impurities) have been added in such a manner as to minimize the 

change in the matrix of the original sample. 

Spiked sample preparation 

250 mg of sample was taken in 50 mL polyethylene tube, added amount of calibration standard 

stock solution as per Table 3, 0.2 mL of gold standard solution, 0.04 mL of 5 ppm internal 

standard stock solution and make up to 25 mL with 2% nitric acid to make respective level 

spiked sample solution. 

ICPMS is an instrument which can identify and quantify elemental impurities based on their 

masses. For optimum response under the testing conditions, instrument needed to be optimized. 

ICP-MS instruments optimization 

The quantities of heavy metals were determined by inductively coupled plasma quadrupole 

mass spectrometry (ICP-MS) an iCAP RQ ICP-MS (Thermo Fisher Scientific) using Qtegra 

software equipped with Q Cell Collision Reaction Cell, RAPID Lens, with a quartz spray 

chamber, glass concentric nebulizer, online internal standard (ISTD) addition kit, exchangeable 

skimmer cones. The optimization of ICP-MS is important because the nebulizer gas and make 

up gas flows should be adjusted to ensure plasma stability. The ICP-MS was allowed to 

stabilize for 1 h and the performance was optimized based on radio frequency (RF) power, 

autotune function in the control software and A tune B solution, the quadrupole ion deflector 
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voltages were optimized to step wise find the settings that maximize signal intensity over the 

mass range, as well as mass calibration of Li, Co, In, Ba, Ce, Bi and U, sampling depth, argon 

flow rate, collision cell gas flow rate, lens voltage, sample uptake rate. The instrument was in 

KED mode for analysis of Cd, Hg, Pb, As, V, Co and Ni.  

Method validation is the process to check suitability of an analytical method for its intended 

purpose i.e. an analytical method is capable of quantifying elemental impurities at the level 

provided in the methodology. 

Method validation criteria 

Several parameters have been considered and evaluated for the method validation like linear 

dynamic range (LDR), method linearity, accuracy, precision, limit of detection (LOD), limit of 

quantification (LOQ). Analytical method validation of ICP-MS for analysis of Cd, Hg, Pb, As, 

V, Co and Ni was applied in accordance with ICH Q2(R1).  

ICPMS analysis 

The MS-method used 3 replicate readings of 30 sweeps over the analyte mass-range with a 

dwell time of 40µs for each mass per sweep. Sample aspiration followed by rinse program with 

2% HNO3 kept for 60 s. For running the instrument in KED-mode, 4.34 mL min-1 of He gas 

was used.  

Results and Discussion 

Optimization of ICP-MS parameters 

It is important to extract and keep elemental impurities are kept suspended in solution 

using concentrated acids and are transported through Peristaltic pump into ICPMS instrument. 

Peristaltic pump is known for its flow characteristic which is not smooth and consistent causing 

slight variation in response in terms of counts observed in ICPMS analysis. On the other hand, 

careful study of the matrix effect in ICPMS showed that, in all cases studied, the magnitude of 

the signal suppression or enhancement depends in a regular way on the mass number. Hence, 

accurate correction for non-spectral interferences is only possible using an internal standard 

with mass number close to that of the analyte element(s). It is also shown that using an internal 

standard with mass number close to that of the analyte improves the precision. To obtain 
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optimal precision and accuracy, the internal standard should be selected as close in mass 

number as possible to that of the analyte element(s). When a number of elements over a 

considerable mass range are to be determined, several internal standards have to be used12. 

Based on this fact for analysis of seven elements out of which 5 elements having mass 

in the range 51-111 whereas 2 other elements having mass in the range 202-209. Based on this 

fact two different internal standards - Yttrium Y89 internal standard is used for elements in the 

mass range from 51-111 and Bismuth Bi209 internal standard is used for elements in the mass 

range 202-20812. 

Mercury (Hg) analysis can be combined with the typical multi-element analysis 

performed by ICP-MS, but this presents several challenges: 

a) Hg has a very high first ionization potential (10.44eV) which means that it is only about 

4% ionized in the plasma. This leads to low sensitivity for Hg, as only ions (not atoms) 

are measured by ICP-MS. 

b) Hg has a high number of naturally occurring isotopes (7), all less than 30% abundant. 

Since the total element concentration is divided among many separate isotopes, the 

number of ions (and therefore the sensitivity) is lower for each individual isotope. 

c) Hg is very easily lost from aqueous samples by adsorption to the walls of the container 

and sample introduction components resulting in low recovery and extended washout 

times. Hg is also volatile and can be lost if samples are digested in open vessels. 

Based on above facts, to improve sensitivity and recovery for mercury analysis is a 

challenging job and it requires, Samples preparation to be done using closed vessel/closed 

vessel digestion. The plasma must be operated at the highest possible temperature to maximize 

ionization of the Hg atoms. Appropriate sample preparation and preservation chemistry must 

be used to ensure stability of Hg. Considering all above facts, sample preparation done in a 

closed vessel. Maximum RF power 1600W was used to generate plasma. Further to stabilize 

Hg in solution Researchers at the National Exposure Research Laboratory have investigated 

the reliability of 2% HNO3 as a preservative for mercury and reported that mercury was lost 

within a few days. The use of 2% HNO3 containing 1 mg/L AuCl3 was recommended. It was 

claimed that mercury standard solutions preserved in this mixture were stable for several years. 

Allibone and Chen have also reported the addition of a trace amount of gold chloride to 1–2% 
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nitric acid in order to preserve mercury for the simultaneous determination of mercury and 

other elements by ICP-MS.9,13 

For accurate and correct results various instrumental parameters like torch alignment, 

the nebulizer gas and make up gas flows, kinetic energy discrimination (KED), lens and mass 

calibration and resolution, detector voltage, dual detector should be optimized to achieve 

maximum instrumental performance. The plasma stability and position are most important 

parameter since this determine the sensitivity of instrument. To ensure this, the nebulizer gas 

and make up gas flows had to be adjusted. This instrumental requirement has been achieved 

by adjusting torch position and tuning for reduced oxide and doubly charged ion formation 

with a standard tuning solution containing 10 ng/g of 7Li, 89Y, 140Ce and 205Tl in 2% HNO3. 

Optimized ICPMS instrument parameters are given in Table 4. 

Method validation 

Specificity 

Specificity is the ability to assess unequivocally the analyte (component/ impurity under 

analysis) in the presence of components which may be expected to be present. Typically, these 

might include impurities, degradants, matrix, etc.14. Primary isotopes of each element, 111Cd, 
202Hg, 208Pb, 75As, 51V, 59Co and 60Ni were used in the present study to investigate the 

selectivity of the present method. Specificity has been verified by confirming recovery of the 

elements while quantified considering above isotope masses.  

Estimated LOD 

The term LOD is defined as the lowest concentration at which the instrument can detect but 

not quantify and the noise to signal ratio for LOD should be 1:3. LOD was estimated from the 

calibration function using Eq. (1)14. 

𝐿𝑂𝐷 = 3.3𝑆  

Where  

 is standard deviation 

S is slope derived from calibration curve 
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The estimated LODs were found to be 0.25, 0.82, 0.16, 0.58, 3.05, 1.66 and 7.23 µg/ L for 

Cd, Hg, Pb, As, V, Co and Ni respectively. The minimum practical concentrations of tested 

elements in the analyzed samples, which can be determined with acceptable accuracy, were 

performed by analyzing 3 replicates at 1.5 µg/L for Cd and Pb, at 4.5 µg/L for As, at 9.0 µg/L 

for Hg, at 15 µg/L for Co, at 30 µg/L for V and at 60 µg/L for Ni. The results are reported in 

Table 5. 

Practical LOQ 

The term LOQ is defined as the lowest concentration at which the instrument can detect and 

quantify. Control Threshold values as per ICH Q3D (R1) para 5.6 considered for verification 

as LOQ values and based on successful verification of precision, linearity (from LOQ) and 

recovery at LOQ level, below values considered as LOQ. The noise to signal ratio for LOQ 

should be 1:10. The estimated LOQs were found to be 1.5, 9.0, 1.5, 4.5, 30, 15 and 60 µg/ L 

for Cd, Hg, Pb, As, V, Co and Ni respectively. The results are reported in Table 5. 

Method Linearity 

The linearity of an analytical procedure is its ability (within a given range) to obtain test results 

which are directly proportional to the concentration (amount) of analyte in the sample.14.  

The method linearity was checked using seven different levels of samples at 0, 0.15, 0.25, 0.5, 

0.75, 1.0, 1.25 mg/L for 111Cd, 208Pb, 0, 0.45, 0.75, 1.5, 2.25, 3.0, 3.75 mg/L for 75As, 0, 0.9, 

1.5, 3.0, 4.5, 6.0, 7.5 mg/L for 202Hg, 0, 1.5, 2.5, 5.0, 7.5, 10.0, 12.5 mg/L for 59Co, 0, 6.0, 10.0, 

20.0, 30.0, 40.0, 50.0 mg/L for 60Ni and 0, 3.0, 5.0, 10.0, 15.0, 20.0, 25.0 mg/L for 51V. The 

method linearity was found to be linear from LOQ values up to 1.25 mg/L for 111Cd, 208Pb, 

3.75 mg/L for 75As, 7.5 mg/L for 202Hg, 12.5 mg/L for 59Co, 50 mg/L for 60Ni and 25 mg/L for 
51V (Table 5). 

Method accuracy 

In the context of an analytical method, according to ICH guidelines, accuracy ‘is sometimes 

termed trueness’. The trueness of an analytical procedure reflects the closeness of agreement 

between the value that is either accepted as conventional true value or an accepted reference 

value with the observed value. Therefore, accuracy is an expression of both trueness and 

precision since both these influence the result14. Accuracy can be measured by spiking the 
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sample matrix with a known concentration of analyte standard and analysing the sample using 

the “method to be validated.” The results of the accuracy are presented in Table 6. 

Precision study: repeatability and reproducibility 

Precision of a method is the degree of agreement among individual test results when the 

procedure is applied repeatedly to multiple samplings15. According to ICH14, precision may be 

considered at three levels: repeatability, intermediate precision, and reproducibility. The 

precision was calculated in terms of relative standard deviation (RSD) by Eq. 2 and single 

estimation of precision uncertainty is calculated by Eq. 3, respectively16. 

𝑅𝑆𝐷 = 𝑆 × 100𝑥 ̅  

Where,  

RSD = Relative standard deviation 

S = Standard deviation 𝑥̅  = Mean of the data 

The results of repeatability test expressed as RSD were found to be 0.88%, 0.68%, 

0.98%, 0.64%, 0.84%, 1.00% and 1.43% for 51V, 59Co, 60Ni, 75As, 111Cd, 202Hg and 208Pb 

respectively. The results of the precision study are presented in Table 7 and Linear regression 

analysis results are reported in Table 8. 

Accuracy/Recovery  

The spiking levels used for recovery test were at 0.15, 0.5 and 0.75 mg/L for 111Cd, 208Pb, 0.45, 

1.5 and 2.25 mg/L for 75As, 0.9, 3.0 and 4.5 mg/L for 202Hg, 1.5, 5.0 and 7.5 mg/L for 59Co, 

6.0, 20.0 and 30.0 mg/L for 60Ni and 3.0, 10.0 and 15.0 mg/L for 51V. The mean recoveries ± 

standard deviations at different levels varied between 91.0% and 137.7%17,18. The results of 

recovery test are presented in Table 6. 
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Conclusion 

Based on literature, a novel analytical method (which is not published in any literature) for 

simultaneous determination of low level elemental impurities namely Cd, Hg, Pb, As, V, Co, 

and Ni (at levels as suggested in ICH guidelines) in Choline Bitartrate has been optimized and 

validated on ICP-MS instrument. The validated method has been successfully evaluated in 

terms of LOD, LOQ, linearity, repeatability, reproducibility, accuracy, and precision. It meets 

all the acceptance criteria as given in USP General chapter <233>. The validated method is 

very simple, quick, easy, cost effective and reliable. Therefore, it can be very useful for 

pharmaceutical industries (manufacturing or formulating Choline Bitartrate for end use) to 

quantify toxic metals in routine laboratories analysis. Low level quantification of elemental 

impurities further enables us to control these impurities in Choline bitartrate drug and thereby 

enhancing safety and efficacy of the drug. 
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Figure 2: Linearity Curve for Hg 

 

Figure 3: Linearity Curve for Pb 

 

Figure 4: Linearity Curve for As 
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Figure 5: Linearity Curve for V 

 

Figure 6: Linearity Curve for Co 

 

Figure 7: Linearity Curve for Ni 
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Element Class (as per ICH Q3D) Allowable Concentration (mg/L) 
V 2A 10 
Co 2A 5 
Ni 2A 20 
Cd 1 0.5 
Hg 1 3.0 
Pb 1 0.5 
As 1 1.5 

Table 1: Allowable Concentration of Elements of Toxicological Concern  

Level Amount of 
calibration 
standard stock 
solution to be 
added (mL) 

Final 
volume 
(mL) 
makes up 
with 2% 
nitric 
acid 

Calibration standard Concentration (µg/L) 

Pb Cd As Hg Co V Ni 

0% 0.0 25 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

30% 0.3 25 1.5 1.5 4.5 9.0 15.0 30.0 60.0 

50% 0.5 25 2.5 2.5 7.5 15.0 25.0 50.0 100.0 

100% 1.0 25 5.0 5.0 15.0 30.0 50.0 100.0 200.0 

150% 1.5 25 7.5 7.5 22.5 45.0 75.0 150.0 300.0 

200% 2.0 25 10.0 10.0 30.0 60.0 100.0 200.0 400.0 

250% 2.5 25 12.5 12.5 37.5 75.0 125.0 250.0 500.0 

Table 2: Calibration Standard preparation 

% 
Level of spiked sample preparation 

Amount of calibration standard stock 
solution to be added (mL) 

LOQ (30%) 0.3 

100% 1.0 

150% 1.5 

Table 3: Spiked Sample Preparation 
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Parameter Setting 

RFa power (W) 1600 

RF matching (V) 1.80 

Sampling depth (mm) 4.6 

Carrier gas (L min-1) 1.02 

Spray chamber temperature (ºC) 2 

Nebulizer pump (revolutions per second, rps) 0.1 

Extract (V) 3.7 

Einzel 1,3 (V) -100 

Einzel 2 (V) 22 

Cell entrance (V) -50 

Cell exit (V) -42 

Plate bias (V) -43 

QPb bias (V) -4.6 

OctPc RF (V) 190 

OctP bias (V) -7.0 

Table 4: ICPMS Instrument Parameters 
a RF: Radiofrequency; b QP: Quadrupole; c OctP: Octapole 

 

El
em

en
t 

Estimated LOD values Practical LOQ values 

C
V

%
 

Maximum 
permissible 

limits 
(mg/L) 

ICH 
Q3D St

an
da

rd
 

D
ev

ia
tio

n 
(S

) 

μg
/L

 

m
g/

L 

μg
/L

 

m
g/

L 

M
ea

n 
C

on
c.

± 
S 

Cd 1187 0.25 0.02 1.5 0.15 0.16 ± 0.001 1.11 0.5 
Hg 8824 0.82 0.08 9.0 0.90 0.94 ± 0.002 2.17 3.0 
Pb 16135 0.16 0.02 1.5 0.15 0.16 ± 0.003 3.00 0.5 
As 514 0.58 0.06 4.5 0.45 0.46 ± 0.003 3.50 1.5 
V 21401 3.05 0.31 30 3.00 3.01 ± 0.024 23.58 10.0 
Co 29246 1.66 0.17 15 1.50 1.50 ± 0.010 10.28 5.0 
Ni 32412 7.23 0.72 60 6.00 6.10 ± 0.023 23.49 20.0 

Table 5: Data sheet for Estimated LOD & Practical LOQ 
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Sample 
%Recovery 

V Co Ni As* Cd Hg Pb 
LOQ spiked-1 92.8 93.0 92.5 130.2 100.7 99.2 94.3 
LOQ spiked-2 92.7 92.5 93.8 134.8 101.4 98.4 94.0 
LOQ spiked-3 94.5 92.1 94.4 134.9 100.4 98.8 93.6 
100% spiked-1 101.8 101.8 100.4 137.5 103.5 102.6 97.3 
100% spiked-2 99.8 99.8 99.1 136.6 102.2 101.8 96.0 
100% spiked-3 102.1 102.3 101.2 139.0 103.1 102.6 94.4 
150% spiked-1 97.0 97.0 96.3 130.3 97.5 98.1 91.0 
150% spiked-2 96.2 95.7 95.9 129.2 98.0 97.9 90.9 
150% spiked-3 97.1 97.0 95.4 133.7 98.3 98.0 90.9 

  Mean %Recovery 
LOQ Level 93.3 92.5 93.6 133.3 100.8 98.8 94.0 
100% Level 101.2 101.3 100.2 137.7 102.9 102.3 95.9 
150% Level 96.8 96.6 95.9 131.1 97.9 98.0 91.0 

Table 6: Data sheet for Recovery 
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V 0.3 0.3 0.3 0.3 9.4 9.4 9.5 9.5 9.5 9.6 9.5 0.08 0.88 
Co 0.1 0.1 0.1 0.1 4.7 4.7 4.7 4.7 4.7 4.7 4.7 0.03 0.68 
Ni 0.5 0.5 0.5 0.5 18.5 18.5 18.7 18.5 18.5 19.0 18.6 0.18 0.98 
As 0.0 0.0 0.0 0.0 2.1 2.1 2.1 2.1 2.1 2.1 2.1 0.01 0.64 
Cd 0.0 0.0 0.0 0.0 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.00 0.84 
Hg ND ND ND ND 2.9 2.9 2.9 2.8 2.9 2.9 2.9 0.03 1.00 
Pb 0.0 0.0 0.0 0.0 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.01 1.43 

Table 7: Data sheet for Repeatability/ Precision 

Element Linear range (mg/L) Slope Intercept Determination coefficient 
Cd 0.15 – 1.25 0.0125 -0.0007 0.9990 
Hg 0.90 – 7.50 0.0033 0.0027 0.9994 
Pb 0.15 – 1.25 0.0310 -0.0006 0.9992 
As 0.45 – 3.75 0.0023 -0.0003 0.9993 
V 3.00 – 25.00 0.0183 -0.0500 0.9991 
Co 1.50 – 12.50 0.0459 -0.0570 0.9995 
Ni 6.00 – 50.00 0.0117 -0.0559 0.9993 

Table 8: Data sheet for linearity 
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Glossary 
LOD- The detection limit of an individual analytical procedure is the lowest amount of analyte 

in a sample which can be detected but not necessarily quantitated as an exact value. 

LOQ- The quantitation limit of an individual analytical procedure is the lowest amount of 

analyte in a sample which can be quantitatively determined with suitable precision and 

accuracy. 

ICPMS- Inductively coupled plasma Mass Spectrometer is an instrument to identify and 

quantify elemental impurities based on their mass to charge ratio. 

ICPOES- Inductively coupled plasma Optical Emission Spectroscopy is an instrument to 

identify and quantify elemental impurities based on their spectral lines. 
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Abstract 

The viability of formulating a novel reverse microemulsion with a biocompatible nonionic surfactant and 

nontoxic oils has been revealed. Oil soluble nonionic pentaoxyethylene (5) nonylphenyl ether (Igepal CO-

520) as surfactant and caprylic acid (CA), oleic acid (OA), isoamyl acetate (IAA) and isopropyl myristate 

(IPM) are used as oil phase. Ethanol, propanol and diethylene glycol monoethyl ether (carbitol) are 

incorporated as co-surfactants. Igepal CO-520 is solubilized in oil phase and ternary/pseudoternary phase 

diagrams are created by titration with water and the effect of various co-surfactants, oils, and the mixing ratio 

of surfactant/co-surfactant (Smix = 1:2, 1:1 and 2:1) on the microemulsion region is systematically 

investigated. In the absence of co-surfactants, Igepal CO-520 forms clear and stable microemulsion with all 

the oils, but greater microemulsion area is perceived only with IPM and the samples are slightly viscous. 

This microemulsion region of IPM is further increased in the presence of carbitol co-surfactant and the 

samples are clear, stable, and non-viscous. The electrical conductivity and viscosity measurements are made 

to examine the microstructural changes within the microemulsion region. Three dissimilar phases such as oil 

in water (o/w), bicontinuous (BC) and water in oil (w/o) microemulsion are observed. Dynamic light 

scattering (DLS) is used to study the droplet size of microemulsion samples. We primarily focused on 

microemulsion formation and understanding its kinetic and thermal stability. Furthermore, the 

microemulsion depicts remarkable encapsulation ability for vitamin E (α-tocopherol). The results obtained 

in this study have great potential for applications of this microemulsion in personal care, food and 

pharmaceutical products. 
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Introduction 

Microemulsions are isotropic liquid of oil and water frequently stabilized by surfactants and co-

surfactants. They have attracted a great deal of attention due to their exclusive properties like ultra-low 

interfacial tension, nano-sized droplets (<100 nm), transparency, extraordinary stability, and ease of 

formation1-4. Due to these, microemulsions have been used to encapsulate and deliver water-insoluble active 

ingredients in the pharmaceutical5-7, food8-10, and agrochemical industries11-13. Also, they have also been 

utilized as colloidal delivery systems for biological active ingredients like fat-soluble vitamins, nutraceuticals 

and drugs14,15. While there are numerous uses of microemulsion, there are notable challenges related to their 

applications. The crucial challenge is the usage of some conventional artificial surfactants that can cause 

adverse effects when used for the formulation of microemulsions. Many of the effective surfactants and/or 

cosurfactants do not have a pharmaceutically acceptable toxicity profile. Also, high concentration of 

surfactant is requisite for the formation of microemulsion which makes it expensive. Moreover, occurrence 

of toxic, flammable and other volatile organic solvents in the oil phase of microemulsion imposes the safety 

measures. Hence, it is the requirement of green chemistry and engineering to formulate microemulsion 

systems by choosing appropriate biocompatible surfactants, and renewable nontoxic oils.  Igepal is 

polyoxyethylene based nonionic surfactant series and is extensively used in technical applications either as 

single surfactant or mixed surfactant systems with anionic and cationic surfactants16,17. Igepal CO-520 is 

pentaoxyethylene (5) nonylphenyl ether with oxyethylene chain as hydrophilic and branched alkyl chain as 

hydrophobic moieties in its structure having HLB 10. Igepal is a specially tailored nonylphenyl ether 

compound with significant advantages, making it the optimal choice for a broad spectrum of applications 

like cleansing, emulsifying, and processing. It has been reported that with increasing number of exthoxylated 

groups, the biodegradability of surfactant also increases18. Therefore, utilizing this surfactant over other 

conventional nonionic surfactants for preparing microemulsions using biocompatible oils and co-surfactants 

can be immensely useful. Moreover, the HLB 10 of Igepal CO-520 leads to the formation of reverse (w/o) 

microemulsions. The water molecules solubilized in the core of the reverse microemulsion systems have 

properties different from bulk water. Also, the water in the core of nonionic reverse microemulsions is not 
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perturbed by charges due to the presence of ethylene oxide chain as hydrophilic moiety. This makes reverse 

microemulsions potentially useful in industry and biologically important systems. The preliminary studies 

with Igepal CO-520 reported the water solubilization capacity in the reverse micelles and the factors 

influencing the solubilization17-19. One of the studies also reported the synthesis of lanthanide fluoride 

nanoparticles using Igepal based microemulsion20. Likewise, silica coated magnetite nanoparticles synthesis 

using reverse microemulsion method with Igepal CO-520 has been reported21. However, no study has been 

reported on the formulation of green microemulsion using Igepal CO-520 for wide applications in pharma 

or personal care to the best of our knowledge.  

 In this context, we have made an attempt to formulate microemulsions using Igepal CO-520 as surfactant 

and trigylcerides such as caprylic acid (CA), oleic acid (OA) and carboxylic acid esters like isoamyl acetate 

(IAA) and isopropyl myristate (IPM) as biocompatible oil phase. However, the major challenge in using 

these oils, especially long chain triglycerides is the formation of undesirable phases such as gel or liquid 

crystalline phases during microemulsion formulation22. Hence, to overcome this, we used carbitol and short 

chain alcohols like ethanol and propanol as co-surfactants for creating microemulsion with Igepal CO-520. 

We primarily focused on microemulsion formation and understanding its kinetic and thermal stability. The 

phase diagrams are determined to recognize microemulsion region and appropriate composition. The 

variations in the microstructures of microemulsion are considered using electrical conductivity and viscosity 

measurements. We examined the influence of oils and co-surfactants on the properties of microemulsions. 

We have also explored the encapsulation of vitamin E (α-tocopherol) in the Igepal CO-520 microemulsion 

for greater bioavailability of vitamin E. This study might have repercussions in the designing of reverse 

microemulsions with Igepal CO-520 surfactant expanding the prospect of their applications.  

 
Experimental  
 
2.1 Materials 

Pentaoxyethylene (5) nonylphenyl ether (Igepal CO-520) and vitamin E (> 96%) is purchased from 

Sigma-Aldrich. Isoamyl acetate (> 99%) is from TCI Pvt. Ltd. (Tokyo, Japan). Propanol (> 99%), carbitol 

(97%), isopropyl myristate (95%) and oleic acid (65%) are from HPLC Pvt. Ltd. (Mumbai, India). Caprylic 

acid (> 99%) is obtained from SRL (Mumbai). Ethanol (> 99%) is acquired from HiMedia Laboratories Pvt. 
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Ltd. (Mumbai). The structures of surfactants and oils are shown in Table 1. All the solutions are prepared in 

deionized water and kept for 24 h before any measurements. 

2.2 Methods  

Phase Behavior: Phase behavior studies for microemulsion are performed by constructing ternary 

and pseudoternary phase diagram by the method that is previously reported1. Microemulsion systems were 

prepared by mixing oil with the mixture of surfactant and cosurfactant, and water was added precisely into 

oily phases with magnetic stirring (300 r/min) at 27 °C. Briefly, the surfactant or mixture of surfactant/co-

surfactant (Smix = 1:2, 1:1, and 2:1) are mixed with oil in different proportions keeping the total weight 

constant for ternary and pseudoternary diagrams respectively at 27 °C. These mixtures are then titrated with 

drop-wise addition of water till the solution turns turbid and composition of each of the components is marked 

as end point for determination of microemulsion area. In this study, triglyceride oils such as caprylic acid, 

oleic acid and carboxylic acid esters like isoamyl acetate and isopropyl myristate are used as oil phase. 

Nonionic surfactant Igepal CO-520 is used as surfactant and ethanol, propanol, and carbitol are used as co-

surfactants. All the samples are kept for 24 h at 27 °C to attain equilibrium.  

Conductometry and Viscometry: The electrical conductivity (EC) of microemulsions is measured by a 

conductivity meter from Horiba Japan. Viscosity measurements are performed with Vibro-viscometer (SV-

10 Series, A&D Company, Japan) using the tuning-fork vibration method. The samples are retained at 27 ± 

1 oC for 24 h prior to measurements.  

Dynamic Light Scattering: Micellar sizes are determined into the quartz cell by Zetasizer Nano-ZS, ZEN3600 

from Malvern instruments Ltd at 27 ± 1 oC.  

UV-visible Spectroscopy: UV-visible absorption spectra are recorded with samples in a quartz cuvette (1 

mm), using a Hitachi U-4100, UV-vis double-beam spectrometer. The absorption spectrum is obtained in the 

wavelength range of from 200−500 nm. Pure microemulsion sample without vitamin E is used as reference 

in the UV spectroscopy analysis.  
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Name of Surfactant/Oils 

 

Structure 

 

Pentaoxyethylene (5) 

Nonylphenyl Ether (Igepal CO-

520) 

 

 

 

 

Caprylic Acid (CA) 

 

 

 

Oleic Acid (OA) 

 

 

 

Isoamyl Acetate (IAA) 

 

 

Isopropyl Myristate (IPM) 

CH3 OH

O

 

 

CH3 O CH3

O
CH3

 

 

 

Table 1: Chemical Structure of Surfactant and Oils. 
 

 

Results and Discussion 
 
Phase Behavior 
Figure 1 depicts the ternary phase diagram of water, nonionic surfactant Igepal CO-520 with triglyceride oils 

like caprylic acid (CA), oleic acid (OA) and carboxylic acid esters like isoamyl acetate (IAA) and isopropyl 

myristate (IPM) determining the microemulsion (μE) area as a function of composition at 27 ± 1 oC. The 

mixture of Igepal CO-520 and various oils in different proportions is taken in glass vials at fixed amount and 
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then titrated with water by vigorous stirring till the solution turned turbid. The samples are then observed in 

cross polarized light for determination of monophasic/biphasic system after 24 h. If the samples turned 

translucent or turbid followed by phase seperation, these are assumed biphasic. The clear, transparent 

samples are identified as microemulsion and composition of these solutions are marked as points in phase 

diagram. The total area concealed by these points in ternary phase diagrams is considered as microemulsion 

(μE) region and is shown as shaded area in Figure 1.  

 
 

Figure 1: Ternary phase diagrams of water, Igepal CO-520 with various oils like caprylic acid (CA), 

Oleic acid (OA), Isoamylacetate (IAA), and Isopropyl myristate (IPM) at 27 ± 1 oC. Microemulsion 
(μE) region is shown by shaded area. 
 
Effect of different oils: The effect of different triglyceride oils (CA, and OA) and carboxylic acid ester oils 

(IAA and IPM) on microemulsion area is studied. The microemulsion area obtained for Igepal CO-520 is 

very narrow with triglyceride oils and slightly broader for carboxylic acid esters. This could be due to the 

fact that triglyceride oils, especially long chain OA can form undesirable phases like macroemulsions, liquid 

crystalline phase or spongy phases which lead to decrease in microemulsion area22. Carboxylic acid esters 
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IPM being more lipophilic than IAA could form greater microemulsion region with Igepal CO-520 having 

HLB 10. It is a well-known fact that low HLB value of surfactant leads to formation of water-in-oil (w/o) 

microemulsion region near the oil/surfactant boundary in the ternary phase diagram23 as depicted in Figure 

1. Igepal CO-520 at concentration of 35 wt% in IPM could solubilize 45 wt% of water in the core of the 

reverse micelles and some amount might be present as bulk water leading to the formation of wider 

microemulsion area. This could be due to greater polarity of the IPM which led to solubilization of greater 

amount of water in the core of the reverse micelles24-25. Hence, we have selected IPM as an oil phase for 

further studies. Also, the samples in the microemulsion region with IPM are slightly viscous. This could be 

due to the fact that with increasing water content in the microemulsion system, the number density of the 

reverse micelles increases leading to stronger interactions among the reverse micelles making the samples 

slightly viscous.  

Effect of co-surfactants: In this study, we used several different co-surfactants with Igepal CO-520 

surfactant to understand the effect of co-surfactants on the microemulsion area. Figure 2 depicts the aqueous 

pseudoternary phase diagrams of various co-surfactants ethanol, propanol and carbitol with Igepal CO-520 

at fixed weight ratios of surfactant/co-surfactant (Smix = 1:1) and IPM as oil. Phase diagrams are prepared 

using the same methodology as mentioned above by taking pre-weighed amounts of Smix and oil in different 

ratios at fixed weight and titrating with pure water. Visual inspection is done using cross polarized light to 

determine monophasic/biphasic region. The shaded area in Figure 2 represents the microemulsion (μE) 

region in pseudoternary phase diagram.  

It is found that microemulsion area increased towards the water-rich region in the presence of carbitol as 

compared to ethanol and propanol. This is ascribed to the structure of carbitol which can position in between 

the surfactant tails of the reverse micelles forming mixed adsorption film on the interface and thereby 

increasing the flexibility and fluidity of the interfacial film formed by Igepal CO-520 and carbitol.  This 

resulted in an upsurge of miscibility of an aqueous and organic phase with each other. Thus, greater 

microemulsion region is formed with IPM as oil phase and Smix = 1:1 (Igepal CO-520: carbitol). However, 

microemulsion area of IPM and Igepal CO-520 decrease in the presence of co-surfactants like ethanol and 

propanol. This could be due to the fact that short chain alcohols like ethanol and propanol being more 

hydrophilic are solubilized in the core of the reverse micelles along with water rather than being inserted on 

the interfacial layer leading to reduction in microemulsion area26. Above results indicate that only IPM could 
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form greater microemulsion area. This could be attributed to the compatibility of the IPM with the given 

nonionic Igepal CO-520 as surfactant and carbitol as co-surfactant. 

Additionally, it is observed that in the occurrence of co-surfactant, viscosity of the microemulsion samples 

reduces significantly. The inclusion of co-surfactant causes the reduction in the bending modulus of the 

surfactant film leading to an increase in the elasticity of the surfactant film to curve more readily towards oil 

or water phase. This leads to decrease in viscosity of the microemulsion sample by preventing the formation 

of more rigid structures like liquid crystalline or gel like phases27,28. From these phase behavior studies, we 

selected the combination of Igepal CO-520/carbitol (Smix) and IPM as oil phase which formed the greatest 

microemulsion area for further characterization of microemulsion. 

 
 

Figure 2: Pseudoternary phase diagrams of Igepal CO-520 with different co-surfactants ethanol, 
propanol, and carbitol at fixed surfactant/co-surfactant weight ratios (Smix = 1:1), water and 

isopropyl myristate (IPM) as oil. Microemulsion (μE) region is shown by shaded area. 
 

Effect of surfactant/co-surfactant (Smix) ratio: To explore the effect of surfactant/co-surfactant ratio (Smix) 

on the microemulsion area, we studied the pseudoternary phase behavior of Igepal CO-520/carbitol in 

different mixing ratios of 2:1, 1:1 and 1:2 with IPM as oil phase as represented in Figure 3. It is observed 

that with Igepal CO-520/carbitol in 2:1 ratio, the microemulsion region is very narrow and only limited 

amount of water (62 wt%) could be solubilized in the microemulsion system. This could be due to higher 

content of surfactant leading to formation of smaller microemulsion droplets but would also incorporate more 

amount of oil reducing the solubilization of water in the oil phase causing an imbalance at the interface, 
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consequently resulting in the decreased microemulsion area. The phase diagram depicted an almost similar 

microemulsion region for Smix 1:2. Co-surfactant can exist on the interface layer when added in adequate 

amounts, but higher content of co-surfactant can disrupt the interfacial film between the oil/water interfaces 

leading to demulsification of microemulsions29. Surfactant/co-surfactant ratio of Smix = 1:1 is showing 

optimum ratio with extended microemulsion area and is selected for the complete characterization of the 

microemulsion system. 

 
 

Figure 3: Pseudoternary phase diagrams of Igepal CO-520/carbitol with IPM at Smix 2:1, 1:1 and 1:2 
respectively at 27 oC. Microemulsion (μE) region is shown by shaded area. 
 
All the microemulsion samples obtained from the phase behavior studies are crystal clear, stable and 

depicting low viscosity. These samples are prepared by simply mixing the components at a specific 

composition without any high energy input. The microemulsions formulated from nonionic Igepal CO-520 

are biocompatible, formed spontaneously, posess excellent thermodynamic stability and easy to scale-up. To 

elucidate the structural variations occurring in the microstructures of the microemulsions upon dilution with 

water, characterization techniques like conductivity and viscosity of the samples are performed.  

Microstructural Transition  

Electrical conductivity and viscosity are structure-sensitive properties26,30. Hence, the electrical conductivity 

(EC) and viscosity studies are performed along the dilution line ‘AB’ and ‘AC’ representing the (Smix/oil) in 

9:1 and 8:2 ratios respectively where Igepal CO-520/carbitol (Smix = 1:1) with water content varying from 

10-70 % to determine the structure of microemulsion. 
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Electrical conductivity (EC) measurements: The variation in EC with increasing water content along both 

dilution line ‘AB’ and ‘AC’ is represented in Figure 4a. EC increased gradually from 16 to 75 mS/cm from 

10-30 % water content. The lower EC values for nonionic system indicated the presence of very few and 

discrete reverse micelles existing in continuous non-conducting oily phase and EC values almost similar to 

pure oil. EC amplified linearly to 175 mS/cm with moderate increase in water content from 30-50 %. This 

exemplifies the percolation phenomena of the aqueous phase into network like conducting channel caused 

by the attractive interactions among the water droplets resulting in increased EC31. This indicates transition 

of water-in-oil (w/o) microemulsion to bicontinuous (BC) microemulsion. The EC reached maximum 200 

mS/cm at 70 % water content indicating the existence of oil-in-water (o/w) microemulsion droplets in 

continuous aqueous phase. This increase in EC values with increasing water content is a characteristic of 

microstructure transition from w/o microemulsion – bicontinuous microemulsion – o/w microemulsion.   

Viscosity measurements: The change in viscosity with increasing water content along the dilution line ‘AB’ 

and ‘AC’ is represented in Figure 4b. It could be observed that at lower water content from 10-30 %, higher 

viscosity in the range of 59-47 mPa is obtained and there is not much variation in viscosity of the 

microemulsion samples indicating the presence of w/o microemulsion droplets. The higher viscosity could 

be due to better interaction of Smix with oil phase. However, the viscosity along dilution line ‘AB’ is slightly 

higher than ‘AC’. This could be due to higher surfactant content leading to formation of greater number of 

w/o microemulsion droplets along the dilution line ‘AB’ leading to higher viscosity. With further increase in 

water content from 30-70 %, there is a steady decrease in viscosity of the samples. This is due to the increase 

in size of the droplets and the interaction between the surfactant and oil phase is loaned26. The sharp decrease 

in viscosity above 50 % water content is due to formation of discrete o/w microemulsion droplets. The 

structural variations from w/o – bicontinuous – o/w microemulsion with increase in water content could be 

interpreted by combining EC and viscosity studies.   
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Figure 4: (a) Variation in electrical conductivity and (b) Changes in viscosity along the dilution line 

‘AC’ (Smix/oil = 8:2) and ‘AB’ (Smix/oil = 9:1) as displayed in Figure 3. 
 

Effect of dilution and Smix/oil ratio: Figure 5a depicts dynamic light scattering (DLS) measurements along 

the dilution line ‘AC’ as marked in Figure 3. This dilution line is selected due to lower viscosity and 

incorporation of lesser surfactant and greater oil. The droplet sizes of all the microemulsion samples 

increased from 5 nm to 32.7 nm. The increase in the droplet size could be due to the incorporation of greater 

amount of water in the core of the reverse micelles with increasing water content along the dilution line. 

Also, it could be observed that there is trivial variation in the droplet size from 30-50 % water content due to 

existence of clustering of reverse micelles with water in its core representing the bicontinuous structure. The 

small droplet sizes led to highly stable microemulsion. Moreover, the PDI values fluctuated in the range of 

0.1-0.7 indicating the uniform distribution of microemulsion droplets leading to greater stability of 

microemulsion32. 

The effect of (Igepal CO-520/carbitol = 1:1) Smix/oil (IPM) is investigated using DLS studies. Figure 5b 

represents Smix/oil in 9:1, 8:2 and 7:3 with fixed amount of water (60 wt%) content. No specific trend is 

observed in the droplet sizes with varying Smix/oil ratio. The smallest droplet size of 11 nm is obtained at 8:2 

ratio. At 9:1 and 7:3 ratios, droplet sizes of 18 nm and 21 nm are obtained respectively. This indicates that 

at fixed water content, the increasing concentration of surfactant did not have effect on the droplet size of the 

microemulsion.  
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Figure 5: (a) Mean particle size of samples along the dilution line AC (shown in Figure 3) from 10−70 

wt% water content, (b) mean particle size of samples at 60 wt% water content for (Igepal CO-
520/carbitol = 1:1) Smix/oil (IPM) in 7:3, 8:2 and 9:1 ratio. 
  
DLS studies are also implemented to comprehend the stability of microemulsions with 70 wt% water along 

the dilution line ‘AC’ and then 500 times, 1000 times and 5000 times dilution with water. It is found that at 

higher dilution values, the size of the droplets increased abruptly >1000 nm for all the samples with 70 wt% 

and 30 wt% water. This study indicated that the microemulsion samples are not very stable at higher dilution 

values.  

Stability measurements Stability of microemulsion plays a vital role for its several applications. Hence, we 

performed thermodynamic, kinetic and storage stability of microemulsions. 

Thermodynamic stability: The thermodynamic stability of microemulsion samples is conducted by placing 

the samples at three different temperatures of 27 °C, 45 °C and 4 °C for 48 h and repeated this cycle thrice. 

If the samples exhibited phase separation or turned turbid, they are considered as unstable formulations. 

Figure 6 represents the thermodynamic stability of microemulsion samples with (Igepal CO-520/carbitol = 

1:1) Smix/oil (IPM) at 8:2 ratios with 10-70 wt% water content as represented on the dilution line “AC”. It is 

clearly seen from the images that all the samples are extremely stable at 27 °C and at 4 °C. However, at 

higher temperature (45 °C), microemulsion sample containing 70 wt% water content exhibited phase 

separation (PS) as indicated in the Figure. This concludes that all other samples are thermodynamically 

stable.  
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Figure 6: Thermodynamic stability of microemulsions containing (Igepal CO-520/carbitol = 1:1) 

Smix/oil (IPM) at 8:2 with water content from 10−70 wt% at 27 °C, 45 °C and 4 °C. 

 

Storage stability: The microemulsion samples with same composition as mentioned above for 

thermodynamic stability are considered for storage stability. It is observed that all the samples are extremely 

clear and stable without any precipitation or phase separation at ambient temperature for 90 days. The mean 

diameters of droplets measured by DLS altered negligibly after storage of 1 month (figure not shown).  Thus, 

this study is evident for the stability of microemulsion at tested storage conditions. 

Kinetic stability: The kinetic stability of microemulsion samples with same composition as mentioned for 

thermodynamic stability is performed by centrifugation at 2000 RPM for 15 min at ambient temperature (27 

°C). We did not observe any phase separation (visual appearance) or change in the droplet size (DLS) for the 

above samples indicating their stability. 

Encapsulation of Vitamin E (VE) in microemulsion 

In this study, we used the microemulsion system for encapsulation of fat-soluble vitamin E which is a 

powerful biological antioxidant. Poor solubility of vitamin E in water or other inorganic solvents, poor 

stability to oxygen, light, and temperature and low or variable bioavailability limits its usage as functional 

ingredient in food and beverages33. Encapsulation of active agents like vitamins and antioxidants in a 

microemulsion system provides an opportunity for these active ingredients to be incorporated into beverages, 

food, or pharmaceutical products. Encapsulation leads to protection of active ingredients from oxidation 
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resulting in more stable active compounds which could have very prominent application in the food industry. 

Moreover, encapsulation of vitamin E in microemulsion system can offer nano-sized (<100nm) droplets 

causing enhanced stability, transmembrane passage across digestive tract and transdermal drug permeability 

enhancing its bioavailability. It also offers for controlled release and protection to encapsulated vitamin E as 

a delivery system34,35. A simple methodology is employed for the encapsulation of Vitamin E in the 

microemulsion. Primarily, vitamin E is mixed with oil phase (IPM) in various compositions. This mixture is 

then added to Smix (Igepal CO-520/carbitol = 1:1). Then, water is further added to this mixture with 

continuous stirring on vortex at ambient temperature. The selected composition of microemulsion contains 

o\w structure so as to encompass oil soluble vitamin E in oily core of the microemulsion. All the 

microemulsion samples are then light-shielded to prevent the degradation and stored at 27 °C.  

Encapsulation of Vitamin E in microemulsion: Figure 7 represents the UV-visible spectroscopy 

measurements of microemulsion (μE) samples without and with vitamin E to ensure the encapsulation of 

vitamin E in microemulsion droplets. It could be observed from the figure that (i) pure μE sample with 

composition 25 wt% Smix (Igepal CO-520/ carbitol = 1:1), 5 wt% oil (IPM only) and 70 wt% water obtained 

λmax at 290 nm, whereas, (ii) represents μE in the presence of vitamin E with composition 25 wt% Smix (Igepal 

CO-520/carbitol = 1:1), 5 wt% oil (4% IPM + 1% VE) and 70 wt% water obtained λmax at 300 nm. The peak 

obtained at 300 nm is the characteristic peak of vitamin E encapsulated in the microemulsion system. The 

absence of any other peaks indicated that Vitamin E is successfully encapsulated and there is no degradation 

of vitamin E into other oxidized components which otherwise would have given peaks at other wavelengths 

in UV-visible spectroscopy32. The absence of smooth curve in the UV-visible spectroscopy could be due to 

the presence of other components like surfactant and oil in the microemulsion system. 
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Figure 7: UV spectra of (i) Pure μE and (ii) 1% VE in μE with composition 25 wt% Smix (Igepal CO-
520/ carbitol = 1:1), 5 wt% oil and 70 wt% water at 27 °C. 

Effect of surfactant concentration on encapsulation: To explore the effect of surfactant concentration on 

encapsulation of vitamin E, DLS studies are performed for the determination of sizes of encapsulated 

microemulsion samples. Figure 8a depicts the sizes of microemulsion samples with fixed concentration of 

vitamin E in 5 wt% oil (1 wt% vitamin E + 4 wt% IPM) and varying concentration of Smix (Igepal CO-

520/carbitol = 1:1) from 25−85 wt%. It could be observed that droplet size is almost similar in the range of 

6.5−10 nm from 45−85 wt% of Smix concentration representing that Vitamin E has been successfully 

encapsulated in microemulsion droplets of similar size. The slightly higher intensity at 85 wt% Smix 

concentration could be due to the higher number density of microemulsion droplets. At 25 wt% of Smix, the 

droplet size increased to 43.8 nm. This could be due to lower concentration of Smix led to formation of larger 

size of microemulsion droplets where vitamin E is encapsulated. Also, the PDI of microemulsion samples is 

in the range of 0.2−0.4 indicating the uniformity in sizes of microemulsion samples. From these results, we 

could conclude that Vitamin E is successfully encapsulated in microemulsion samples with varying 

concentration of Smix and the lower size of droplets contributed to enhanced stability of vitamin E 

encapsulated microemulsion samples.  
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Effect of Vitamin E concentration: The effect of vitamin E concentration on the size of microemulsion 

samples is also analyzed using DLS technique. Figure 8b represents the size of microemulsion samples with 

fixed concentration of 45 wt% Smix with varying composition (1−4 wt%) of vitamin E in 5 wt% oil. This 

composition was selected due to smaller size of droplets obtained at lower concentration Smix as shown in 

Figure. It is observed from the figure that the droplet sizes are around 8−10 nm for all the microemulsion 

samples with increasing concentration of vitamin E. This indicated the complete encapsulation of vitamin E 

in the microemulsion droplets. This could be due to formation stable o/w microemulsion droplets at a given 

composition which led to complete encapsulation of hydrophobic vitamin E in the core of o/w microemulsion 

droplets. And the PDI of 0.1−0.2 indicated uniformity in the sizes of the encapsulated vitamin E 

microemulsion samples.   

 
Figures 8: Mean particle size of samples containing vitamin E and (Igepal CO-520/carbitol) Smix = 1:1   
(a) Effect of surfactant concentration in microemulsion containing 5 wt% oil (1 wt% vitamin E + 4 
wt% IPM) (b) Effect of vitamin E concentration in microemulsion with composition 5 wt% oil + 45 
wt% Smix. 
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Conclusion 

The novel reverse microemulsion is successfully prepared for the first time with a biocompatible nonionic 

surfactant Igepal CO-520 and nontoxic oils caprylic acid (CA), oleic acid (OA), isoamyl acetate (IAA) and 

isopropyl myristate (IPM). Igepal CO-520 forms clear and stable microemulsion with all the oils. However, 

greater microemulsion area is observed only with IPM in the presence of carbitol as co-surfactant. Electrical 

conductivity and viscosity measurements indicated the transitions from w/o microemulsion to o/w 

microemulsion through a bicontinuous phase with increasing water content. The microemulsion with Igepal 

CO-520 shows excellent wetting and spreading ability along with good thermodynamic, kinetic and storage 

stability. The microemulsions also offers an excellent scope for encapsulation of vitamin E due to the absence 

of charge on the surfactant hydrophilic head group. The results obtained from this research might have 

potential applications in designing microemulsions for cosmetic, food and pharmaceutical applications.  
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Glossary 
 
Surfactant- Surfactants are chemical compounds that decrease the surface tension or interfacial tension 

between two liquids, a liquid and a gas, or a liquid and a solid. 

 

Co-surfactant- A chemical substance that is used (small amount) in addition to a surfactant to improve its 

performance, especially a second surfactant that is used in conjunction with a primary surfactant. 

 

Microemulsion- Microemulsions are clear, thermodynamically stable isotropic liquid mixtures of oil, water 

and surfactant, frequently in combination with a cosurfactant. 

 

Phase Diagram- phase diagram, graph showing the limiting conditions for solid, liquid, and gaseous phases 

of a single substance or of a mixture of substances while undergoing changes in concentration at fixed 

temperature. 

 

Psuedoternary Phase diagram- A pseudoternary phase diagram is a tool that optimizes the three components 

of any typical microemulsion or emulsion, i.e., water, oil, and surfactant, to obtain the concentration range 

of these components, which form a stable emulsion. 
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Nanoparticle- A nanoparticle or ultrafine particle is usually defined as a particle of matter that is between 1 

and 100 nanometres (nm) in diameter. 

 

Microstructures- Microstructure are material structures seen at the micro level. 

 

Thermodynamic Stability- Thermodynamic stability occurs when a system is in its lowest energy state, or 

in chemical equilibrium with its environment. 

 

Vitamin E- Vitamin E is a nutrient that's important to vision, reproduction, and the health of your blood, 

brain and skin. 
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Abstract 

2-Isoxazoline derivatives have been well known for their profound biological activities. A 

number of fluorinated derivatives with variable functional groups attached to the five-

membered heterocyclic ring have been synthesized and subjected to molecular docking studies, 

against C-KIT Tyrosine kinase target protein (1T46) in order to understand their binding 

properties and variations due to presence of fluorine atom. Molecular docking is a computer 

software-based study that is used to understand how a drug binds to a protein in the body. The 

interactions, binding, and affinity variations due to differences in functional groups have been 

studied using ChemDraw Ultra 7.0, RCSB – Protein Data Bank, BIOVIA Discovery Studio 

Visualizer 2021, MGL AutoDock Tools, AutoDock Vina and Vina Split software. The docking 

studies showed good interaction of the designed molecules with the 1T46 target protein.  
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Introduction 

In the current era there is an increase in types of diseases, in addition to which new or 

existing viruses and bacteria are becoming resistant to drug molecules available in the market. 

For enhanced and effective protection against these diseases there is need for search of new 

moieties which can target these diseases and help to cure them. Molecular docking is an 

advantage since the structure of target provides a template for the discovery of novel ligands, 

which are different to those previously known.1  

Nowadays structures of proteins and nucleic acids are easily accessible due to which 

the importance of molecular docking has been increased drastically. The molecular docking is 

a structure-based drug design method where the major focus is on protein-ligand interaction 

and provides prediction regarding the mode of binding and the affinity between receptors and 

ligands. In short, it is the study which displays how effectively the desired ligand fits into the 

pocket site of the target protein which is governed by the Lock-and-Key and Induced Fit 

theories for ligand binding. This type of computational technique is capable to improve the 

efficiency of drug and to reduce the research cost since by using the database the researchers 

are conveniently able to screen the potential pharmacophores by which they are able to 

purchase, synthesize and complete follow-up pharmacological tests. So molecular docking 

technique is widely used in drug design research. By performing docking studies researchers 

are being able to predict important properties such as, the drug-likeness, examine ligand-

protein complex, binding energies, bond length, types of bond, as well as specificity of docking 

hits.2-5 Molecular docking studies have gained immense support in the scientific world since it 

gives an idea regarding what types of molecules can act as potential drugs, without the use of 

animal models. These studies are used to save several animals such as mice, rats, rabbits and 

guinea pigs which have been used and sacrificed over the years in the name of scientific studies. 

These software studies may not be as accurate but do act as guiding forces towards the type of 

molecular structures the drugs need to possess to act to give the necessary healing actions. 

Molecular docking analysis attempts to arrange molecules in favourable configurations 

via matching complementary features. This is a tricky task as there are numerous ways in which 

complex molecules can be linked.3-6 Further, due to an exponential dependence on molecule 

size, numerous possible configurations are possible during docking involving biological 

macromolecules such as proteins or nucleic acid polymers, which adds to the difficulties.7-9  
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Currently the importance of small and highly electronegative fluorine atom in drug 

discovery and development is being realized. The selective addition of fluorine while 

synthesizing drug molecules can enhance several physicochemical and pharmacokinetic 

properties such as improved metabolic stability and enhanced membrane permeation. Increased 

binding affinity of fluorinated drug molecules to target protein has been recognized in various 

cases. After critical examination of the role of fluorine in medicinal chemistry it has been 

revealed that substitution of even a single fluorine atom or trifluoromethyl group in a key 

position of a biologically active organic compound imparts beneficial properties to that 

compound. At present, various fluorinated compounds are being synthesised regularly in 

pharmaceutical research which are widely used in the treatment of diseases such as anti-cancer 

agents, antidepressants, anti-inflammatory agents, anaesthetics and central nervous system 

drugs.10,11  

Isoxazoline derivatives12-16 are an important class of 5-membered oxygen and nitrogen 

containing heterocycles having profound biological properties. Also, from literature review it 

was found that this heterocycle could be a potent anticancer agent17-20. In addition to this, if 

these moieties contain fluorine or fluoroalkyl substituents it not only exhibits important 

pharmacological and agrochemical properties but also act as useful precursors for the synthesis 

of some biologically potent agents.21-24 Due to this reason we have decided to perform 

structure-based ligand design on 2-Isoxazoline derivatives which target kinase protein. In this 

study we have performed molecular docking on designed moieties as ligand against C-kit 

tyrosine protein. 

 
Experimental Section 

Targeting and suppressing specific protein kinases is gaining prominence as a novel therapeutic 

approach in the quest to combat cancer. STI-571 (imatinib, sold under the trade names Gleevec 

and Glivec) functions as a blocker of protein-tyrosine kinases within the Abl group. Imatinib 

is primarily used in the treatment of certain types of cancer, particularly chronic myeloid 

leukemia (CML) and gastrointestinal stromal tumors (GISTs). So, in our present selected 

protein STI was pre attached ligand and in this study, we are trying to check cancer potential 

for our synthesized structures, due to which we have used this protein and replaced STI with 

our synthesized structures. This was the reason we have selected this protein. Docking studies 

of all the 2-isoxazoline derivatives (Figure 1) were done via Discovery studio docking suite 

on target protein (PDB ID 1T46) (Figure 2).10  
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Ligand preparation 
We have synthesized structures with varied fluorine atoms to investigate the correlation 

between the number and positioning of fluorine25 atoms within the moiety and compared there 

docking scores. Additionally, we explored the impact on docking by altering the positions of 

the trifluoromethyl group (ortho, meta, para). The structures of the 2-isoxazoline derivatives 

i.e. ligands (Figure 1) were drawn using Chemdraw Ultra 7.0 and saved in PDB format using 

Biovia Discovery Studio and the ligand was prepared by applying charges using MGL tools.10 
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Figure 1: Synthesized novel 2-isoxazoline derivatives 

Protein selection & Preparation  

The X-ray crystal structure of kinase (PDB ID 1T46) (Figure 2) was obtained from pdb data-

base and saved as pdb format for further studies. Selected protein macromolecule was prepared 

using Biovia Discovery Studio and charges were applied using MGL Tools.10 
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Figure 2: Structure of 1T46, C-KIT Tyrosine Kinase target protein used for Molecular Docking 

 

The figure depicts the structure of the protein 1T46 on which molecular docking of all 10 2-

Isoxazoline compounds have been performed. 

 
Docking Studies26  
In this study, the affinity, and binding modes of the examined molecules against the target 

protein were determined. Firstly, water molecules were removed from the crystal structures of 

target proteins, retaining only main-chain amino acids which are essential for binding. The 

ligands were used as reference ligands to predict the binding pockets. Then, the polar hydrogen 

atoms were added to protein structures to protonate them. The structures of the examined 

compounds in PDB formats were opened using MGL AutoDock Tools software for preparation 

of protein which was selected as macromolecule and then saved in PDBQT format. The 

configuration file containing receptor name, ligand name, output file name, and X, Y, Z 

coordinates of the grid box were created. The ligand was prepared and any rotatable bonds if 

available were added. Next, in Command Prompt with the help of AutoDock Vina software 

docking process for each target receptor by ligand was carried out by entering necessary codes 

or commands.  

In each case, 9 docked structural poses, affinity and RMSD data were generated using the 

algorithm. The output from the Vina split software was further analyzed and visualized with 

the help of BIOVIA Discovery Studio Visualizer 2021.10 

 

Results and Discussion 

The synthesized 2-isoxazoline derivatives have been docked against kinase (PDB ID 1T46), 

the best compound was selected as per few criteria such as binding modes, good molecular 

interactions with the active site components of protein and docking energy at 0.00 RMSD 



Vol. 6, Issue 2, December 2023      Interwoven: An Interdisciplinary Journal of Navrachana University      120 

 

 

 Copyright © 2023, Navrachana University www.nuv.ac.in 

 

value. Docking scores and interacting amino acids were depicted in the Table 1 below. 

Substituted 2-isoxazoline derivatives (a-j) have shown various Pi-Sigma, H-bonding, and 

halogen interactions towards 1T46 protein molecule. All the affinity values were observed to 

be within the range of   -8.3 to -9.5 kcal/mol with favorable binding poses. One of the amino 

acids ASP810 in the 1T46 protein showed hydrogen bonding with almost all the compounds. 

Besides, two more amino acid CYS673 and ASP677 were also involved in H-bonding with 

various compounds. Among these compounds h and i exhibit strong interaction with active site 

amino acids with binding energy of -9.5 and -9.4 kcal/mol respectively towards 1T46 Kinase 

protein. This indicates that the presence of trifluoromethyl groups in in meta and para positions 

show the best affinity to the protein with maximum number of interactions. Fluorine atoms 

directly attached to the benzene rings show lesser interactions. 
 
 

Compounds Docking 
Energy RMS No of 

Interactions 

Interaction Residues No of 
H 

Bonds 

Bond 
Length 

(Å) 
Pi-

Sigma Halogen H-
Bonding 

Doxorubicin -7.7 0.00 9 VAL6
43 - 

ASP810 
2 

2.6200
3 

GLY812 2.9523
5 

A -8.3 0.00 10 

LEU5
95, 

LEU7
99, 

LEU7
99 

- 

ASP810 

2 

2.1546 

UNK0 3.2806
6 

B -8.5 0.00 9 

LEU5
95, 

LEU7
99 

- 
ASP810 

2 

2.1415
6 

UNK0 3.2581
8 

C -8.8 0.00 9 

LEU5
95, 

LEU7
99 

- 
ASP810 

2 

2.1946
9 

UNK0 3.1813 

D -9.1 0.00 8 THR6
70 

GLU640, 
GLU640 - 0 - 

E -9.0 0.00 12 

LEU5
95, 

LEU7
99 

LEU595, 
CYS673 

CYS673 

3 

2.1190
7 

ASP810 2.1535
3 

UNK0 3.2956
6 
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f -9.1 0.00 11 

LEU5
95, 

LEU7
99 

CYS673 

CYS673 

3 

2.1607
2 

ASP810 2.2682
5 

UNK0 3.2406
1 

G -8.8 0.00 14 

LYS6
23, 

THR6
70 

GLU640, 
ASP810, 
ASP810, 
UNK0 

ASP810 1 2.3568 

H -9.5 0.00 15 

LEU5
95, 

LEU7
99 

LEU595 

LYS623 

3 

2.6006
8 

ASP677 2.9607
5 

LYS623 3.3922
1 

I -9.4 0.00 14 

LEU7
99, 

LEU7
99 

LEU595, 
GLY676 

ASP677 

3 

2.8229
2 

ASP810 2.2558
2 

UNK0 3.2381
2 

J -9.0 0.00 26 

LEU7
99, 

LEU7
99 

LEU595, 
LEU595, 
GLU671, 
TYR672, 
TYR672, 
CYS673 

LYS623 

5 

2.9319
4 

CYS673 1.5837
5 

ASP677 2.8969
3 

ASP810 1.8606
1 

PHE811 3.5901
5 

 

Table 1: Docking scores and interactions of the analyzed molecules. 

 

To visualize the interactions the 2D diagram and 3D interactions of compounds h and i are 

displayed below which have lowest affinity value -9.5 and -9.4 kcal/mol. (The colours of bond 

interactions is depicted in the table) 
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Figure 3: Molecular Docking 3D interaction output of 3-(3-Trifluoromethyl-phenyl)-4,5-
dihydro-isoxazole-5-carboxylic acid ethyl ester, h against 1T46 protein 

 

Figure 4: Molecular Docking 2D interaction output of 3-(3-Trifluoromethyl-phenyl)-4,5-
dihydro-isoxazole-5-carboxylic acid ethyl ester, 7 against 1T46 protein 

 

S
r 
N
o. NAME 

C
OL
O
UR 

DIS
TA
NC
E 

CATE
GORY 

TYPES OF 
BONDS 

FRO
M BONDS TO 

BON
DS 

1 

A:LYS62
3:HZ1 - 
:UNK0:O
13   

2.6
006

8 

Hydrog
en 
Bond 

Conventional 
Hydrogen Bond 

A:L
YS6
23:H
Z1 H-Donor 

:U
NK
0:O
13 

H-
Accep
tor 

2 

A:ASP67
7:HN - 
:UNK0:F
20   

2.9
607

5 

Hydrog
en 
Bond;H
alogen 

Conventional 
Hydrogen 
Bond;Halogen 
(Fluorine) 

A:A
SP67
7:H
N 

H-
Donor;H
alogen 
Acceptor 

:U
NK
0:F
20 

H-
Accep
tor;Ha
logen 



Vol. 6, Issue 2, December 2023      Interwoven: An Interdisciplinary Journal of Navrachana University      123 

 

 

 Copyright © 2023, Navrachana University www.nuv.ac.in 

 

3 

A:LYS62
3:CE - 
:UNK0:O
14   

3.3
922

1 

Hydrog
en 
Bond 

Carbon 
Hydrogen Bond 

A:L
YS6
23:C
E H-Donor 

:U
NK
0:O
14 

H-
Accep
tor 

4 

A:LEU59
5:O - 
:UNK0:F
19   

2.9
121

4 
Haloge
n 

Halogen 
(Fluorine) 

A:L
EU5
95:O 

Halogen 
Acceptor 

:U
NK
0:F
19 

Halog
en 

5 

A:LEU59
5:CD1 - 
:UNK0   

3.7
260

5 
Hydrop
hobic Pi-Sigma 

A:L
EU5
95:C
D1 C-H 

:U
NK
0 

Pi-
Orbita
ls 

6 

A:LEU79
9:CD1 - 
:UNK0   

3.8
947

6 
Hydrop
hobic Pi-Sigma 

A:L
EU7
99:C
D1 C-H 

:U
NK
0 

Pi-
Orbita
ls 

7 

A:TYR67
2 - 
:UNK0   

5.6
804

1 
Hydrop
hobic Pi-Pi Stacked 

A:T
YR6
72 

Pi-
Orbitals 

:U
NK
0 

Pi-
Orbita
ls 

8 

:UNK0:C
16 - 
A:LYS62
3   

4.2
01 

Hydrop
hobic Alkyl 

:UN
K0:C
16 Alkyl 

A:L
YS
623 Alkyl 

9 

:UNK0:C
16 - 
A:LEU64
4   

5.0
632

1 
Hydrop
hobic Alkyl 

:UN
K0:C
16 Alkyl 

A:L
EU
644 Alkyl 

1
0 

:UNK0:C
16 - 
A:VAL66
8   

4.1
545

3 
Hydrop
hobic Alkyl 

:UN
K0:C
16 Alkyl 

A:
VA
L66
8 Alkyl 

1
1 

:UNK0:C
17 - 
A:LEU59
5   

4.0
081

8 
Hydrop
hobic Alkyl 

:UN
K0:C
17 Alkyl 

A:L
EU
595 Alkyl 

1
2 

:UNK0:C
17 - 
A:LEU79
9   

5.2
630

8 
Hydrop
hobic Alkyl 

:UN
K0:C
17 Alkyl 

A:L
EU
799 Alkyl 

1
3 

A:PHE81
1 - 
:UNK0:C
17   

5.3
043

6 
Hydrop
hobic Pi-Alkyl 

A:P
HE8
11 

Pi-
Orbitals 

:U
NK
0:C
17 Alkyl 

1
4 

:UNK0 - 
A:ALA62
1   

4.4
739

6 
Hydrop
hobic Pi-Alkyl 

:UN
K0 

Pi-
Orbitals 

A:
AL
A6
21 Alkyl 



Vol. 6, Issue 2, December 2023      Interwoven: An Interdisciplinary Journal of Navrachana University      124 

 

 

 Copyright © 2023, Navrachana University www.nuv.ac.in 

 

1
5 

:UNK0 - 
A:CYS67
3   

5.1
215 

Hydrop
hobic Pi-Alkyl 

:UN
K0 

Pi-
Orbitals 

A:
CY
S67
3 Alkyl 

 

Table 2: Total Number of Favorable Interactions: 15 

The structure of 3-(3-Trifluoromethyl-phenyl)-4,5-dihydro-isoxazole-5-carboxylic acid ethyl 

ester as a ligand has been subjected to molecular docking with a protein molecule that would 

act as a receptor. Docking results exhibited 9 poses out of which the pose having the lowest 

affinity (kcal/mol) was selected as the best docking pose and so considered for the ligand 

interaction. Here, 15 favorable interactions Table 2 were observed where the ligand has bonded 

at the chosen pocket site in the selected pose. The given table shows the information about the 

bonds between the ligand and amino acids which contains bond distance, types of bonds, from 

where the bond is forming and their types. The bonding interactions observed in this moiety 

while docking were -: three hydrogen bonds [conventional hydrogen bond, conventional 

hydrogen bond with fluorine and carbon hydrogen bond], one halogen bond [with fluorine] and 

eleven hydrophobic interactions [i.e. two pi-sigma, one pi-pi stacked, five alkyl and three pi-

alkyl]. 

 

 

Figure 5: Molecular Docking 3D interaction output of 3-(4-Trifluoromethyl-phenyl)-4,5-
dihydro-isoxazole-5-carboxylic acid ethyl ester, i against 1T46 protein 
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Figure 6: Molecular Docking 2D interaction output of 3-(4-Trifluoromethyl-phenyl)-4,5-
dihydro-isoxazole-5-carboxylic acid ethyl ester, i against 1T46 protein 
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Table 3: Total Number of Favourable Interactions: 14 

In order to perform molecular docking analysis, the structure of 3-(4-Trifluoromethyl-phenyl)-

4,5-dihydro-isoxazole-5-carboxylic acid ethyl ester has been selected as a ligand which is 

docked against protein molecule 1T46 acting as a receptor. During the analysis 9 different 

poses were observed, which was refined and the pose having lowest affinity (kcal/mol) was 

selected as the best docking pose and was considered for the ligand interaction. During this 

pose the ligand showed 14 favorable interactions in the chosen pocket site. Table 3 provides 

information regarding bonding interaction between the ligand and amino acids in the protein 

chain which contains bond distance, types of bonds, from where the bond is forming and their 

types. The bonding interactions observed in this moiety while docking were three hydrogen 
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bonds [conventional hydrogen bond, conventional hydrogen bond with fluorine and carbon 

hydrogen bond], two halogen bonds [with fluorine] and nine hydrophobic interactions [i.e. two 

pi-sigma, four alkyl and three pi-alkyl]. 

 
Conclusion and Future directions 

The synthesized 2-isoxazoline derivatives have shown good interactions with the C-KIT 

Tyrosine Kinase (1T46) target protein, which indicates good anti-viral potential of the 

molecules. The presence of trifluoromethyl groups on the benzene ring show better interaction 

to the protein as compared to simple fluorine atoms directly attached to the benzene ring. This 

could give a proper direction to the synthetic organic chemist for synthesizing bio-active 

derivatives of 2-isoxazoline. In addition to this the in-silico analysis performed in this study 

will act as a base in future for conducting in-vitro analysis in the lab by carefully examining 

the computational data generated in this research article. 
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Glossary 

2-Isoxazoline- 2-Isoxazoline are nitrogen and oxygen containing five-membered heterocyclic

scaffolds with extensive biological activities. 

Bioinformatics- It is defined as the application of tools of computation and analysis to the 

capture and interpretation of biological data. 

Molecular Docking- It is a process under category of bioinformatic modelling which involves 

the interaction of two or more molecules to give the stable adduct. Depending upon binding 

properties of ligand and target (protein), it predicts the three-dimensional structure of any 

complex. 

Protein ligand interactions- Protein–ligand interactions are fundamental to almost all 

processes occurring in living organisms. This interaction occurs through the molecular 

mechanics involving the conformational changes among low affinity and high affinity states. 

Ligand binding interactions changes the protein state and protein function. 

Binding Site- The region within a macromolecule i.e. protein that binds to another molecule 

with specificity. The binding partner of the macromolecule is often referred to as a ligand. 

Binding affinity- It quantifies the binding strength of a ligand to a macromolecule i.e. protein. 
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Abstract 

Female reproductive disorders are increasing with changes in the environment and lifestyle. 

Polycystic ovarian syndrome (PCOS) is one such female reproductive disorder that has several 

metabolic implications on the health of a female. Not only is this concern increasing in number 

but also putting up newer challenges for fertility management. There is a need for newer 

approaches to be developed for the treatment and management of this disorder. In this review, 

we attempt to give an overview of polycystic ovarian syndrome (PCOS) and its 

pathophysiological implications along with its impact on female fertility.  This paper also 

reviews the available treatment options for polycystic ovarian syndrome (PCOS) and its 

relative impact on the health management of female patients. 
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Introduction 

Women’s health is a matter of concern in recent times. Several illnesses are gender-specific, 

out of all the gynecological trouble involving distress is a reproductive organ of a female. Some 

of these feminine disorders are curable, others are chronic, and some are fatal.1 Some of these 

disorders are the leading cause of infertility. With the increasing exposure to endocrine-

disrupting chemicals, the instance of hormonal imbalances is on the surge. Several common 

hormonal anomalies are endometriosis, amenorrhea, fibroids, polycystic ovarian syndrome 

(PCOS), ectopic pregnancy, miscarriage, ovarian cancer, etc.2 

Polycystic ovarian syndrome (PCOS) is a disorder that is heterogeneous affecting the 

regulation of endocrine system functioning, which includes ovulatory dysfunctions, ovarian 

cysts, and endocrine variations that irreversibly affect the life of a woman.3 Although the actual 

cause of PCOS is unknown it is considered multifactorial disarray with various genetic, 

endocrine, metabolic, and environmental deformities. There is rising evidence suggesting that 

PCOS affects the whole of a woman’s life starting from in utero in genetically predisposed 

elements, its patients clinically at puberty and continues during the reproductive years.4 

Features linked with PCOS are menstrual irregularity, hyperandrogenism, and polycystic 

ovarian morphology, which have significant reproductive implications for females, with an 

elevated risk of pregnancy-related complications. Also, in addition, women suffering from 

PCOS have a higher risk of getting type 2 diabetes and possible cardiovascular diseases.5 Due 

to a lack of awareness and knowledge PCOS has a high percentage of individuals who remain 

undiagnosed while consulted by doctors, estimated as high as 75%.6 In present years, the 

geographic variations of PCOS prevalence have been studied globally and the percentage of 

PCOS is routinely derived between 6% to 26%.7 Age ranged from 18 to 45 years mostly suffer 

from this disorder. Almost one out of ten women are found affected by PCOS (Fig. 1)8 
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Figure 1: Global prevalence of PCOS patients non-diagnosed vs diagnosed8 

Though the root cause behind this syndrome is unknown and the prevalence of the disorder 

also differs because of several varying criteria being used for the detection of PCOS by 

different investigators.   

 

Phenotypic variants in PCOS 

Sr. 

No. 

Type Symptoms Hormonal Levels 

1. PCOS Type A 

(Classic PCOS) 
• Irregular periods, delayed 

ovulation, or anovulation 

• Hyperandrogenism: acne, 

hirsutism, alopecia 

• Polycystic ovaries on 

ultrasound 

• High 

testosterone 

and AMH 

(anti-mullerian 

hormone), low 

progesterone 

• High LH/FSH 

ratio 

2. PCOS Type B 

(Classic PCOS, 

without cysts) 

• Irregular periods, delayed 

ovulation, or anovulation 

• Lower AMH 

level compared 
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• Hyperandrogenism: acne, 

hirsutism, alopecia 

• Normal ovaries on 
ultrasound 

to Type A 

PCOS 

 

3. PCOS Type C 

(Non-Classic, 

Ovulatory 

PCOS) 

• Bleeding that occurs at 
regular intervals, with or 
without ovulation 

• Hyperandrogenism: acne, 

hirsutism, alopecia 

• Polycystic ovaries on 

ultrasound 

• Lower LH/FSH 

ratio (slightly 

elevated levels 

than Type A 

and B PCOS) 

4. PCOS Type D 

(Mild PCOS) 
• Irregular periods, delayed 

ovulation, or anovulation 

• Normal androgen levels, no 
hyperandrogenism 

• Polycystic ovaries on 

ultrasound 

• Slightly 

elevated 

LH/FSH ratio 

compared to 

normal women 

 

Table 1: Phenotypic variants in PCOS9 

Owing to the complexity of this condition, diagnostic criteria have been set for the confirmation 

of PCOS out of which Rotterdam criteria is clinically approved (Fig. 2)10 
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Figure 2: Diagnostic criteria currently accepted for the confirmation of PCOS- 
Rotterdam criteria11 

 

This study approaches to understand the current development of personalized and precision 

medicine approaches for PCOS. There is a critical necessity for in-depth investigations into the 

genetic, epigenetic, and environmental factors contributing to PCOS. This review focuses on 

current risk factors, implications related to PCOS, and therapeutic approaches for the 

management of PCOS. 

 

Methodology 

A comprehensive literature search was carried out in electronic databases such as PubMed, 

Web of Science, Research Gate, Google Scholar, and Scopus. Studies were incorporated if the 

information provided insights into pathophysiology, etiology, or PCOS management. Both 

interventional and observational learning were considered. Articles centered on well-defined 

aspects of PCOS such as diagnostic criteria, genetic factors, lifestyle interventions, and 

hormonal profiles were included while articles not directly related to recent management or 

understanding of PCOS were excluded. 

• Hyperandrogenism
• Menstrual IrregularityNational Institute Of Health 

Criteria
(2 criteria)

• Hyperandrogenism
• Menstrual Irregularity or Polycystic Ovaries 

on Ultrasonography

Androgen Excess-
PCOS Society Criteria

(2 criteria)

• Hyperandrogenism
• Menstrual Irregularity
• Polycystic Ovaries on Ultrasonography

Rotterdam Criteria
(2 out of 3 criteria)
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Pathophysiology And Risk Considerations 

The pathophysiology of polycystic ovary syndrome incorporates hereditary ovarian 

dysfunction which can be detected by an ample number of androgens found in PCOS patients. 

The susceptible risk factors include lifestyle, genetics, obesity, nutrition, and neuroendocrine 

disorders that lead to PCOS development.12 Hyperandrogenism is denoted by raised levels of 

unbound testosterone in the bloodstream, a chief hormone donating to the pathophysiology of 

PCOS. This complex state is interpreted into its main pathophysiological elements.13 The 

predisposing risk elements include neuroendocrine, genetics, obesity, and 

lifestyle/environment which contribute to the growth of PCOS. These factors lead to the 

principal cause of hyperandrogenism, hyperinsulinemia, oxidative stress, and oligomenorrhea 

eventually rising metabolic syndrome. Some women have an elevated risk of developing PCOS 

because of predominant genes.14 Environmental agents including lifestyle, exercise, and diet 

may differ widely according to the community.15 Environmental factors also count for 

endocrine disruptors and glycotoxins which may affect genetic variance and disarrangements 

of metabolic and reproductive pathways, which can evolve PCOS phenotypes and related 

issues.16 Some risk factors that are involved in PCOS are insulin resistance, hyperandrogenism, 

obesity, and environmental toxins. Women associated with PCOS usually have profound 

insulin resistance which is a root cause of this condition.17 Hyperandrogenism is one of the 

distinctive features of PCOS which is clinically expressed as acne, hirsutism, and male pattern 

baldness. Obesity or Adiposity is known to increase the rigors of the clinical symptoms of 

PCOS.18 Exposure to environmental toxins, i.e. chemical pollutants present in the environment 

(smoke, lead, pesticides, mercury, and BPA) affects human health and reproduction.19 

 
(a) Insulin Resistance in PCOS 

Hyperinsulinemia is the main ground of excess androgens as insulin straightly stimulates the 

action of LH and increases the GnRH indirectly.20 Insulin drops the sex hormone-binding 

globulin (SHBG), a chief circulatory protein in charge of testosterone levels. So deceased 

SHBG results in an elevated level of free21 Dyslipidemia can be caused by insulin resistance 

and patients with PCOS are at peak risk for diabetes and cardiovascular disease.22 In women 

with diabetes, the generality of PCOS is 19%, 37%, and 41% by NIH criteria, ESHRE/ASRM 

criteria, and AE-PCOS definition respectively.23 Various studies revealed that managing 

insulin resistance in time would decrease the excess androgens and ameliorate the condition.24 
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(b) Hyperandrogenism in PCOS 
Weakened folliculogenesis is the outcome of excess androgen that disturbs normal androgen 

synthesis. The surplus androgen stimulates the development of primordial follicles and rises in 

the antral follicles at the initial gonadotropin stage.25 The production of GnRH from the 

hypothalamus will initiate the gonadotropin hormone liberated from the pituitary. Luteinizing 

hormone initiates the LH receptor to assist androgen-making in ovarian theca cells, and 

follicular stimulating hormone (FSH) follows on the FSH receptor altogether in granulosa cells 

to modify the androgens to estrogens, which nurture the follicle growth.23 It has been assumed 

that chronic inflammation in the neuroendocrine system results in a variation of the 

hypothalamic-pituitary-ovarian axis guiding to an excess level of gonadotropin. Arise in the 

GnRH encourages the production of LH over FSH, developing a noticeable hormonal increase 

in the LH: FSH proportion in PCOS.25,26  

 

(c) Obesity and PCOS 

Obesity has been linked with unusual hypothalamic-pituitary-ovarian axis function directed to 

PCOS symptoms.27 Obesity is associated with hyperinsulinemia which additionally increases 

glucose intolerance and lipid profiles in PCOS patients. Obesity increases the production of 

androgens by stimulating LH, which in succession leads to hyperandrogenism.28 An appetite-

controlling adipokine leptin has a direct impact on the reproductive function and 

neuroendocrine of obese PCOS women.29,30 Moreover, hyperleptinemia may hamper ovarian 

follicular growth.30 So, diminishing the visceral fat would command the appetite, lipolysis, and 

glucose levels which expands the SHBG so that balancing the androgen action in the ovary. 

 

(d) Environmental Toxins and PCOS 

There is a growing amount of evidence that environmental toxins have a notable impression on 

human health and reproduction.31,32 Environmental toxins are determined to be chemical 

pollutants in the environment that have unfavorable effects on biological organisms. Research-

based evidence suggests the lasting and significant effects of environmental toxins on human 

reproductive well-being.33,34 Although pollutants such as lead, pesticides, tobacco smoke, and 

chromium are harmful to the general population of particular interest to reproductive health are 

endocrine-disrupting chemicals (EDCs), including polycystic ovarian syndrome (PCOS) and 

their associated symptoms. Demonstrated Endocrine-disrupting chemicals (EDCs) present in 
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organic wastewater are first found in the form of human byproducts, which include potent 

pharmaceutical products, phytosterols such as beta-blockers, antiepileptic drugs, lipid-

regulating agents, and estrogens.35 Evidence suggesting elevated serum levels of Bisphenol A 

(BPA) a synthetic amalgam with lenient estrogenic activity found in the usual plastic consumer 

items, among women with polycystic ovarian syndrome compared to control subjects.35 Given 

the confirmed existence of these environmental pollutants in soil, groundwater, air, food, and 

habitual household products35 and the confirmed association of PCOS,36,37 further research is 

required to assess the role that endocrine disruptors may play a role in disrupting the 

reproductive health between women and perhaps triggering PCOS and its associated 

symptoms.   

 

(e) Gut-Microbiome and PCOS 

There is a link between gut microbiota of PCOS and insulin resistance, hyperandrogenism, 

metabolic syndrome, and environmental factors.38 Research proposes that variation in the 

composition and function of the gut microbiota may contribute to the key features of PCOS 

including hyperandrogenism, inflammation, and metabolic dysfunctions.39 Dysbiosis in the 

gut- microbiota is characterized by lowered microbial diversity and alteration in specific 

bacterial taxa which may amplify adipose tissue dysfunction and insulin resistance observed in 

PCOS patients.40 Moreover, the gut- microbiome affects hormonal signaling pathways and the 

precursors involved in androgen production, possibly contributing to excess androgens in 

PCOS.41 Lifestyle and dietary factors also add to the alteration in gut-microbial structure, 

emphasizing their potential to minimize PCOS symptoms and improve overall metabolic 

health.42 

 

Therapeutic Alternatives for PCOS 

Currently, there is no pharmacological treatment that can heal the syndrome, but some 

intermediate medications are used to serve the clinical symptoms of PCOS.43 Pharmacological 

therapies along with modification in the lifestyle may improve the overall condition. The 

therapeutic strategy varies according to the clinical symptoms which include hirsutism, acne, 

infertility, menstrual problems, and fundamental causes such as hyperandrogenism, ovulatory 

dysregulation, improving insulin resistance, and infertility.44 The treatment approaches are 
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categorized according to the first-line, second-line, and third-line therapies according to the 

individual’s symptoms.45 The first-line therapy includes lifestyle interventions which include 

dietary patterns and physical regimes and oral contraceptives such as insulin sensitizers, 

metformin, and antiandrogens. The second-line therapy includes ovulation-inducing agents and 

laparoscopy surgery while the third-line therapy includes in vitro fertilization. (Figure 3) 

 

(a) First-Line Therapy 

(i) Lifestyle Interventions  

Lifestyle interventions include diet patterns, workout regimes, and behavioral interventions 

which are a part of the primary treatment for infertility management and complications which 

are associated with PCOS.47 PCOS is a deep-rooted disease with a considerable chance of other 

comorbidities like type 2 diabetes connected with it, so lifestyle modification is a pivotal and 

simple proposal for application in women with PCOS.53 Studies have shown that rigorous 

modifications in lifestyle and reducing weight can lead to a reduction in circulating insulin and 

has been known to improve FSH and lipid levels which ultimately could result in regulating 

menstrual cycles, ovulation induction, and overall improvement of reproductive health.48 

Research revealed that changes in lifestyle, including exercise, diet, and daily routine have a 

positive influence on body weight, testosterone levels, and insulin resistance as well.54 There 

is insufficient research data related to dietary compositions for PCOS individuals because of 

problems in methodology curations and clinical trials.49 Women with PCOS are found to have 

a deficiency of Vitamin D and supplementation of the same might improve women's fertility 

and insulin efficiency.50 
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Figure 3: Different treatment approaches for the management of PCOS46 

 

PCOS women are also known to have mood swings, behavioral patterns, and anxiety disorders 

where regular physical activities can help in reducing these stress-related behaviors and 

overeating patterns which also helps in improving mood and body language associated with 

it.51 Hyperandrogenism is one of the traits in PCOS women and smoking is known to increase 

hyperandrogenism in PCOS women with significantly increased levels of fasting insulin, 

testosterone, and free androgen index. However, the clinical parameters are yet to be studied 

in detail.52 In addition, regular health and counseling sessions might aid in reducing the risk of 

complications associated with PCOS and help in better overall health (Figure 4).53 
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Figure 4: Overview of Lifestyle Strategies for PCOS Management54  

(ii) Oral Contraceptives (OCPs) 

The OCPs are split into combined pills and progesterone-only pills containing both 

progesterone and estrogen.55 OCPs are the first preferred therapy for women who are facing 

menstrual irregularities and who do not want to ovulate. Oral contraceptives decrease the 

flowing androgens by raising SHBG.56 The use of oral contraceptives (OCPs) does not affect 

insulin resistance but shows a change in lipid profiles which can lead to metabolic disruptions.56 

Thus the usage of oral contraceptives should be in accordance with the risk grade and 

immediately stopped if any confutation occurs.   

Insulin sensitizers are generally used to heal PCOS-related metabolic comorbidities by 

depleting insulin resistance and normalizing insulin levels. By decreasing insulin resistance 

(IR), the related androgen level will lower resulting in the enhancement of the menstrual 

cycle.56 

Metformin is a biguanide manufactured extensively that is used to treat insulin resistance (IR) 

and restore irregular menstrual cycles in PCOS patients.56 Metformin raises the glucose uptake 

and its application which in return improves the insulin resistance in PCOS patients.56,57 

Metformin works indirectly by decreasing the insulin level with a drop in CYP17 cytochrome 

activity which is involved in the production of androgen and raises the SHBG further lowering 
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in the free testosterone.58,59 Combining metformin with clomiphene citrate, the ovulation, and 

rates of pregnancy were found to be improved in infertile PCOS women.60 Moreover, including 

metformin in the ovulation-stimulating procedure for IVF, PCOS patients showed good oocyte 

quality.61 

Antiandrogens include flutamide, spironolactone, and cyproterone acetate which lowers 

androgen secretion by receptor inhibition and is favored as first-line medicine for hirsutism.57 

Flutamide is an anti-androgen used to cure prostate cancer. It is effective in managing 

hirsutism.58,59 Flutamide is taken in combination with metformin as it brings about 

hepatotoxicity when used alone.60 Spironolactone, an aldosterone antagonist when taken in 

high doses produces an antiandrogenic effect. Spironolactone when taken alone causes frequent 

menstrual cycles, so it is normally taken in combination with OCPs to produce a synergistic 

effect and overcome the problem.58 Cyproterone acetate is also an antiandrogen with strong 

progestogenic activity.57,58 Cyproterone acetate when taken in combination with 

ethinylestradiol is used as a remedy for hirsutism and acne.61  

 

(b) Second-Line Therapy 

(i) Ovulation-Inducing Agents 

Clomiphene citrate (CC) is the main alternative drug for treating anovulatory sterile women.62 

Clomiphene citrate (CC) raises the FSH level by hindering the estrogen receptor via a negative 

feedback mechanism.53,63 It is recommended for the management of anovulatory PCOS 

patients, though the pregnancy rates may vary significantly according to BMI, for BMI (Body 

mass index) less than 30 grows the rate of pregnancy and vice-versa.64  

Letrozole, an aromatase inhibitor is an off-label drug, that chokes the androgen-to-estrogen 

conversion pathway and supports folliculogenesis by stimulating FSH.65 Letrozole is more 

powerful than clomiphene citrate as estrogen receptors is not depleted and the antiestrogenic 

effect on the endometrium is not discovered.66 Thus, letrozole is a recommended drug option 

in ovulation induction used as an alternative drug to clomiphene showing similar effects.67 

Recent studies suggest that letrozole is likely to be more effective in anovulatory infertility 

than clomiphene citrate in PCOS patients.68 

Gonadotropins such as recombinant follicle-stimulating hormone (FSH), and human 

menopausal gonadotropins (HMG) are the second choice of treatment for anovulatory infertile 
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PCOS patients.69 Gonadotropins can be too expensive for timely intercourse management, so 

instead of that intrauterine insemination (IUI) or in vitro fertilization (IVF) is done.69,70 Low-

dose follicle-stimulating hormone (FSH) therapy is accepted for ovulation induction and 

enhancing pregnancy rates in PCOS patients.62,71 

(ii) Laparoscopy Surgery 

Laparoscopic surgery is a secondary surgical method for ovulation in clomiphene-resistant 

PCOS patients or non-answerers of clomiphene.71 Laparoscopic ovarian drilling (LOD) is 

puncturing the ovary multiple times by diathermy or laser.72 The risk of hyperstimulation of 

the ovary and multiple pregnancies is lowered by LOD.73 Ovarian drilling leads to a reduction 

in the size and volume of ovarian tissue, additionally damaging the ovary but it is assumed 

through studies that exhaustion in the ovarian size designates normal functioning of the PCOS 

ovaries.74 

 

(c) Third-Line Therapy 
(i) In Vitro Fertilization (IVF) 

In-vitro fertilization (IVF) is endorsed as a third-line treatment for managing infertility in 

PCOS patients without any linked complications.75,68 Assisting metformin therapy for a short 

period boosts pregnancy rates in polycystic ovarian syndrome women undergoing IVF 76 which 

involves complex procedures with side effects, mostly hyperstimulation of the ovary and 

expensive treatment.77 

 

Conclusion 
It is evident from the review that polycystic ovarian syndrome is a multifactorial complex 

disorder. The etiology of PCOS is difficult to state and understand. As a result, no therapy can 

be claimed as an exact method as it targets the clinical symptoms instead of curing the 

syndrome. Alternative drugs such as medicinal or herbal plants should be contemplated by 

finding their mechanism of action. Investigating the pathophysiology and drugs acting on it 

should be done to improve the survival consequences on patients’ health. Lifestyle 

modifications could ease polycystic ovarian syndrome-related symptoms. 
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Glossary 

Pathophysiology- The disordered physiological process associated with disease or injury. 
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Endometriosis- A condition resulting from the appearance of endometrial tissue outside the 

uterus which causes pelvic pain during menstruation. 

Amenorrhea- Absence of menstrual periods. 

Fibroids- A benign tumor of muscular and fibrous tissues, typically developing in the wall of 

the uterus. 

Rotterdam criteria- According to the Rotterdam consensus, polycystic ovarian syndrome 

(PCOS) is defined by the presence of two of three of the following criteria: oligo‐anovulation, 

hyperandrogenism and polycystic ovaries (≥ 12 follicles measuring 2‐9 mm in diameter and/or 

an ovarian volume > 10 mL in at least one ovary). 

Hyperandrogenism- Condition in which there is excess production of androgens. 

Hyperinsulinemia- Excess amount of insulin in the blood which is considered unhealthy. 

Oligomenorrhea- Irregular and inconsistent menstrual blood flow in women. 

Hirsutism- Abnormal growth of hair on women’s face and body. 

Dyslipidemia- Imbalance of lipids such as cholesterol, low-density lipoprotein cholesterol, 

(LDL-C), triglycerides, and high-density lipoprotein (HDL). 

Hyperleptinemia- The presence of a higher number of leptins than the normal range in the 

bloodstream. 
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Abstract 

Diabetes is characterized with symptoms of prolonged hyperglycemia, glucose intolerance, 

disturbance in catabolism and anabolism of carbohydrate, lipids, and proteins in a diabetic 

individual. The metabolic disturbance is due to lack of insulin production and impaired insulin 

receptor functioning or both. Many drugs such as biguanides, sulphonylurea etc. are routinely used 

in treating diabetes however, continuous intake of these drugs leads to certain side effects. 

Compared to synthetic drugs, nature-based remedies can be a counter to treat the diabetic 

condition. The food-derived bioactive peptides serve as an alternative to pharmacological 

treatments in the control of diabetes. Bioactive peptides show significant potential for use in health 

management strategies, particularly as components of drugs and functional foods for diabetes 

treatment. Many anti-diabetic bioactive peptides have been isolated and validated. The present 

review integrates the existing information on the plant derived bioactive peptides with a particular 

focus on anti-diabetic activity.  

Keywords                                   

Anti-diabetic, Bioactive peptides, Diabetes, α-amylase inhibitory activity, α glucosidase inhibitory 

activity.  
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Introduction 

Diabetes is a chronic illness characterized by elevated levels of blood glucose, 

accompanied by disturbed metabolism of fats and proteins1. It is a group of metabolic diseases 

characterized by hyperglycemia resulting from defects in insulin secretion, insulin action, or both2. 

Diabetes is reported to be one of the most common metabolic disorders that is increasing at an 

alarming rate all over the world. The World Health Organization (WHO) depicts diabetes mellitus 

as non-communicable diseases accounting for increased number of deaths. Globally there is 

tremendous increase in number of diabetic individual’s death. Around 31.1% increased deaths are 

reported between 2006 and 2016. There are more than 415 million adults suffering from diabetes, 

and in future the number is expected to increase to 642 million by 20403. Thus, increase in diabetic 

cases leads to mortality, reduced life expectancy and increased disability adjusted life years. In 

India, the prevalence of diabetes is expected to increase from 31.7 million in 2000 to 79.4 million 

in 20304. Additionally, a study from Indian states, reveals around 62 million individuals were 

reported to be suffering from diabetes mellitus5. Thus, looking at the increased number of 

incidences of diabetic population at global and national front, plant derived bioactive peptides can 

be a useful strategy in managing diabetes. The primary contributing factors of diabetes in 

individuals include exposure to unhealthy diet and physical inactivity. Other factors include aging, 

genetic factors, obesity, insufficient energy consumption, alcohol drinking and smoking6,7.   

Diabetes mellitus is classified into two major types - Type 1 Insulin Dependent Diabetes Mellitus 

(IDDM) and Type 2 Non-Insulin Dependent Diabetes Mellitus (NIDDM). Type 1 Diabetes mellitus 

is an autoimmune disorder characterized by the destruction of pancreatic β cells and it leads to 

absolute insulin deficiency8,9. Type 2 Diabetes mellitus is characterized by hyperglycemia, insulin 

resistance, and relative insulin deficiency10. Additionally, Diabetes is responsible for certain risk 

factors such as retinopathy, nephropathy, neuropathy, microangiopathy, and increased risk of 

cardiovascular disease12,2. Furthermore, based on the causes and clinical features, diabetes mellitus 

is categorized into various types as mentioned in Table-1. 
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Sr. 
No 

Name of Disease Clinical manifestation 

1. Type 1 Diabetes mellitus  β- cell destruction 

Autoimmune condition 

2. Type 2 Diabetes mellitus  Insulin resistance  

Insulin deficiency 

3. Gestational Diabetes mellitus Glucose intolerance during pregnancy 

4. Other specific types of diabetes mellitus  Genetic defects of β-cell function 

Genetic defects in insulin action 

Diseases of the exocrine pancreas 

Endocrinopathies 

Drug-induced or chemical induced 

Infections (congenital rubella, 

cytomegalovirus and others) 

Immune mediated diabetes  

Genetic mutations 

                                                                                                                                              11 

Table 1: Types of Diabetes and clinical manifestation 

Diagnosis of diabetes  

Diabetes is diagnosed and managed by checking glucose level in a blood through different tests. 

The oral glucose tolerance test, the random glucose test, and the fasting glucose test are the three 

tests that can determine blood glucose levels. 

Glucose concentration for diabetes individual 

1. Fasting blood glucose concentration above 7·0 mmol/L (126 mg/dL) 

2. A random blood glucose concentration above 11·1 mmol/L (200 mg/dL)    

3. Glycated hemoglobin and its concentration above 48 mmol/mol11,13.    
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Enzymes related to glucose homeostasis  

Various organs like salivary glands, the pancreas and the small intestine are involved in glucose 

homeostasis.  Their secreted enzymes and proteins allow the digestion of carbohydrates and 

influence the blood glucose level. Fig. 1 shows organs involved in glucose homeostasis. α-amylase, 

α-glucosidase, glucagon-like peptide-1 (GLP-1) and dipeptidyl peptidase-IV (DPP-IV) are some 

of the enzymes in modulating blood glucose levels7. Initially, α-amylase is secreted from salivary 

glands and the pancreas, that act as a catalyst in the reaction which involves the hydrolysis of the 

α-1,4 glycosidic linkages of the starch, amylopectin, amylose, glycogen, and numerous 

maltodextrins and is responsible for starch digestion14. Another key enzyme, α-glucosidase, is 

secreted by the small intestine which plays a significant role by catalyzing the final step in the 

digestive process of carbohydrates. It is involved in breakdown of starch and disaccharides into 

glucose to increase blood glucose level15. The use of α-amylase and α-glucosidase inhibitors are a 

potential first-line therapy or in conjunction with other anti-hyperglycemic medications by the 

American Diabetes Association and the European Association for the Study of Diabetes7. 

Besides, glucagon like peptide-1 (GLP-1) is one of the incretin hormones secreted from the 

intestine enteroendocrine L cells. GLP-1 stimulates insulin and inhibits glucagon release. 

Therefore, regulating gastric motility and slowing gastric emptying. These actions of GLP-1 

quickly reduce fluctuation of postprandial blood glucose level16. DPP-IV is expressed in several 

organs and found in blood circulation. DPP-IV cleaves oligopeptides after the second amino acid 

from the N-terminal end as one of its principal functions acting preferentially, if the second amino 

acid is alanine (as in GLP-1) or proline. This leads to GLP-1 degradation. Given the significant 

effect of GLP-1, receptor agonists of GLP-1 and DPP-IV inhibitors have been developed as tools 

to decrease blood glucose level 17. 
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Figure 1: Enzymatic Players in Glucose Homeostasis 

 

Hypoglycemic agents for treatment 

To treat type 2 diabetes several oral hypoglycemic agents are routinely used. Some of the treatment 

includes use of insulin sensitizers like Biguanides (Metformin), Thiazolidinediones (Glitazones), 

α-Glucosidase inhibitors (Acarbose, Miglitol, Voglibose), Insulin secretagogues Sulphonylurea 

(Glipizide and Glimepride), Dipeptidyl peptidase-IV inhibitors (Glinides), Sodium glucose 

cotransporter 2 (SGLT2) inhibitors, the Glucose-dependent insulinotropic polypeptides (GLP-1) 

analogues and Mimetics (exanetide)18. However, consumption of these drugs for longer duration 

can exhibit certain side effects such as hypoglycemia, weight gain, tiredness, diarrhea, and risk of 

anemia. Also, use of such therapies includes high cost due to their periodic usage19. Thus, the 

search for new therapeutic agents and the development of new strategies for control, prevention 

and treatment is under major consideration for treating diabetes. A remedy dependent on natural 

source could be one of the alternatives ways for managing the T2DM. 

Hypoglycemic molecules from Plant and animal sources are searched for their potential activity to 

replace the synthetic drugs. One such example of peptide drug Exendin-4 was isolated from the 

Heloderma suspectum (Gila monster) and furthermore its synthetic version is available in market 
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as exenatide in treatment of diabetes20. Besides, Liraglutide and Semaglutide peptides are reported 

to be structurally very close to GLP-1 with improved half-life and resistant to DPP-IV mediated 

degradation activity21. Therefore, the demand for natural source-based drugs in treatment of 

disease condition is steadily increasing.  

Using recombinant DNA technology, many peptides are synthetized. The peptides are efficient in 

their activity however they are also comparatively expensive like the synthetic drugs. The interest 

in health-enhancing products derived from natural sources and pharmaceutical formulations 

incorporating bioactive peptides is experiencing a significant surge22. The exploration undertaken 

by researchers in the realm of bioactive peptides is generating significant interest as it paves the 

way for discovering cost-effective leads from plants to improve the care of diabetic patients23. 

Bioactive Peptides 

Bioactive peptides are one of the organic substances formed by amino acids joined by covalent 

bonds. They are rich with hydrophobic amino acids and have multifunctional characteristics which 

play important roles in the metabolic functions of living organisms and positive impact on human 

health24,25. Bioactive peptides are defined as “peptide sequences within a protein that exert a 

beneficial effect on body functions and/or positively impact human health, beyond its known 

nutritional value”26. Most bioactive peptides have between 2 and 20 amino acid residues in their 

length. In some cases, much longer peptides have also been reported28. Bioactive peptides are 

usually encrypted within the primary protein structure. Within the parent protein sequence, they 

are present as their inactive form, but once they are released from their parental protein, they may 

act as physiological modulators with hormone-like activity, so they have wide range of therapeutic 

applications25,29. Bioactive peptides are released during enzymatic proteolysis of proteins and also 

released during food processing like cooking, fermentation, ripening. Enzymatic proteolysis 

occurs during gastrointestinal digestion naturally and in vitro hydrolysis carried out using 

proteolytic enzymes10,30. Different open access databases report the bioactive peptides that are 

being discovered including data about their main chemical and structural characteristics. Most of 

the bioactive peptides are reported in BIOPEP.  More than 1500 different bioactive peptides have 

been reported in a database of BIOPEP24. Other bioactive databases are PEPBANK, ERP-Moscow, 

or Brainpeps27.  
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Bioactive peptides contribute to human well-being by mitigating the risk of chronic illnesses or 

enhancing the body's innate immune defense25. Furthermore, bioactive peptides derived from food 

sources are recognized for their diverse therapeutic properties, including but not limited to 

antihypertensive, antioxidant, anti-diabetic, immunomodulatory, anticancer, antimicrobial, and 

lipid-lowering activities31. 

Plant derived bioactive peptides 

Bioactive peptides promote human health by reducing the risk of chronic diseases or boosting 

natural immune protection25. Bioactive peptides can be obtained from plants, animal and marine 

protein sources32,33. Animal based bioactive peptides are reported from milk, eggs, meat, and fish 

(tuna cooking juice, salmon skin proteins etc)18,34. Plant derived bioactive peptides are already 

reported from Phaseolus vulgaris (black bean), Amaranthus hypochondriacus L., Cannabis sativa 

L. (Hemp), Oryza sativa L. (Rice bran), Glycine max L.(Soy) and Lupinus albus L. (Lupin), Avena 

sativa L. (Oat), Momordica charantia L., Cuminum cyminum L. (Cumin), Chenopodium quinoa 

Wild and Morus alba L. (Mulberry) 18,30. Numerous peptides derived from various plants have 

been documented for their potential in treating diabetes, targeting different known pathways such 

as α-amylase inhibitors, α-glucosidase inhibitors, dipeptidyl peptidase-IV inhibitors, inhibitors of 

the glucose transporter system, and insulin mimetics. The present work elucidates the mechanistic 

aspect of some of the key enzymes.  Amylase, also known as α-1,4-glucan-4-glucanohydrolase, 

plays a crucial role in accelerating the hydrolysis of the (α-1,4) glycosidic linkage found in 

carbohydrates and starch present in the diet. This enzyme facilitates the absorption of non-

absorbable polysaccharides by converting them into absorbable monosaccharides35. Inhibitors of 

amylase function to reduce the hydrolysis of the (α-1,4) glycosidic linkage, thereby slowing down 

carbohydrate digestion. Consequently, this delay in digestion leads to a postponed absorption of 

glucose and a reduction in postprandial blood glucose levels36. Α-glucosidase inhibitors function 

by competitively inhibiting the small intestinal enzyme α-glucosidase. This enzyme is responsible 

for converting nonabsorbable polysaccharides into absorbable monosaccharides. By doing so, 

these inhibitors collectively delay and reduce the elevation of postprandial plasma glucose levels. 

Inhibiting this enzyme has several beneficial effects, including reducing glucose toxicity 

(improving insulin sensitivity), relieving stress on beta cells (lowering post-meal hyperglycemia), 

and increasing the production of glucagon-like peptide-1 (GLP-1), thereby promoting insulin 
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secretion37, 38. DPP-IV is an enzyme responsible for rapidly cleaving the GLP-1 hormone shortly 

after its secretion, rendering it biologically inactive. Consequently, inhibiting DPP-IV presents the 

potential to counteract hyperglycemia. DPP-IV inhibitors impede the swift degradation of GLP-1, 

elevating the postprandial concentration of active GLP-1. This elevation subsequently diminishes 

liver glucagon production and triggers the beta cells of the pancreas to increase insulin secretion17. 

Moreover Table 2 emphasizes the plant derived sources, bioactive peptides sequences and their 

relevant anti-diabetic activity.    

Plant Source Sequences Activity References 

Phaseolus vulgaris L. 

(Kidney bean) 

INEGSLLLPH, 

FVVAEQAGNEEGFE 

 

 

α-amylase 

inhibitory 

activity 

39 

Amaranthus 

hypochondriacus L. 

PPPP, GP, PP, MP, VA, 

MA, KA, LA, FA, AP, FP 

PA, LP, VP, LL, VV, HA, IPA, IPI 

DPP-IV 

inhibitory 

activity  

40 

Terminalia pallida 

Brandis 

Fruit ethanolic extract  Hypoglycemic 

activity  

41 

Cannabis sativa L. 
(Hemp) 

LR and PLMLP 

FY, SPVI, TGLGR, FR, INPLL, IAF 

 

α-glucosidase 

inhibitory 

activity 

 

42, 43 

 

Vigna 

Unguiculata  

(Cowpea) 

Less than 10kDa DPP-IV 

inhibitory 

activity 

44 

Phaseolus vulgaris L. 

(Pinto beans) 

 

PPHMLP, PPMHLP, 

PLPWGAGF, GNAACCGLPLLP, 

CGLPLLP, PPHMGGP, PLPPHALL, 

PAPFPSPHTP 

α-amylase 

inhibitory 

activity 

45 
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Cumin seeds FFRSKLLSDGAAAAKGALLPQYW, 

RCMAFLLSDGAAAAQQLLPQYW, 

DPAQPNYPWTAVLVFRH 

α-amylase 

inhibitory 

activity 

46 

Juglans mandshurica 

(Walnut) 

3–10 kDa α-glucosidase 

inhibitory 

activity 

47 

Phaseolus vulgaris L. 

(Common bean) 

LLSL, QQEG, and 

NEGEAH 

TSDNPIFSDHQ, TSDNPIFSDHQK, 

LVNPDPKEDLRI, NPDPKEDLRIIQ, 

ELSKDDVFVIPAA 

α-glucosidase 

and α-amylase 

inhibitory 

activity  

Black bean 

hydrolysate 

exhibits an 

acute glucose 

lowering effect 

after an oral 

glucose 

tolerance test. 

48, 49 

Ocimum basilicum 

(Basil seeds) 

ACGNLPRMC, ACNLPRMC, and 

AGCGCEAMFAGA  

α-amylase 

inhibitory 

activity 

50 

Chenopodium 

quinoa 

Wild. 

(Quinoa) 

IQAEGGLT, DKDYPK, 

GEHGSDGNV 

 

α-glucosidase 

inhibitory 

α -amylase and 

DPP- IV 

inhibitory 

activity 

51 

Glycine max 

(Soybean) 

YPFVV,  

NALKPDNRIESEGG, 

SSPDIYNPQAGSVT, 

NALKPDNRIESEGG, 

DPP-IV 

inhibitory 

activity 

 

52, 53 
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RQNIGQNSSPDIYNPQAG, 

NALKPDNRIESEGG, 

VVAEQAGEQGFE, HKNKNPF 

Cicer arietinum 

(Chickpea) 

FEI, FEL, FIE, FKN, FGKG, MEE α-glucosidase 

inhibitory 

α -amylase and 

DPP-IV 

inhibitory 

activity 

54 

Brassica napus 

(Rapeseed)  

ELHQEEP DPP-IV 

inhibitory 

effect in Caco-2 

cell model 

55 

Table: 2 Plant derived Bioactive peptides exhibiting hypoglycemic activity 

Studies on Wheat albumin reported inhibit α-amylase enzyme and reduced the peak of postprandial 

blood glucose levels in a dose-dependent manner. After receiving doses of 0.25 g, 0.5 g, and 1.0 g 

of wheat albumin, respectively, it demonstrated a reduction in postprandial blood glucose of 31%, 

47%, and 50%. In a long-term administration study, 0.5 g of wheat albumin had no effect on fasting 

blood glucose levels, but it did lower glycated hemoglobin A1c levels, a measure of a diabetic's 

ability to control their metabolism56. Furthermore, studies also reported α-glucosidase inhibitory 

activity from plant derived peptides. Ocimum tenuriflorum seeds, hemp seed protein, walnut, 

soybean, rice, and dark tea have been indicated as the main contributors to inhibit α-glucosidase57. 

Low molecular weight peptides are known to exhibit glucosidase inhibitory activity compared to 

high molecular weight peptides. Studies on germinated soybeans with a molecular weight of 5 kDa 

demonstrated the strongest inhibitory compared to fractions exhibiting either 5-10 kDa and >10 

kDa. The bioactive peptide from Vigna angularis Wild. (Adzuki bean) proteins exhibited α-

glucosidase inhibitory activity and were also potent in in vivo condition58. Additionally, Oat seed 

proteins hydrolysate obtained by alcalase enzymatic digestion was reported to inhibit α-

glucosidase enzyme. Hypoglycemic impact was further confirmed by in vivo studies on STZ-

induced diabetic mice59. Using bromelain or papain for hydrolysis of plant protein was also 
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reported to exhibit DPP-IV inhibitory activity60. Studies on Male Sprague Dawley rats on 

consuming papain-hydrolyzed rice endosperm and bran protein orally and intravenously showed 

reduced glycemia during an intraperitoneal glucose tolerance test and decreased blood DPP-IV 

activity. Additionally, active peptides stimulated the cell line GLUTag for secretion of incretin 

GLP-161. More studies on rice bran (Oryza sativa L.) protein hydrolysates showed DPP-IV 

inhibition and have IC50 1.45 ± 0.13 mg/ml62. Besides Pea (Pisum sativum), potato flour (Solanum 

tuberosum), lupin flour (Lupinus albus), chickpea (Cicer arietinum), lentil (Lens culinaris) and 

quinoa (Chenopodium quinoa) protein hydrolysates show DPP-IV inhibition63. Thus, further 

research on the in vivo activity of the potent bioactive sequences could help to enhance the utility 

of this plant in routine diet of humans. 

Research gaps 

Limited studies have been conducted to investigate the anti-diabetic properties of plant-derived 

bioactive peptides. While some plants have been tested, comprehensive in vivo testing and 

bioavailability testing for these peptides is lacking. 

Conclusion 

With increasing concerns regarding health risks, environmental considerations, and manufacturing 

costs, the food industry has shifted its focus towards plant-based ingredients over animal sources. 

Type 2 diabetes poses a significant need for effective therapies as currently available synthetic 

medications exhibit a range of side effects. Plants offer a promising avenue to produce bioactive 

peptides and functional ingredients which have been shown to possess various therapeutic 

properties. Notably, plant-derived bioactive peptides exhibit inhibitory effects on key enzymes 

such as α-glucosidase, α-amylase, and dipeptidyl peptidase-IV (DPP-IV) that play a role in type 2 

diabetes. These findings highlight the potential of plant-derived bioactive peptides as a valuable 

resource for developing novel therapeutic interventions for diabetes management. 
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Future prospects 

The future prospects of exploring plant-derived bioactive peptides for managing diabetes are 

promising as they possess potential in development of functional foods specifically for diabetic 

individuals. Incorporation of these peptides to regulate blood sugar levels naturally could benefit 

diabetes individuals to monitor their blood glucose levels. However, further studies in terms of 

safety, efficacy, and mode of action of the peptides would help in therapeutics of diabetes. 

Additionally, the inclusion of the plant derived peptides eventually would reduce the intake of 

synthetic drugs and thus would help in managing diabetes effectively.  
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 Glossary 

Diabetes mellitus- Diabetes mellitus is a metabolic disease, involving inappropriately elevated 

blood glucose levels due to insufficient insulin secretion or insulin action.   

Hyperglycemia- Hyperglycemia is the technical term for high blood glucose. 

Hyperglycemia is a condition in which an excessive amount of glucose circulates in the blood 

plasma. High blood glucose happens when the body has too little insulin or when the body 

can't use insulin properly. 

Retinopathy- Retinopathy is any damage to the retina of the eyes which may cause vision 

impairment. Retinopathy often refers to retinal vascular disease or damage to the retina caused 

by abnormal blood flow. 

Glucose homeostasis- Hormonal regulation for blood glucose. 

Oral hypoglycemic agents- Oral hypoglycemic agents are a group of drugs used to help 

reduce the amount of sugar present in the blood. They are not insulin, but they stimulate the 

pancreas to produce insulin. 

Insulin sensitizers- drugs that help return the blood sugar to the normal range without the risk 

of low blood sugars. 

Insulin secretagogues- Insulin secretagogues lower blood glucose by stimulating the secretion 

of insulin in the body, thereby increasing insulin levels in the blood. 
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α-amylase inhibitor- α‐Amylase inhibitors can act as carbohydrate blockers, limiting the 

digestibility and absorption of carbohydrate in the gastrointestinal diet. 

α-glucosidase inhibitor- Α-glucosidase inhibitors inhibit the absorption of carbohydrates from 

the small intestine. They competitively inhibit enzymes that convert complex non-absorbable 

carbohydrates into simple absorbable carbohydrates. T 

Dipeptidyl peptidase-IV (DPP-IV) inhibitor- DPP-IV inhibitors work by blocking the 

action of DPP- IV, an enzyme which destroys the hormone incretin.   

Dipeptidyl peptidase-IV (DPP-IV)- DPP-IV is a ubiquitous enzyme that acts on incretin 

hormones, mainly GLP-1 (glucagon-like peptide-1) and GIP (gastric inhibitory peptide), which 

maintain glucose homeostasis by increasing insulin secretion and decreasing glucagon 

secretion. 

Natural therapeutic agents- Natural therapeutic agents are prepared from compounds found 

occurring in nature, which contain active components in extract form created from sources, 

including plants, microbes, minerals and animals.  

Anti-diabetic agents- used to treat or helping to prevent diabetes. 

Bioactive peptides- Bioactive peptides are a group of biological molecules that are normally 

buried in the structure of parent proteins and become active after the cleavage of the proteins. 
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Abstract 

Rapid growth of electronic and mobile technologies has given rise to smart devices that are 

capable of perceiving their surrounding environment and making associated decisions to 

accomplish simple or mission-critical tasks. This concept comes under the term Internet of 

Things. It is a confluence of electronics, mobile and internet technology which enables 

networked devices to link with each other and make cooperative decisions in order to cater to 

user experience by accomplishing pre-defined tasks. Industrial Internet of Things is an 

extension of the Internet of Things containing technology that is specifically directed towards 

implementation of concepts of Internet of Things for industrial applications. Ensuring security 

in the aforementioned applications is a topic of major concern among the engineering and 

scientific community alike. The concept of security is also paramount in ensuring a safe and 

effective experience for the end user of the technology. This paper is primarily a review paper 

attempting to furnish information on the Internet of Things, the Industrial Internet of Things 

and security implementations that have been proposed for the industrial internet of things.  It 

also summarizes the various techniques and evaluating parameters that have been considered 

while designing security solutions for Industrial Internet of Things.  
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security, cyber security, information security, IoT security, IIoT security, cyber physical 

systems  

Introduction 

 Around four decades ago, the concept of communication was limited primarily to first 

generation communication technology like analog telephones1. The advent of Internet1 

revolutionized the communications approach1,2. The worldwide interconnection of different 

networks, known as the Internet 1,2 has been around for more than three decades now. Since its 

inception, it has revolutionized the communication process happening around the world with 

increased efficiency and rapidity3. Its growth has been such through the years that it has become 

synonymous with ubiquity. It has progressed to include stationary and mobile devices in the 

interconnected web of information superhighway3. Any information is now just a click or a tap 

away. This revolution is also the result of enhancements in electrical, electronic and 

telecommunications technologies 3 and its interfacing with software, embedded systems, and 

even simple devices. Due to this, the devices have become ‘smart’4. The term ‘smart’ implies 

that these devices are capable of a certain amount of decision making and can connect to the 

internet. The Internet is envisioned to include all types of devices alike so that a new concept 

called the Internet of Things4 can be implemented. The next section underlines the contribution 

that the authors aim to offer through this article, followed by the organization of the paper. 

Contribution of this paper: 

 The authors by means of this paper aim to: 

- Introduce the concept of Internet of Things and Industrial Internet of Things 

- Introduce the concept of Security for Industrial Internet of Things 

- Present the analysis of different methods that have been proposed to increase security in 

Industrial Internet of Things.  

Organization of this paper: 

The rest of the paper is organized as follows: 

The next section elucidates the concept of IoT, followed by the concept of IIoT and security 

for IIoT. After that, the section on Literature Survey explores the different studies that have 
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been carried out in the field of security for IoT and IIoT 4. Then, it is succeeded by the ‘Results 

and Discussion’ section. It focuses on bringing out the essence of these studies and also 

includes the author’s observations towards the given studies including remarks and research 

opportunities. After that, the conclusion is presented and also the future scope of this study is 

added.  

The Internet of Things 

Incidentally, the internet was not envisioned as a forbearer of IoT. It was primarily 

thought of to connect computers around the world. By the late nineties, the concept of 

integrating physical things into the communication network was envisioned. Kevin Ashton4 

coined the term ‘Internet of Things’4, 5 to denote this kind of information exchange. Research 

work in the domain of IoT has gathered great momentum in the past decade. Rapid growth in 

electronics and communication technologies has given impetus to new technology of smart 

devices. These smart devices are capable of perceiving their environment and making decisions 

to provide services to the end-user. IoT embodies a heterogeneous connection between objects5 

where objects can be a device, a thing, a software, or a human being. IoT in essence is an 

amalgamation of myriad levels of protocols, communication technologies, data storage and 

management technologies and finally people along with processes to enable a seamless 

communication experience5. It is a global interconnection of devices which uses a standard 

internet protocol to provide services to users. The general representation of IoT as a layered 

structure can be summarized as shown in figure 1.  

Starting from the bottom and progressing upward in Figure 1, the initial layer encompasses the 

essential components at the core of IoT, namely sensors and actuators5. These devices play a 

pivotal role by either sensing their surroundings or reacting to specific events. Commonly 

referred to as edge devices, mist devices, or fog devices, they are tasked with data acquisition 

and responding to events. Moving up, the subsequent layer is the network layer, where the 

facilitating technologies for communication between devices and across IoT networks are 

housed7, 8. This layer incorporates protocols that support short, medium, and long-range 

communications8. 
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Fig. 1: IoT Layered Architecture 

Proceeding to the subsequent layer, we encounter the data management layer, which assumes 

a crucial role in the conversion of data into various formats. This layer is responsible for 

structuring and analyzing data. The uppermost layer comprises tools and interfaces that 

facilitate user interaction with IoT devices, enabling them to access meaningful services. 

Security is a paramount consideration that must be addressed at each layer. The bidirectional 

flow of communication is denoted by the double-sided arrow in Figure 1, occurring at every 

layer. Figures 2 and 3 depict a rudimentary implementation9 of the Internet of Things, 

emphasizing that the showcased implementation serves as a simplified representation for the 

purpose of clarity and comprehension, catering to readers from diverse backgrounds.   

 

Fig. 2: Basic Implementation of Internet of Things: An ultrasonic Sensor connected to a 
microcontroller9. 

In Figure 2, an ultrasonic sensor is linked to a microcontroller known as NodeMCU. NodeMCU 

is an open-source platform that operates in conjunction with the ESP8266 Wi-Fi System on 

Chip (SoC) device. A microcontroller, often referred to as SoC due to its integration of basic 
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computer system functions on a single chip, serves as the host for NodeMCU. The ultrasonic 

sensor is commonly employed to gauge the distance of an object from itself, making it an 

effective tool for obstacle detection. The sensor transmits distance information to the interfaced 

microcontroller. Subsequently, the microcontroller relays this information to the connected 

device or sends it to the cloud for further processing. In the cloud, the data can be visualized, 

offering insights, and revealing patterns within the dataset. Analyzing these data patterns over 

time empowers businesses to make informed decisions and anticipate changes based on the 

provided data. As shown in figure 3, the data is uploaded to the cloud platform called 

Thingspeak, the dashboard of Thingspeak shows the distribution of data over time by a line 

graph7. This application can be further extended to incorporate other sensors apart from 

ultrasonic sensors to get the data and store it in nodeMCU9.  

 

Fig. 3: Basic Implementation of Internet of Things: Data uploaded to cloud9. 

The example cited above is just the tip of the iceberg, i.e. the varied potential that can be tapped 

from the implementation of Internet of Things. One such application area of the Internet of 

Things is in the domain of manufacturing for implementing the concept of Industry 4.0. This 

application area is called the Industrial Internet of Things which is explained in the next section. 

 
Industrial Internet of Things 
 The extension of IoT towards industrial use is called Industrial Internet of Things8 

abbreviated as IIoT. It consists of various hardware, protocols and applications directed 

towards improving industrial processes10. It’s a combination of Industrial automation systems 

and IoT systems 10, 11. Processes occurring in an industry can be presented through figure 4. 

Industrial process generally consists of the steps that are mentioned in figure 4. The first step 

is manufacturing which implies the processes pertaining to designing and creation of product 
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parts or whole product12. Following assembly, various components are brought together to 

form the complete product. Once the product is finalized, it undergoes packaging and may be 

either stored or transported to a central hub managing the inventory. This process may also 

involve conducting tests on the product. 

 

 

Fig. 4: Representation of Industrial processes 

Testing may, at times, precede the transportation and storage phase. The Internet of Things 

(IoT) contributes to enhancing factory operations by offering services such as predictive 

maintenance12 and streamlined processing. The fundamental architecture of an Industrial IoT 

implementation is illustrated in Figure 5. The initial layer comprises physical devices, typically 

end devices like sensors and actuators. The subsequent layer includes PLCs and controllers, 

making decisions based on received input. Following this is the OPC-UA server or SCADA 

systems, primarily serving as monitoring devices. This layer is succeeded by Edge gateway 

devices, acting as bridges between traditional networking architecture and Industrial IoT 

architecture. 

 

Fig. 5: Representation of IIoT Architecture 

They relay information that is given by OPC-UA server to the cloud by mobilizing the data to 

travel on the network13. The data then reaches to the higher layer of architecture where it is 

stored for processing. This place is the cloud. The cloud is at a basic level and can be described 



Vol. 6, Issue 2, December 2023    Interwoven: An Interdisciplinary Journal of Navrachana University       179 
 

 

 Copyright © 2023, Navrachana University www.nuv.ac.in 

 
 

as a data center consisting of myriad layers of hardware and software implementations. These 

data centers store data which can be then retrieved onto a dashboard as shown in figure 3 or 

given to different machine learning models to gain insights that may help businesses to grow 

and cater to their customer needs. Data travelling through the network and residing in the cloud 

is vulnerable to theft or loss in a public domain like the internet. Therefore, its security is of 

paramount importance. The successive section explains the concept of security for Industrial 

IoT. 

Security in the context of Industrial IoT 

IoT devices or IIoT devices for that matter, generally communicate using the internet using a 

wide variety of protocols making them vulnerable from a security point of view 13, 14. Security 

is the ability of a system to safeguard against malicious entities that threaten the orderly 

working of a system. The Internet has been exposed to a lot of attacks since its commencement 

around four decades ago. These vulnerabilities are exploited by entities called malicious 

users/attackers15,16. These attackers can be a person or an external device17. Any application on 

the internet is susceptible to being attacked18 on the following features as shown in figure 6. 

These features are collectively called the CIA triad18. The acronym can be expanded and 

explained as follows: 

- Confidentiality18: implies that the message between communicating parties is private 

and not accessible to other entities apart from them. Confidentiality in a 

communications network is generally ensured by encrypting the data.   

- Integrity19: The message transmitted should ensure the trustworthiness of the data, its 

accuracy and correctness. It generally implies that the data has not been modified in 

any way.  

 

 

Fig. 6: The CIA triad 
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- Availability19, 20: The data will travel on the network and will be ultimately rendered to 

users through a web or mobile application. The availability criteria require to ensure 

that the data is available whenever the user requires it. It means ensuring uptime for 

websites and uninterrupted access to the system. In the field of cybersecurity, the CIA 

triad is the fundamental form of protection that has to be designed for a system.  

There are also many other characteristics apart from the aforementioned triad, but the CIA triad 

forms the basis of most of the security descriptions. IIoT and IoT applications inherit the traits 

and vulnerabilities20 of the traditional internet. Apart from that, they also have some 

vulnerabilities of their own. The vulnerabilities21, 22 can be because the devices in IIoT are 

inherently smaller devices and so, they have memory constraints23 and processing power 

constraints. As the security mechanisms24 built for traditional applications connected to the 

internet require higher memory and processing power capability, the requirement is 

challenging to be fulfilled by IoT or IIoT applications. There are also times when security is 

not built into the system. These reasons make the applications susceptible to attacks25. A small 

description is provided in the next subsection as a means of understanding the practical 

implication of these kinds of attacks.  

 

Security Breach in an IIoT firm: A Description 

Authors Berger et. al.26 have presented a case study in which a German steel facility’s security 

was compromised by intruders. They infiltrated the facility by exploiting the vulnerabilities in 

the system. Consequently, there was a great deal of harm was caused to the physical devices as 

their behavior became unregulated, which greatly impacted important process elements. The 

authors describe the infiltration in five steps as shown in figure 7.  

 

Fig. 7: Security breach stages for a German Steel Facility 26 

The attackers used spear-phishing emails with malicious malware to target the on-site operators 

in the facility. When the infected user opened the email, the malware took advantage of a glitch 
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in one of the steel plant's applications. The attackers were able to enter the organization's 

network remotely using this exploit. The goal of the second phase was to compromise several 

workstations in order to gain access to the network and establish a base. To get into the network 

and obtain private data, the attackers used network scanning and keystroke logging. The 

attackers then made their way into the plant network. As of right now, it is unknown how this 

process was carried out. Once within the facility, the attackers used their knowledge of 

industrial control systems to cause several components to malfunction. This caused significant 

damage to property and monetary loss. From this, we can summarize that the attackers accessed 

confidential information, changed the controls, and made the whole network unavailable to the 

legitimate users thus attacking the CIA triad mentioned at the beginning of this section. This 

example is just the beginning point, various other attack scenarios are there wherein IIoT is in 

danger of being attacked using botnets, phishing, etc. making security of devices and network 

utmost importance.  

The following section examines various studies that have been carried out in the realm of 

cybersecurity26, 27 or information security28 in an industrial setting and attempts to summarize 

the characteristics of security attacks that are launched on the devices 30, 31. It also highlights 

the steps for mitigation that have been given by each of the studies.  

 

Literature Survey 

This section presents the literature survey of various techniques that have been 

proposed to increase security28, 29 for the Industrial Internet of Things. At the end of the review, 

a compilation of comparisons between different techniques is proffered. Haseeb et al.32 have 

proposed a deep learning model for malware detection in industrial IoT. Authors in this paper 

propose a model called ISEC which is the abbreviation for Intelligent and Secure Edge-Enabled 

Computing. This model primarily intends to develop a communication strategy for reducing 

the liability related to energy management and data security that is expended in data 

transportation. The area of attention for this model is mainly the smart city environment. 

Rehman et al.33 put forward a model of security measures using the Green Internet of Things 

with Cloud Integrated Data Management (M-SMDM) for Smart Cities. It uses self-balancing 

trees for energy efficient communication. It also addresses the challenge of secret key 

distribution between peer nodes and attained trust for both limited and direct communication. 
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The parameters under observation are overheads and data latency which is optimized using the 

said approach. The analysis of this system is done using simulation environment ns3. Due to 

the broadcasting nature of wireless communication channels, there is a problem of 

eavesdropping that the Xingwang Li34 have explored. To overcome this challenge, the authors 

propose C-AmBC, abbreviation for Cognitive Ambient Backscatter Communication. They 

investigate reliability and security of the proposed framework using the parameters of outage 

probability and intercept probability with analytical derivations. They have found trade-offs 

between signal to noise ratio, main to eavesdropper ratio and backscatter device. Kalyani et. 

al.35 enlists the vulnerabilities of IoT systems and further states that homomorphic 

cryptosystems can be used to enhance the security of IoT devices. They go on to mention that 

there are three types of Homomorphic Encryption (HE): partial HE, somewhat HE and fully 

HE. They proposed preservation of data privacy in IoT systems through HE and SFF algorithm. 

The sensitive data is characterized by using the Deep Learning Neural Network then using 

combination of HE and SFF to secure the data and key. This algorithm is for improving IoT 

security and does not consider the energy aspect of the operations. Alzaharani et al.36 design, 

construct, and assess a mandatory access control (MAC) system for the IoT. They further 

suggest a fine-grained context-aware access control mechanism that works over network flows 

which makes the solution transparent to IoT endpoints. They build the solution using 

standardized protocols without requiring any alteration. Abbas et al.37 have proposed secure 

data management framework for Internet of Medical Things. Confidentiality and safety for 

patient data, scalability, and data accessibility are the most intricate IoT challenges. The authors 

aim to secure the medical data of the patient through blockchain technology. This method is a 

promising technique in data security for IoT devices. However, the energy dissipation 

expended for the security operations needs to be taken into consideration. Rampérez et al.38 put 

forward a novel design of a context broker which relies internally on a context-aware content 

based publish-subscribe (CA-CBPS) middleware precisely designed to be elastic. Rahman et 

al.39 propose blockchain based Software Defined Networking (SDN) for increasing the 

efficiency of trust in IoT nodes.  The authors state that as SDN and blockchain are the latest 

technologies being incorporated in the internet realm, their inclusion in IoT study may yield 

significant improvement in security. They propose a model called Block-SDoTCloud which 

works on the aforementioned technologies. The lowest layer consists of perceptron in this 

model, the middle layer consists of blockchain, and the topmost layer consists of the cloud. 
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The information travels through these layers and due to the enhanced security offered by these 

technologies, devastating effects of attacks like Distributed Denial of Service Attack are 

ameliorated to a great extent. The proposed method yields better throughput, quick response 

time and faster file transformation. This approach takes only CPU utilization into consideration 

as a parameter for implementation of Green IoT. Lee et al.40 present a test bed for implementing 

cyber security in Industrial IoT systems. They use packet filtering firewall and intrusion 

detection system to examine anomalous packets. The scenario for which it is implemented is 

the cluster of SCADA systems used in the Industrial IoT setting. The testbed consists of five 

sites namely control plane, Energy Management System (EMS) site, control plane, SCADA 

planes namely SCADA site #1 and SCADA site #2, SA (Substation Automation), IDS 

(Intrusion Detection System) and Power plant site. The firewall is called a whitelist firewall 

that performs pattern-based packet filtering and there is a packet duplicator that replicates the 

packet received from the firewall and sends it to intrusion detection system. The IDS in turn 

does anomaly detection. The control plane performs audit and analysis of the packets so as to 

test the strength of the security system. SCADA site #1 performs the actual cyber-attack 

detection. The authors have mainly checked for unauthorized control commands, illegal device 

manipulation, undefined behavior, or crashes and buffer overflow. Pundir et al.41 have focused 

on multimedia part of the Industrial IoT setting. They state that multimedia data generated by 

surveillance devices in an industrial IoT setting are mostly vulnerable to attacks such as man-

in-the –middle, replay, malware injection, etc. The authors observe that such types of attacks 

can greatly affect the working of devices in an IIoT setting. The affected devices as a result of 

these attacks may not function properly or stop functioning altogether. Therefore, it is 

imperative to have a mechanism that detects these kinds of attacks and warns the users. The 

authors have taken help of different methods used by artificial intelligence namely, naïve-

bayes, logistic regression, and Artificial Neural Networks (ANNs) to detect these attacks. 

Using the model, the authors were able to achieve 99.5% accuracy and 0.5% false positive rate 

was generated. The authors check the performance of their algorithm for various parameters 

like Throughput, packet arrival rate and file transfer operation. The performance of the 

proposed model remains persistent in the face of various challenges. The authors further plan 

to incorporate Artificial Intelligence into the proposed model so as to enhance it. Patel et. al.42 

presents an outline of the standard IIoT data chain and the challenges that limit the wide-range 

disposition of the IoT ecosystem, such as scalability, lack of standard architectures and 
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protocols, energy efficiency, and security and privacy concerns. The study aims at securing 

communication in an IIoT scenario augmenting trusted authority and secure element with 

elliptic curve cryptography which has been a technique for encryption for a long time. The 

encryption scheme is called EBAKE-SE. The technique has four phases: System setup phase, 

Device registration phase, Device authentication phase, and Dynamic device addition phase. 

In the System setup phase, the trusted authority (TA) sets up the system and issues public 

parameters. In the Device registration phase, the TA generates a unique ID and keys for each 

device and loads them into device memory. In the Device authentication phase, two devices 

authenticate each other and set the session key. In the Dynamic device addition phase, the TA 

adds a new device or replaces a device. The Secure Element (SE) mentioned in this instance is 

a tamper proof microprocessor chip that the authors propose. It stores data and runs the 

applications. The scheme has two phases of working. The first phase is the system initialization 

phase and mutual authentication phase. In the former phase, the trusted authority generates 

credentials for itself and loads it into the SE. Then in the later phase, the devices perform mutual 

authentication and generate one – time session key for secure communication. Then the 

communication between devices begins. The authors have proven its efficient working under 

four attacks i.e. replay attacks, man in the middle attack, impersonation attack and information 

leakage attack. Rahman et. al.43 proposes a distributed, secure block chain-based software-

defined networking (SDN)-enabled control architecture for cloud computing. They begin with 

the literature survey that introduces the readers with varied concepts pertaining to emerging 

technologies like software defined networking, smart industrial Internet of Things, blockchain, 

etc. They discuss the possibility of improving existing SDN features. They go on to explain 

that Blockchain is a ledger that is decentralized and distributed. It uses hash data to maintain 

information that is communicated to the next block in the ledger connection. This ensures the 

security of the transmitted data. The architecture is proposed to enhance the confidentiality of 

transmitted data for cloud-based systems in IIoT. The framework consists of five layers in all 

namely: Data Extraction, SDN Environment, Distributed Secure Blockchain Methodology, 

Cloud Computing Management, and Services for smart IIoT applications. The authors have 

simulated the aforementioned model in mininet network emulator and used openstack as a 

cloud storage platform and openflow as a protocol for SDN applications. They evaluate it on 

the performance based on Constant Bit Rate (CBR) and Response to Request Time (RTR). The 

authors state that the proposed system outperforms the core model and remains intact, even 
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when the attack rate is increased, proving its robustness against malevolent or intentional 

malicious activities. Altunay et. al.44 explores the possibilities that IoT brings to the automation 

process in industry. They state that IoT ecosystem has expanded in the past years due to the 

increase in usage of internet and cloud-based technologies. Increase in the scale of IoT and 

number of devices and their connection to the internet has also increased the chances of having 

intruders, the entities that try to obtain unauthorized access to the system. The authors propose 

an intrusion detection system that ensures the protection of an IoT application. They use a 

hybrid Convolutional Neural Network (CNN) and Long Short-Term Memory (LSTM) model. 

The model was able to achieve an accuracy of 93.21% for binary classification and 92.9% 

accuracy for multi-classification for 100 trials. Han et. al.45 has created an air pollution 

monitoring system in an IIoT scenario using 5G and for security, they have used the blockchain 

technology to secure the data that is transferred during communication. The framework has 

five layers namely: the perception layer, data processing layer, data preservation layer, 

application layer and 5G network layer. These layers collectively work to store encrypted data. 

The method has been effectively implemented and shows promising results. Amoretti et. al.45 

proposes a communication framework on the basis of the MQTT (Message Queueing 

Telemetry Transport) protocol. They use the broker bridging concept to enhance security over 

information flows at the manufacturing stages. The authors describe a scenario in which there 

are one or more production sites having PLCs and SCADA systems interconnected to 

headquarters and external cloud system depending on the application. Further, they can be 

connected to third party companies or manufacturers for control and monitoring. The authors 

state that MQTT is becoming the de facto standard for industries now and it is of paramount 

importance that the machines using this protocol be secured. They state that these methods 

suffer from issues related to scalability security problems as there is only a single broker. The 

proposed solution is a multi-stage framework where there are different brokers in place to 

enable clients to access different devices across the infrastructure. There are two layers of 

brokers, one layer that connects to a second layer of brokers that are connected to a single 

manufacturing line each. There are some data aggregation functions associated with each 

broker for easy categorization of data. The categorization enables data of similar categories to 

be grouped together for publishing and subscribing. The authors have called this M2M 

(Machine to Machine) interaction for ease of understanding. They state that due to this multi-

level segregation of devices and data, security is ensured because each machine interacts with 
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a single broker so there is less chance of interference. It makes the application scalable as the 

brokers are managing less amount of data flow. The number of interactions at network level is 

reduced due to multi-level interaction of devices. The authors have tested different broker 

bridging conditions and obtained promising results. They aim to apply it in various IIoT 

scenarios and use it for predictive maintenance and cloud manufacturing. Sanjuan et. al.46 

highlights in their work that security is not by default inbuilt into the MQTT protocol and 

therefore they are aiming towards improving the security of the aforementioned protocol. The 

authors highlight that the standard of MQTT protocol strongly recommends implementing it 

over Transport Layer Security (TLS) instead of the conventional TCP (Transmission Control 

Protocol). However, this option is not possible in most lightweight devices that make up the 

bulk of IoT ecosystem. They propose a model of MQTT in which every publisher and 

subscriber is equipped with a security schema with a cryptographic smart card. It’s hardware 

with minimum cost and can be easily integrated with the existing system to provide an 

additional layer of security providing mutual authentication. They present the results of 

experiments with the Java Card library. The execution time for the implementation has been 

included in the study and shows effective results. Cui et. al.47 presents the fact that IIoT faces 

various threats to confidentiality and anonymity. They state that conventional security 

mechanisms consider cloud and edge servers as semi-trusted entities which affects the security 

mechanism. The authors propose to change the role of edge node to a semi-trusted entity so 

that the edge node can be better secured. They have implemented a scheme based on group 

digital signature. The scheme is based on five main phases namely: 1) Key Generation and 

Distribution, 2) Message Publishing, 3) Re-encryption, 4) Message Decryption and 

Verification, 5) Message Tracing. Key generation phase is for generating key for new node 

joining the network. The KDC (Key Distribution Center) distributes the key. In the publishing 

phase, the message that is published is encrypted which then is re-encrypted in the third phase. 

Then it is sent to the subscribers. Then the subscriber verifies the message and decrypts it. In 

the message tracing phase, if a node is found to be relaying incorrect message, the KDC can 

expose the identity of the subscriber and hence the malicious node is caught. The authors then 

compared the different parameters like time for encryption, group signature, transmission, re-

encryption decryption, verification and sum. The results show that the model performs well. 

The authors state that as future scope, they will implement batch certification in order to scale 

the system for varied input and design a secure framework. Ali et. al.48 describes physical layer 
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security for IIoT and states that 5G networks are instrumental in improving the quality of 

communication by offering an increase in the data transmission rate in a multiple user scenario. 

They go on to state that although the performance is improved, it still lacks the reliability 

required for certain applications like autonomous driving and industrial process control. The 

authors go on to state that these kinds of applications are susceptible to attacks like 

eavesdropping, content modification, denial of service by jamming attacks, etc. The solution 

to the aforementioned attacks is suggested by the authors named as PLS (Physical Layer 

Security) and IRS (Intelligent Reflecting Surfaces). PLS is a technique that minimizes shared 

information that could be accessed by potential eavesdroppers by utilizing wireless 

transmission features, such as noise and channel circumstances, to achieve secure 

communication at the targeted receiver. Unlike traditional cryptographic methods, PLS avoids 

the delays involved in digital signature signing and verification and does not require security 

keys.   The Intelligent Reflective Surface (IRS) comprises a large quantity of passive radio 

antennas, commonly referred to as reflective radio elements. Through the utilization of these 

reconfigurable IRS elements, an incoming electromagnetic wave can be redirected towards a 

specific desired direction. The authors consider a Multiple Input Single Output (MISO) system 

where each user has a single antenna. The eavesdroppers are cut out from the network using a 

phase shift in the Omni—directional IRS. The assignment problem for IRS is solved using an 

allocation methodology called Weighted Sum Secrecy Rate (WSSR). The authors by 

implementing this method show that the WSSR method increases the performance of machines 

by 40%. There is an improvement seen in the secrecy rate as compared to other methods, further 

making it a better solution. Rathee et. al. 49 state that a predominant and specific powerful use 

of the Internet of Things is for the applications used in Industrial Internet of Things (IIoT), 

which is transforming industrial growth by facilitating transparent communication across 

various entities such as logistic centers, production facilities, and packaging units. IIoT systems 

that are decentralized often lack the capacity for efficient data processing; however, this 

shortcoming can be addressed using data science and data analytics techniques. IIoT is at 

utmost risk from possible attackers and network anomalies from a security perspective. The 

authors discuss the security issue that undermines the effective working of an IIoT network 

and suggest a solution in their work. In order to keep malicious devices or software out of the 

network, a coordinator IoT device has been added. This device determines how trustworthy 

other IoT devices are in the network. The coordinator device is elected by all other nodes in 
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the network and that device calculates the trust of the other devices in the network and then 

based on that, it allows or removes malicious nodes. Furthermore, they incorporate a 

blockchain based data model to guarantee data transparency. The authors have tested their work 

using MATLAB which gives a very good success rate of attack detection by having metrics 

such as attack strength, message alteration, and probability of false authentication. Soliman et. 

al.50 highlights that within interconnected networks, predominantly, intrusion detection systems 

(IDS) are used to thwart cyberattacks. However, a number of current Industrial Internet of 

Things (IIoT) intrusion detection systems encounter difficulties, including restricted attack 

type coverage, excessive feature dimensionality, dependence on outdated datasets, and 

inadequate attention to imbalanced dataset problems. The authors describe an intelligent 

intrusion detection system made to recognize cyberattacks in Industrial IoT networks as a 

response to the challenge of recognizing the attack. In order to improve detection performance, 

their proposed model makes use of the singular value decomposition (SVD) technique to 

decrease data characteristics. The authors apply the synthetic minority over-sampling 

(SMOTE) technique to mitigate the risk of biased classification resulting from over-fitting or 

under-fitting of data samples in a cluster. Both binary and multi-class classification tasks are 

implemented using a variety of machine learning and deep learning algorithms. They assess 

their intelligent model's effectiveness with an available dataset. The outcomes show that their 

method performs remarkably well, with a 99.99% accuracy rate and a 0.001% error rate for 

binary classification. The model showed a reduced error rate of 0.016% and an accuracy rate 

of 99.98% for multi-class categorization and hence was instrumental in detecting intrusion 

related attack. Liu et. al. 51 state that The Internet of Things (IoT) has been widely adopted in 

smart cities, industrial settings, healthcare, and other fields in contemporary years, and it has 

been influential in transforming these industries. Due to its self-organizational characteristics, 

wireless sensor networks (WSNs) have become an essential technique in Internet of Things 

(IoT) systems, especially in industries. These networks are used to gather environmental data 

from edge devices. However, high Transmission Delay (TD) and excessive Battery Energy 

Consumption (EC) are among the major issues faced by IoT-enabled WSNs due to the gigantic 

volume of diverse data created by varied sensing devices. Recent years have seen a prevalent 

adoption of the Internet of Things (IoT), which has revolutionized a number of industries, 

including smart cities, manufacturing, healthcare, and others. Wireless sensor networks 

(WSNs) have emerged as a key technology in Internet of Things (IoT) systems, particularly in 
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industries, due to their self-organizational characteristics. However, due to the aforementioned 

reasons of high quantity of data generation and complex environmental settings, high 

Transmission Delay (TD) and excessive Battery Energy Consumption (EC) are among the key 

problems faced by IoT-enabled WSNs. In order to improve efficiency of the current WSN 

scenario, the authors present their work entitled LEACH-D, a novel clustering-based data 

transmission algorithm for IIoT. LEACH-D guarantees constant battery energy consumption 

while simultaneously lengthening the transmission job. Its goal is to improve performance 

indicators, like the first node death (FND) average transmission time. The experimental results, 

which indicate notable reductions in average transmission time by percentages of 51.32%, 

12.12%, 12.96%, and 5.42%, validate the efficacy of the proposed algorithm. These 

enhancements surpass the performance of contemporary algorithms that the authors have 

described namely, LEACH, EE-LEACH, ETH-LEACH, FREE_MODE, and LEACH. Garcés-

Jiménez et. al. 52 assert that the transferal of industries towards the industry 4.0 paradigm 

requires solutions that involve machine-mounted devices that allow industrial equipment to be 

supervised and controlled. To assure the correct functioning of devices against many diverse 

and complex forms of attack, an effective monitoring mechanism is vital to the safety of the 

floor devices. The authors offer a method for identifying and categorizing common issues with 

these gadgets using machine learning approaches that take advantage of aspects like energy 

usage, data processing, and major application use. A dataset that was gathered from a testbed 

that was running a common equipment monitoring application was used to validate the 

suggested methodology. The aforementioned machine learning pipeline achieves 99.4% 

accuracy, 99.7% precision, 99.6% recall and 75.2% specificity by using a decision tree-based 

model for spotting and singling out a defect. For additional fault classification, a Semi-

Supervised Graph-Based model is then used, and the results show 99.3% accuracy, 96.4% 

precision, 96.1% recall and 99.6% specificity. The results gathered highlight the important role 

that machine learning techniques which make use of available parameters play a significant 

role in mitigating common device defects and enhancing the overall resilience of industrial 

systems. 

Justification for the Current Study 

IIoT is largely governed by IT (Information Technology) and OT (Operational Technology) 

with the addition of the Internet in the mix. This creates a myriad of opportunities and 
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challenges as explained by the research company Gartner53.  Authors Boyle et. al.54, Moura et. 

al. 55 and numerous other researchers including all articles mentioned in the literature survey 

recognize the potential for IIoT leading the industrial revolution in the coming future. Hence a 

basic knowledge about this technology enables anyone pursuing a study in this field. This 

article therefore strives to facilitate that knowledge to the readers.  

Observations and Discussion 

Based on the literature survey, a classification based on layered architecture of IoT can 

be highlighted i.e., summary can be made based on what study targets which specific layer of 

the IoT/ IIoT architecture. The summary of the same is given below: 

Sr. No. Paper Title 
Layer of IIoT/IoT architecture for 
which security implementation is 

applicable 

1. Intelligent and secure edge-enabled 
computing model for sustainable cities32 Edge (device layer) 

2. 

M-SMDM: A model of security measures 
using Green Internet of Things with Cloud 

Integrated Data Management for Smart 
Cities33 

Cloud 

3. 
Physical Layer Security of Cognitive 

Ambient Backscatter Communications for 
Green Internet-of-Things33 

Physical Layer (Device Layer) and 
Network Layer focusing on radio 

frequency  

4. 
An efficient approach for enhancing 

security in Internet of Things using the 
optimum authentication key34 

Network layer encryption and key 
exchange 

5. Enhancing Internet of Things Security 
using Software-Defined Networking35 Network layer 

6. 

Blockchain-assisted secured data 
management framework for health 

information analysis based on Internet of 
Medical Things36 

Cloud layer and network layer 

8. 
An Innovative Approach to Improve 

Elasticity and Performance of Message 
Brokers for Green Smart Cities37 

Cloud layer 

11. 
Block-SDoTCloud: Enhancing Security of 
Cloud Storage through Blockchain-based 

SDN in IoT Network38 
Cloud layer 

12. 
Design and implementation of 

cybersecurity testbed 
for industrial IoT systems39 

Physical layer and network layer 
implementation and testing 

13. MADP-IIME: malware attack detection 
protocol in IoT-enabled industrial 

Device layer specifically focussing on 
malware infection 
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multimedia environment using machine 
learning approach.40 

14. 

EBAKE-SE: A novel ECC-based 
authenticated key exchange between 
industrial IoT devices using secure 

element41 

Network layer 

15. 

Towards a block chain-SDN-based secure 
architecture for cloud computing in smart 

industrial 
IoT42 

Cloud layer and network layer 

16. 
A hybrid CNN+LSTM-based intrusion 

detection system for industrial IoT 
networks43 

Network layer intrusion detection 

17. 

A Novel Architecture of Air Pollution 
Measurement Platform Using 5G and 

Blockchain for Industrial IoT 
Applications44 

Network layer 

18. 
A Scalable and Secure 

Publish/Subscribe-Based Framework 
for Industrial IoT 45 

Oriented towards Network layer and 
application layer protocols 

19. 
Message Queuing Telemetry Transport 

(MQTT) Security: A Cryptographic 
Smart Card Approach46 

Device layer and application layer 
protocols 

20. 
Anonymous Message Authentication 

Scheme for Semi trusted Edge-Enabled 
IIoT47 

Device layer  

21. 
IRS-Assisted Physical Layer Security 

for 5G 
Enabled Industrial Internet of Things48 

Device layer 

22 
A Secure and Trusted Mechanism for 

Industrial IoT Network Using 
Blockchain49 

Network layer 

23 
Deep learning-based intrusion detection 
approach for securing industrial Internet 

of Things50 
Network layer and physical layer 

24 
A low-energy, low-delay data 

transmission method for industrial 
internet of things wireless sensors51 

Network layer 

25 
Industrial Internet of Things embedded 

device’s fault detection and 
classification. A case study52 

Device layer 

 

Table 1. Classification of security implementations with respect to layered architecture of IIoT 

It can be inferred from the contents in table 1 all studies that have been targeted towards one 

or the other layer of the IoT layered architecture mentioned in figure 1. It can be seen that most 
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of the security solutions are either applied to the network layer or the cloud layer, the device 

layer has been explored less.  Next table enlists the observations from an implementation point 

of view and checks whether the solution has been implanted for IIoT or not.  

 It can be inferred from the observations enlisted in table 2 that effective security 

mechanisms have been realized for the Industrial Internet of Things. Diverse branches of 

Artificial Intelligence also play a significant role in implementation of operative protection 

mechanisms for the Industrial Internet of Things. The observations by the authors have been 

summarized in table 1.  

Sr. 
No. Paper Name 

Technology/Fra
mework/ 
Protocol 

Security Incorporat
ed for IIoT Observation 

1. 
Intelligent and secure edge-

enabled computing model for 
sustainable cities32 

Deep learning √ X 

Model mainly 
implemented for smart 

city environment so it is 
not clear if it can be 

implemented for other 
applications. 

2. 

M-SMDM: A model of security 
measures using Green Internet 

of Things with Cloud Integrated 
Data Management for Smart 

Cities33 

Cloud √ X 

Overhead and latency 
optimized. Implemented 
as a simulation on ns3 

platform. 

3. 

Physical Layer Security of 
Cognitive Ambient Backscatter 

Communications for Green 
Internet-of-Things33 

Cognitive 
Ambient 

Backscatter 
Communication 

√ X 

Protects against 
eavesdropping, other 

kinds of attacks are not 
considered. 

4. 

An efficient approach for 
enhancing security in Internet of 

Things using the optimum 
authentication key34 

Deep Learning 
Neural Network √ X Encryption is done to 

ensure confidentiality. 

5. 
Enhancing Internet of Things 

Security using Software-Defined 
Networking35 

Software Defined 
Networking √ √ 

The security is built on 
existing OpenFlow 

protocol 

6. 

Blockchain-assisted secured 
data management framework for 

health information analysis 
based on Internet of Medical 

Things36 

Blockchain √ X 

Security is covered but 
the existing protocols 
are taken not much 

change has been made 

8. 

An Innovative Approach to 
Improve Elasticity and 

Performance of Message 
Brokers for Green Smart Cities37 

Publish-subscribe 
model √ X QoS parameters like 

throughput and delay 
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11. 

Block-SDoTCloud: Enhancing 
Security of Cloud Storage 

through Blockchain-based SDN 
in IoT Network38 

Software Defined 
Networking and 

Blockchain 
√ X Primarily for DDoS 

attack 

12. 
Design and implementation of 

cybersecurity testbed 
for industrial IoT systems39 

IDS and whitelist 
firewall √ √ 

For getting information 
about anomalous 

behavior in devices 

13. 

MADP-IIME: malware attack 
detection protocol in IoT-

enabled industrial multimedia 
environment using machine 

learning approach.40 

Machine Learning √ √ For malwares spread at 
communication layer 

14. 

EBAKE-SE: A novel ECC-
based authenticated key 

exchange between industrial IoT 
devices using secure element41 

Elliptic Curve 
Cryptography key 
exchange, Secure 
Element (tamper 

resistant 
microprocessor 

chip) 

√ √ 

Safeguards against 
passive attacks like 

replay and man-in the 
middle 

15. 

Towards a block chain-SDN-
based secure architecture for 

cloud computing in smart 
industrial 

IoT42 

Blockchain √ √ Emulator based study 

16. 
A hybrid CNN+LSTM-based 
intrusion detection system for 

industrial IoT networks43 

Intrusion 
Detection System 
CNN and LSTM 

√ √ Detecting unauthorized 
access 

17. 

A Novel Architecture of Air 
Pollution Measurement 
Platform Using 5G and 

Blockchain for Industrial IoT 
Applications44 

5G and 
blockchain √ √ Encryption of data at 

rest 

18. 

A Scalable and Secure 
Publish/Subscribe-Based 

Framework for Industrial IoT 
45 

MQTT √ √ Multi-level broker 
architecture 

19. 

Message Queuing Telemetry 
Transport (MQTT) Security: 
A Cryptographic Smart Card 

Approach46 

Smart card √ √ 
Low-cost hardware 

addition to the existing 
device. 

20. 

Anonymous Message 
Authentication Scheme for 
Semi trusted Edge-Enabled 

IIoT47 

Encryption √ √ 
Directed towards 

assuring confidentiality 
and anonymity 

21. 

IRS-Assisted Physical Layer 
Security for 5G 

Enabled Industrial Internet of 
Things48 

Physical layer 
security, 

Intelligent 
Reflective 
Surfaces 

√ √ Confidentiality and 
Service availability 
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22 
A Secure and Trusted 

Mechanism for Industrial IoT 
Network Using Blockchain49 

Trust 
computation, 

blockchain based 
data model 

√ √ 

Trust, attack strength, 
message alteration, false 

authentication 
probability 

23 

Deep learning-based intrusion 
detection approach for 

securing industrial Internet of 
Things50 

Intelligent 
Intrusion 

Detection System, 
Singular Value 
Decomposition 
Technique and 

synthetic minority 
oversampling 

√ √ Classification result, 
error in classification 

24 

A low-energy, low-delay data 
transmission method for 

industrial internet of things 
wireless sensors51 

LEACH-D for 
lower battery 

power 
consumption 

X √ Average transmission 
time and performance 

25 

Industrial Internet of Things 
embedded device’s fault 

detection and classification. 
A case study52 

Decision tree-
based model in 

machine learning 
√ √ Accuracy, precision, 

recall, specificity 

 

Table 2. Summary of Security Implemented for Industrial Internet of Things 

 

As shown in table 1, there are various techniques implemented to incorporate security in the 

Industrial internet of Things. However, it is important to note that there is still scope of better 

implementations for the same. The shortcomings of the articles in the literature survey can be 

stated as given in the next subsection. 

Research gaps or Opportunities 

The solutions implemented are not necessarily implemented for IIoT. Some have been 

implemented for other scenarios like smart cities, Internet of Medical Things, etc. 

The proposed solutions are different for different types of cyber-attacks, there does not exist a 

framework which takes into consideration all types of cyber-attacks or a majority of cyber-

attacks.  

Machine learning is the primary method in which Artificial Intelligence is used to detect 

attacks. Other deep learning approaches can also be considered for attack detection and 

mitigation. So, it is evident that there is still scope for improvement in this domain.  
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Implication of Current Research Review 

The present study offers an insight into the various terminologies associated with IoT, IIoT and 

IIoT security. Readers through this article will be able to: 

- Understand and define Internet of Things and Industrial Internet of Things 

- Describe basic terminologies related to Industrial Internet of Things 

- Describe characteristics for security for IIoT devices 

- Understand different work that has been carried out in IoT/ IIoT security domain and 

the parameters that have been taken into account by different authors. 

 

Conclusion and Future Scope 

The authors by means of this article attempted to proffer information about the concept of 

Internet of Things, the Industrial Internet of Things and the concept of security in the current 

scenario for improving communication safety in the Industrial Internet of Things domain. The 

authors were able to explore various security methods proposed and pinpoint the characteristics 

of each method. The study can be extended towards implementing security mechanisms for 

different types of cyber-attacks for different protocols used in the Industrial Internet of Things.  
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Glossary 

Internet of Things – A network of physical devices, vehicles, appliances and other physical 

objects called ‘things’ that are embedded with sensors, software and network connectivity that 

allows them to collect and share data. 

Industrial Internet of Things - An ecosystem of devices, sensors, applications, and associated 

networking equipment that work together to collect, monitor, and analyze data from industrial 

operations. 

Microcontroller - An integrated circuit that contains a microprocessor along with memory and 

associated circuits and those controls some or all of the functions of an electronic device or 

system.  

Microprocessor - A part of a computer that controls its primary operations. 

Sensor - A device that reacts to a physical stimulus (such as heat, light, sound, pressure, 

magnetism, or a particular type of motion) and transmits a resulting impulse (as for 

measurement or operating a control).  

Actuator - A mechanical device for moving or controlling a machinery part or a part of a 

system.  

Cloud Computing - The practice of storing regularly used computer data on multiple servers 

that can be accessed through the Internet. 

Cloud – A set of servers that store data and are interconnected through the internet.  

Protocol – A set of rules that govern data communication. 

Architecture – A framework with a set of protocols to facilitate the working of any application. 
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Security – The protection designed for a system against external attacks. 

Cybersecurity - Cybersecurity is the practice of protecting computer systems, networks, and 

programs from digital attacks. 

SCADA – Abbreviation for supervisory control and data acquisition. It is a category of 

software applications for controlling industrial processes, which is the gathering of data in Real 

Time from remote locations in order to control equipment and conditions. SCADA provides 

organizations with the tools needed to make and deploy data-driven decisions regarding their 

industrial processes. 

Real Time - Relating to a system in which input data is processed within milliseconds so that 

it is available virtually immediately as feedback to the process from which it is coming, e.g. 

alerts in a self-driving car.   


