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Abstract 
 

The increasing prevalence of chronic diseases and the increasing emphasis of health 

institutions on early diagnosis and treatment lead to increased diagnostic and surgical 

procedures. The prevalence of chronic diseases such as diabetes, cancer and other 

infectious diseases is increasing due to sedentary lifestyles and other factors. Chronic 

diseases and the treatment of patients suffering from these diseases put enormous pressure 

on the health systems of different countries. This has led to a global financial burden in 

treating these diseases. A patient's hospitalization costs are significantly higher, and 

longer hospitalizations are associated with a greater financial burden. The increase in 

hospital care and surgical and diagnostic procedures is driving the demand for medical 

equipment, including capital equipment and consumer goods, in developed and emerging 

economies. This is compounded by the increasing investments of the major R&D market 

players in the development of technologically advanced devices to meet the growing 

demand for innovative devices. Growing R&D investments by medical technology 

companies will boost the medical device industry during the forecast period. Moreover, 

due to the outbreak of the COVID-19 pandemic and the growing health concerns of the 

population, the market demand for these devices has increased. The customer base of the 

devices was also increased by the introduction of improved models with new functions 

and reduced prices by market participants. This provides a huge growth opportunity for 

new entrants and incumbents to focus on this segment and launch new biomedical devices 

to meet the growing demand. 
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Synopsis 
 

The content of this thesis entitled “ENGINEERING OF HYBRID ORGANIC 

ELECTROCHEMICAL TRANSISTORS (OECT) AS EMERGING MEDICAL 

DIAGNOSTICS” has been divided into 7 chapters as summarized below: 

Chapter 1. INTRODUCTION 

Bioelectronic devices, such as high-resolution neural recording of the brain and 24-hour 

blood monitoring of metabolites and disease markers, produce complex data that must be 

analyzed to determine their biological significance. Ions dissolved in the water 

environment play an important role in plants, animals and humans. Ions regulate 

biological processes at the single-cell scale, enable the propagation of electronic signals, 

and maintain the proper balance between extracellular and intracellular fluids, which are 

important for many processes such as nerve impulses, hydration, muscle function, and pH 

regulation. Quantification of in situ ion concentrations in aquatic environments is thus of 

great interest in several emerging fields, including biomedical diagnostics, environmental 

monitoring, health products, water and food testing and monitoring, agriculture, and 

security. 

 

Figure S1. Bioelectronics progressing towards advanced medical care. 
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Chapter 2. An engineered organic electrochemical transistor (OECT) 

platform with a high ammonia-sensitive mesoporous membrane 

Organic electrochemical transistors (OECTs) exploit the ability of organic semiconductors 

to conduct ions in addition to electronic charge and are of great interest in sensor and 

biosensor applications because they can operate in liquid environments. In addition, they 

have a simple geometry, typically a planar monolayer structure consisting of a channel 

and a gate contact near the channel. PEDOT: PSS provides an attractive platform for the 

development of organic electronics, i.e., thermoelectric converters, photovoltaic devices, 

supercapacitors and sensors, etc. It has excellent solution processing ability and 

miscibility with functional films, usually by drop-casting and spin-coating and spray 

coating to demonstrate high and adjustable conductivity. In addition, it has excellent 

chemical and electrochemical stability, good optical transparency and good 

biocompatibility. Rather than a mere case study, the choice of ammonia as a pollutant gas 

is based on solid scientific evidence that comprehensive monitoring of ammonia 

concentrations and fluxes is key to reducing risks to human health and vegetation. For 

realistic monitoring of outdoor ammonia (NH3) concentrations in urban environments, 

chemically resistant gas sensors (CGS) should offer sensitivity well below the ppm scale, 

hopefully at the ppb level. 

 

Figure S2. Developed Hybrid OECT selectively detects ammonia at room temperature. 
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Chapter 3. Clinical Ammonia Detection as a potential biomarker for 

Chronic Liver Disease   

 

Figure S3. Schematic Representation of Hybrid OECT to clinically detect ammonia under physiological 
conditions. 

 

Direct exposure to NH3 poses a serious health risk due to multi-organ dysfunction. 

Therefore, long-term exposure to high concentrations of ammonia in the human body is 

usually related to the development of fatal diseases such as chronic kidney disease (CKD), 

peptic ulcer and even epidemic diseases and COVID-19 (SARS - CoV - 2) due to 
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weakened immune response. Ammonia is normally formed in muscle and peripheral 

tissues and transported to the liver to be converted to urea by the urea cycle. The most 

important signal of acute and chronic liver damage is elevated ammonia, a life-threatening 

metabolic condition. There is still a need to develop a non-invasive, real-time, accurate 

and rapid screening device to detect ammonia levels for better monitoring of such 

diseases. In this context, low ammonia concentration, location and abundance of 

disturbances/interferences are considered to be the main challenges in monitoring certain 

diseases. An Organic Electrochemical Transistor (OECT)-based device demonstrates 

accurate and selective detection of ammonia. The detection data and results obtained with 

the OECT device were found to be highly selective for the detection of ammonia over 

other analytes and interfering substances, making it very useful in clinical applications. 

 

Chapter 4. Ammonia as Early Diagnostic Tool via elevated metabolite in 

Cancer Microenvironment 

Hepatocellular carcinoma (HCC) is highly malignant and is usually diagnosed at an 

advanced stage, accounting for more than 80% of primary liver cancers. Detecting HCC at 

an early stage is not easy, although enormous efforts have been made to find new 

biomarkers. Many studies have been devoted to finding serum biomarkers for the 

diagnosis of HCC from the perspective of metabolites. The role of ammonia in cancer 

cells has yet to be determined. At physiological pH, ammonia exists as ammonium ions 

(NH4+). Ammonia is mainly removed in the form of urea formed in the liver. Therefore, 

the concentration of ammonia in the blood must remain very low, because even a slightly 

elevated concentration (hyperammonemia) is toxic to the central nervous system (CNS). 

In addition, hyperammonemia (increased ammonia levels) can cause serious 

consequences for human health. During treatment, it is necessary to measure the level of 

ammonia several times very accurately. To date, a limited number of cost-effective 

methods are available for the rapid, inexpensive, and accurate estimation of ammonia at 

room temperature. Combining metabolomics and biochemical methods can discover new 

biomarkers for the early diagnosis of HCC and rapidly implement them in clinical 

diagnosis. Thus, PEDOT: PSS-based PHD was used as an effective biosensor for HCC 

detection. 
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Figure S4. Graphical Representation of Detecting Hepatocellular Carcinoma using ammonia as a Diagnostic 
Tool. 

 

Chapter 5. Polyhydroxyl Derivative (PHD) conjugated folic acid as an 

efficient Biomedical Platform for identifying folate-receptor cancer cells 

A major challenge in today's cancer treatment is to achieve a satisfactory balance between 

the destruction of cancerous tissues and the destruction of healthy tissues, including 

damage to the immune system and highly proliferative cells. Thus, the detection of cancer 

cells at a sufficiently early, or controllable, stage is essential for possible therapy. As such, 

newly developed nanotechnology techniques bring hope to the world of oncology 

research. Nanotechnology is currently being tested and used, but there is a need to 

improve current technologies and develop new ones to detect, prevent and treat cancer. 

When we look at the tumour microenvironment, passive targeting is a well-known 

process. In recent years, folate receptors (FRs) have been used as a strategic target in 

cancer detection and diagnosis. The high affinity between FA and FR suggests the use of 

FA as a biosensing element in the construction of electrochemical sensors. This 

interaction causes the inhibition of electron transfer across the insulating cell membrane 

and the associated change in current. 
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Figure S5. Pictorial Representation of targeting Folate Receptor in Cancerous Cells. 

 

Chapter 6. Photo-electronic room temperature detection of Ammonia 

using reusable luminescent porous networks  

Ammonia (NH3) emissions are a growing problem worldwide due to their toxicity and 

reactivity. Exposure to NH3 has serious consequences for human health. Inhalation, 

ingestion or direct exposure to NH3 causes many side effects such as inflammation, tissue 

damage and many other scars, as it reacts with water to form ammonium ions. Due to its 

pungent odour, NH3 is detectable in the range of 5-53 ppm and causes extreme irritation at 

concentrations above 80 ppm. We have introduced a UV-based two-electrode ammonia 

detection system that is stable at room temperature. In its current state, ammonia can be 

detected in gaseous form. In the absence of ultraviolet radiation, traces of current can be 

observed in the controlled system. In the presence of UV radiation, the magnitude of the 

current changes. The presence of ammonia causes a change in amperage. Such a current 

reading is still observed in the presence of UV radiation. 
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Figure S6. Graphical Representation of Photo-electronic Detection of gaseous ammonia. 

 

Chapter 7. Theoretical Insights and Computational Analysis in 

Understanding the Role of Hydrogen Bonding in a Polyhydroxyl 

Derivative for ammonia sensing 
Computational studies focusing on the mechanistic investigation of PHD sensitivity to 

NH3 were performed using DFT and TD-DFT methods. Three donor sites, the -C=O 

group of the PHD, are prone to form hydrogen bonds with NH3, but not with the other 

three -C-O-C groups. The theoretically calculated interaction capacity of NH3 with PHD 

can be used to determine the H-bond strength or to perform chemisorption. NH3 

molecules form stable clusters and the presence of NH3-NH3 interaction between them at 

an optimal distance was tested. We then observe efficient NH3 aggregation as an extended 

H-bond network. PHD bonded with one NH3 molecule can help polarize the attached NH3 

molecule to attract incoming NH3 molecules, facilitating cavity condensation. 

CAPTURE OF AMMONIA

300 350 400 450 500 550 600

50000

100000

150000

200000

250000

IN
TE

N
SI

TY
 (a

.u
.)

Wavelength (nm)

 PHD
 PHD
 PHD
 After ammonia exposure
 After ammonia exposure
 After ammonia exposure

TH-3255_156153005



xvi 
 

 

Figure S7. Formation of strong hydrogen bonds resulting in chemisorption of ammonia. 

 

THESIS OVERVIEW AND FUTURE PROSPECTS 

In conclusion, a portable and economical hybrid OECT prototype for the in-situ detection 

of ammonia in both the solution phase and vapour phase was established in a realistic 

environment. Ammonia detection has received enormous attention due to its significant 

impact on the environment and human health. Ammonia is highly toxic and corrosive, 

which easily spreads into the environment because it is widely used in fertilizers, cooling 

systems, dyes, pharmaceuticals, synthetic fibres, plastics, etc. The lower limit of human 

odour perception of ammonia is about 50 ppm. But even below this limit, it irritates the 

respiratory system, skin and eyes. The long-term (8h) permitted ammonia concentration 

for workers is 25 ppm. Ammonia emissions also affect the growth and productivity of 

vegetation and crops around the plant. Crops wither due to excess ammonia gas. In 

addition to these reported applications of ammonia detection, interest in ammonia 

detection is high due to its possible association with chronic diseases such as asthma, 

severe respiratory infections, and lung diseases associated with its presence as an 

environmental pollutant. In addition, detailed studies are needed to design individualized 

intervention strategies for human health exposure to ammonia, and highly sensitive 

detection technology for environmental monitoring is needed, including features such as 

cost-effectiveness, high selectivity, lightness, compactness, and mass production. The 
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high demand for analytical equipment requires the development of intelligent 

technologies that enable faster and more efficient detection of the desired analytes. 

 

 
The increase in hospitalizations and the increase in surgical and diagnostic procedures are 

driving the demand for medical equipment, including capital equipment and consumables, 

in developed and emerging economies. OECT is a multidisciplinary field and is expected 

to adapt to other emerging technologies. This will lead to a revolution in the medical 

diagnostic market. The global medical devices market size was estimated to be USD 

488.98 billion in 2021. The market is expected to grow from USD 495.46 billion in 2022 

to USD 718.92 billion by 2029, with a CAGR of 5.5% during the forecast period. The 

global COVID-19 pandemic has been unprecedented and staggering, with demand for 

medical equipment lower than expected in all regions compared to pre-pandemic levels. 

Based on our analysis, the global market fell by -1.4% in 2020  compared to 2019. The 

increase in chronic diseases and the increasing emphasis of health institutions on early 

diagnosis and treatment lead to an increase in the number of diagnostic patients and 

surgical procedures. 
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1.1  INTRODUCTION  

The first specific goal of bioelectronics is the development of the next generation of 

advanced medical care. Minimal invasiveness is required for health devices, but it is 

necessary to maintain functionality and high performance. Activities aimed at 

implementing biologically inspired working principles require systems whose architecture 

differs from traditional systems. Before we can fully exploit the advantages of 

bioelectronics in practical devices, several scientific and technical challenges must be 

overcome. To begin with, we currently have only a limited understanding of electronic-

biological interfaces, so it is important to obtain a theoretical model of complex systems 

containing water and ions. We also need a better understanding of the interaction of 

molecular rules when we include multiple functions of soft materials, such as charge 

transport. Bioelectronics is a rapidly developing field at the intersection of physics, 

chemistry, and life sciences, which aims to create new medical interventions, biosensors, 

monitoring devices, etc., by reading or writing biological signals directly with traditional 

semiconductor-based electronics. In biology, electric currents are primarily driven by the 

flow of ions (the smallest of which is the proton), rather than electrons, which are charge 

carriers in semiconductors and metals. The physics of both ion flows and electron flows 

are individually very well understood - albeit from completely different perspectives and 

scientific communities. 

 

Bioelectronics is a new and interdisciplinary field, so it is expected to adapt to other 

emerging fields, such as microfluidics for drug delivery and the study of induced 

pluripotent stem cells for regenerative medicine. From a technical perspective, one of the 

biggest challenges in bioelectronics is data analysis, because it generates large amounts of 

new types of data. Recently developed methods for processing massive amounts of data 

and machine learning technologies are needed to analyse the vast amount of data 

generated from the biosensors being deployed in this emerging field. Potential 

applications of bioelectronic devices, such as high-resolution neural recording of the brain 

and 24-hour monitoring of blood levels of metabolites and disease markers, produce 

complex data that must be analysed to determine their biological significance. Dissolved 

ions in the water environment play an important role in plants, animals and humans. Ions 

regulate biological processes at the single-cell scale, enable the propagation of electronic 

signals, and maintain the proper balance between extracellular and intracellular fluids, 
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which are crucial for several processes such as nerve impulses, hydration, muscle 

function, and pH regulation. In situ, quantification of ion concentrations in aqueous 

environments is thus of considerable interest in several emerging fields, including 

biomedical diagnostics, environmental monitoring, health products, water and food testing 

and monitoring, agribusiness, and security.  

 

A fundamental limitation of current transistor-based approaches is the trade-off between 

sensitivity, ion concentration range, and operating voltage. The coupling or "conversion" 

of ion and electron currents into the signals they carry is not trivial because of differences 

in their fundamental physics. Materials that support high number density and mobile ion 

currents in the solid state are few, with ion transport membranes such as Nafion and other 

polymer electrolytes being limited examples. Conductors that effectively carry the flow of 

both ions and electrons are even rarer. Therefore, delivery strategies have focused 

primarily on devices that combine two media/materials, each preferably hosting one 

carrier type, rather than a single medium supporting both, as evidenced by reviews of 

multiple device platforms. Suitable device architectures for creating this transformative 

interface between these two materials include bipolar ionic junctions, film-coated 

nanowires, proton field transistors, and perhaps the most mature and studied technology, 

organic electrochemical transistors (OECTs). OECTs were first demonstrated by White et 

al. in a device where the conductivity of the semiconducting polymer polypyrrole film 

was modulated by applying a gate voltage across the liquid electrolyte.[1,2,3] Organic 

electrochemical transistors (OECTs) are thin-film transistors that have shown great 

promise in a variety of applications such as biosensing, logic circuits, and neuromorphic 

designs. The device properties of OECTs are determined by the interaction between ionic 

and electronic charge carriers. This interaction distinguishes OECTs from traditional 

transistor technologies and necessitated the development of device models for the unique 

behaviour of OECTs.[4] They consist of a (semi-)conductive polymer channel between the 

source and drain electrodes in direct contact (i.e., no dielectric layer) with the surrounding 

electrolyte. When a suitable gate potential is applied, the conductivity (doping level) of 

the channel material changes due to ion migration and the accompanying hole injection. 

Local potential variations in biological tissue modulate the effective gate voltage of 

OECTs and thus the doping state in most of the channels. This modulation of the effective 

gate potential is usually converted/measured by recording the drain current of the 
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transistor. Because these devices operate at low voltage, this principle has been used in 

many biological sensor applications. [5]  

 Recently, there has been a huge demand for monitoring and control of air pollutants, one 

of the most common examples of serious environmental pollutants is ammonia (NH3). 

Too much ammonia in ecosystems can cause nutrient imbalances and eutrophication. In 

terrestrial ecosystems, it causes a reduction in the diversity of plant species and habitats, 

and in aquatic ecosystems, algal blooms and hypoxia. In recent years, research into new 

and more efficient NH3 gas sensors using nanostructured materials has received much 

attention due to various applications such as environmental monitoring, industrial process 

monitoring, automotive exhaust gas detection and medical diagnosis.[6] Room temperature 

operation, low detection limit and fast response time are highly desirable in many gas 

detection applications. However, available gas sensors suffer mostly from the high-

temperature operation or external stimulus-response/recovery. Ammonium nitrate is found 

in many explosives and gradually decomposes to release small amounts of ammonia. 

Therefore, it is necessary to detect very low concentrations of ammonia to prevent fatal 

accidents.  

 

The change in conductivity of metal oxides and conducting polymers was studied for 

ammonia detection in the ppb (parts per billion) range. Conventional solid-state and 

conducting polymer-based sensors have very low detection rates at room temperature. 

Commercially available conductive polymer sensors require high power consumption 

because they provide sufficient sensitivity only at high temperatures. Intensive research is 

underway to develop new sensor materials and devices for a wide range of applications, 

especially at room temperature. [7] Cost is always important in the marketing of 

biosensors, but a single-use policy is the most effective way to prevent infections in 

hospitals and can be expensive. Customization is particularly important in clinical 

applications, as it allows devices to be manufactured according to the needs of individual 

patients. Finally, mixed electronic and ion transport in conducting polymers also allows 

coupling to ions in the biological environment, enabling low-resistance contacts for 

efficient electrical recording and stimulation. Reliable detection of ammonia (NH3) is 

highly required in many situations, such as air leak detection in environmental analysis, 

explosives and fertilizer industries, air conditioning compressors, breath analysis for 
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medical diagnoses, and animal shelters. In addition, the high toxicity of ammonia also 

justifies its rapid detection at very low concentrations. 

Several chemosensors may be classified into different categories based on the sensor 

operating principle. Some typical sensors are based on optical measurements i.e., 

depending on colourimetric or fluorescence change, and also may be electrical, which is 

based on measurement of resistance, capacitance, impedance or other electrical signals, IR 

spectrometry, mass spectrometry, chromatography, surface acoustic wave etc. 

Chemosensors based on electrical signal modulation are much more straightforward and 

facile for device design, signal transduction and system integration, which combined can 

be made to be portable and small in size, thus suited for the real-time onsite operation. In 

these cases, electrochemical and electronic signals are mostly used in electrical mode 

chemosensors. So, an electrochemical sensor can transform the amperometric, 

potentiometric, or voltammetric effect of the analyte–electrode interactions into a 

measurable signal which can be used to identify as well as quantize the analytes present in 

the solution. The surface charge-transfer interaction with chemical analytes in 

chemosensors can directly indicate a signal arising from the change of electrical 

properties (resistive, conductivity, etc.) [8,9,10] 

 

1.2. CHARACTERISTICS OF SOME SENSING MECHANISM 

1.2.1. HYDROGEN BOND-BASED CHEMOSENSORS  

Although the formation of hydrogen bonds is still one of the main strategies used for the 

development of anion optical sensors, the detectable changes of many systems are 

triggered by the deprotonation of sensors by basic anions such as fluoride or cyanide. 

Urea, thioureas, amides and sulfonamides are still the most commonly used binding 

motifs based on hydrogen bonds. For example, a urea-functionalised 4-amino-1,8-

naphthalimide based fluorescent anion sensor has been reported by Lenehan [11] and co-

workers. The properties of the urea and thioureas appended with this fluorophore have 

been extensively investigated in the past by Gunnlaugsson’s group. [12] 

A useful hydrogen bond donor group for the design of optical anion chemosensors is 

hydrazine. Azo-hydrazone tautomerism (akin to that of azo-dyes) is a well-known 

mechanism in which labile protons can be intramolecularly exchanged, leading to 

tautomers with different optical properties.[13] Chemosensor was reported by Trivedi and 

co-workers. [14] It has been indicated that in DMSO solution the red-shifted absorption 
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band after the addition of F-, AcO-, and to a less extent H2PO4 has been found. This was 

attributed to an intramolecular charge transfer process between the oxygen of the 

hydroxyl group on the quinoline ring and the electron-withdrawing phenyl ring, due to the 

formation of an H-bond complex between the hydroxyl groups of and the anionic species. 

 

1.2.2. PHOTO-SWITCHABLE SENSORS  

The design and development of photo-switchable receptors for selective recognition of 

anions have received considerable attention in recent years, not only in academic studies 

but also because of their application in diagnostics, imaging, and environmental science. 

Several examples of photo-switchable chemosensors have been recently proposed enable 

to detect highly basic anions such as F-, and CN-. In this context, Guo and co-workers 

reported the photo switchable systems consisting of dicyanovinyl-functionalized 

dithieenylethene, in which the dicyanovinyl group was able to respond to cyanide anion. 
[15,16] 

 

1.2.3. CHEMO-DOSIMETERS  

Chemo-dosimeters are compounds that react with a substrate selectively giving a 

colorimetric or fluorescence response allowing them to be used as a sensor. Among the 

most interesting systems recently proposed, Yi and co-workers described the chemo-

dosimeter. In the presence of fluoride, a desilylation reaction occurred with the release of 

the free methylene blue and a fluorescence response in the near Infrared Region at 690 nm 

in DMSO/HEPES with very high selectivity. In this way, it is possible to distinguish 

between different sources of fluoride (organic and inorganic). [17] 

1.2.4. OPTICAL METHOD (TUNABLE DIODE LASER ABSORPTION 

SPECTROSCOPY, TDLAS) 

Gas sensors utilizing optical absorption have attracted immense attention as they can 

overcome obstacles that other gas sensors using contact-sensing techniques generally 

have, e.g., measurement error from the long-term memory effect. [18-25] Also, this 

technique is very appealing in commercialization due to its simplicity of operation and 

ability to achieve very high selectivity, fast analysis, and great sensitivity along with a 

relatively long-life time. Moreover, this method shows attractive properties in gas 

detection since it can be operated at a wide range of temperatures (from room temperature 
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to temperatures as high as 1500°C). Amongst gas sensors using optical absorption, the 

tunable diode laser absorption spectroscopy (TDLAS) has been well-developed for NH3 

gas detection. [26-45] 

1.2.5. ELECTROCHEMICAL SENSORS 

This method has been used for gas sensors due to its attractive aspects including lower 

power consumption as well as high sensitivity and relatively perfect selectivity. A typical 

electrochemical gas sensor consists of a sensing electrode (or working electrode), a 

counter electrode, a reference electrode, an electrolyte and a gas-permeable hydrophobic 

membrane (usually, PTFE or Teflon). [46-48] The solid-state electrolyte-based sensors 

normally use amperometric and potentiometric techniques and, on the other hand, the 

liquid-state electrolyte sensors, usually, employ voltammetric and potential step 

chronoamperometric methods. The NH3 gas sensors using the potentiometric method, for 

example, adopt a sensing mechanism that the difference in the electrical potential between 

the sensing and counter electrodes is measured when NH3 gas diffuses across the gas 

permeable membrane into the electrolyte solution, and the electrochemical reaction 

between the electrolyte and NH3 gas molecules occurs at the sensing electrode. As a result 

of the electrochemical reaction, nitrogen, hydrogen ions and six electrons are produced 

through the oxidation of ammonia at the sensing electrode and, meanwhile water is 

formed at the counter electrode through the reaction between hydrogen ions generated 

from the sensing electrode and oxygen.[49-65] 

 

1.3. AMMONIA GAS SENSING METHODS 
There are a variety of sensing techniques existing for NH3 detection, however, the most 

prevalent detecting methods can be classified into three major categories,  

(a) the solid-state sensing methods (metal oxide-based sensors, and conducting polymer 

sensors), (b) the optical method (optical sensors utilizing tunable diode laser 

spectroscopy), and (c) other methods (electrochemical sensors, surface acoustic wave 

sensors, and field effect transistor sensors). [ 66-79] 

 

DIFFERENT TYPES OF SENSOR MATERIALS  

1.3.1.  CONDUCTING POLYMER SENSORS (CPS) 

From a traditional viewpoint, polymers are well-known as insulating materials. The CPs 

can be used as sensitive layers, particularly given their inexpensive synthesis, high 
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sensitivity and wide detection range of volatiles. In the process, when CPs are exposed to 

an analyte, many changes could occur including solvation effects on the polymer chain, 

modifications of the backbone conformation, and the attraction of dopant counter ions or 

transfer of electrons in the polymer. The change in electron mobility and the swelling of 

the polymer matrix can be converted into electrical and/or mechanical signals. Amongst 

the conducting polymers, polypyrrole (PPY), polyaniline (PANI), and poly(3,4-

ethylenedioxythiophene) (PEDOT) are by far the most frequently used in the gas sensor 

field. [50-73] So, CPs with high sensitivity consisting of PANI, PPY and poly (3,4 

ethylenedioxythiophene) (PEDOT) are used for various sensors such as gas sensors, 

temperature sensors, humidity sensors, strain sensors, and biosensors. Moreover, the 

combination of CPs and other sensing materials such as carbonaceous materials, metal 

oxides, metals, metal sulfide etc. produces different composites with higher sensing 

performance. 

However, since the advent of conducting polymers, a great number of gas sensors have 

utilized conducting polymers due to their advantages, such as ease of fabrication and 

modification, stability, design flexibility, and tunability with other materials. There are 

conductometric, potentiometric, amperometric, colourimetric, and gravimetric modes of 

operation methods for conducting polymer-based sensors. [74-113] 

 

1.3.2.  POLYPYRROLE (PPY) BASED SENSORS 

 
Figure 1.1. Chemical Structure of PPY. 
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PPY has received enormous attention due to its easy oxidation, conductive nature, water 

solubility and the commercial availability of pyrrole monomers (Fig. 1.1). PPY-based 

materials have various applications as electrocatalysts, anticorrosive, carbon dioxide 

capture, light emitting diodes, batteries, electrochemical capacitors and sensors. PPY 

exhibits excellent sensitivity to strain and temperature, and can also be used as a gas 

sensor material. [50-61] 

 

PPY/Carbon nanotubes (CNT) composite 

This nanohybrid composite has been reported from the electrochemical-assisted synthesis 

of PPY with sodium dodecyl sulfate (SDS) as a surfactant and supported with 

functionalized multi-walled CNTs (f-MWCNTs). It is used as a nitrite sensor in an 

aqueous medium. Upon incorporation of f-MWCNTs into the PPY/SDS matrix, 

PPY/SDS/f-MWCNT composite films exhibit lower impedance and higher capacitance 

than pure PPY/SDS films. The capacitance of the composites gradually increased with an 

increasing percentage of f-MWCNTs.[36] 

 

PPY/Graphene(G) composite 

PPY-functionalized graphene nanosheets (GNs) have much-enhanced sensitivity. This is 

due to the porous structure as well as the large effective area of PPY-functionalized 

graphene nanosheets (GNs) in a PPY-GNs-modified electrode. This hybrid sensor of an 

ultrathin PPY layer formed by chemical vapour deposition grown on GN has been 

demonstrated to give an excellent performance. It might be a result of a synergistic effect 

between the PPY layer and GN. It in turn serves as a high, fast and reversible response of 

NH3 sensing with efficient selectivity at room temperature and also rather good stability, 

reproducibility and immunity to humidity have been shown. It is likely that on absorption 

of NH3 on the PPY layer, the electron transfer from NH3 to the PPY layer, and then to GN 

through the PPY layer occurs which perhaps might change the resistance of the PPY layer 

and GN enhancing the sensitivity. Moreover, the porous nature of the ultrathin PPY layer 

contributes an important influence on the sensor response, selectivity and immunity to 

humidity. [54-61] 

 

PPY/Metal oxide composite 

The voltammetric sensor of PPY/bismuth oxide (Bi2O3) nanocomposite for the 

electroanalysis of clofazimine has been found. It shows the highest sensitivity with a 
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detection limit of 0.97 μmol mL–1 and a quantification limit of 3.23 μmol mL–1. This 

sensor also reveals exceptional reproducibility, satisfactory recovery and long-term 

stability. Another PPY/TiO2/GCE voltammetric sensor is found to be exhibited an 

exceptional electroanalytical performance compared to PPY/GCE, TiO2/GCE and bare 

GCE sensors. [53-60] 

 

PPY/metal nanocomposite 

PPY nanosphere/Ag nanocomposite and PPY fiber/Ag nanocomposite are some of the 

PPY/metal nanocomposite materials. These are prepared by using template-free and 

template-assisted methods for NH3 gas sensing. The PPY fiber/Ag nanocomposite sensor 

exhibits enhanced NH3 gas sensing performance including sensitivity, response time and 

recovery time than the PPY nanosphere/Ag nanocomposite sensor. There are large 

differences in NH3 gas saturation for these two sensors, herein PPY fiber/Ag 

nanocomposite sensor is not saturated even in the presence of 250 ppm NH3 gas whereas 

the PPY nanosphere/Ag nanocomposite is saturated with 100 ppm NH3 gas concentration. 

The sensitivity of Au-nanoparticle-decorated PPY nanowires towards arsenic is quite 

sensitive towards concentration and the detection limit of this sensor is reported to be 0.32 

μmol L–1. [55-56] 

 

1.3.3.  PANI BASED SENSORS 

 

 
Figure 1.2. Chemical Structure of PANI. 
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PANI nanofiber-based sensors 

PANI nanofibers for sensor applications have greater sensitivity and a faster response 

time due to a higher effective specific surface area and shorter penetration depth for target 

analyte molecules compared with conventional bulk materials. The diameter of PANI 

nanofibers is usually tailored via temperature-controlled polymerization. The 

conductivities of doped PANI nanofibers increase with a decrease in diameter. PANI 

nanofibers with smaller diameters exhibit a much faster response than larger-sized fibers 

or bulk PANIs due to their large surface area and high intrinsic conductivities. The NH3 

gas sensor based on the 4-toluenesulfonic acid (TSA) doped PANI nanofibers on 

interdigitated array electrodes represents rapid response time (10 s) and quick recovery 

time (100s) at 50 ppm NH3 gas. As reported in the literature, the PANI nanofiber film also 

shows a better sensitivity (1.06), compared to a conventional PANI film (0.3) for 50 ppm 

NH3 gas. The improved sensor response and sensitivity could be attributed to the fact that 

more NH3 molecules are probably diffuse into their nanofiber film and react with the 

active site of PANI chains swiftly because of its large specific area resulting from the 

small diameter and the interconnected network of PANI nanofibers. 

The sensing mechanism of PANI nanofiber to NH3 through deprotonation rate relies on 

the concentration of NH3, increasing the film resistance. In this process, as the sensing 

film is exposed to the air, the ammonium ions decompose into ammonia molecules and 

protons which restore the original doping level of PANI. Consequently, this 

decomposition leads to a decrease in the film resistance. [76-87] 

 

PANI blend nanofiber sensors based on electrospun  

The electrospun polyacrylonitrile/PANI blend nanofibers are reported to be quite sensitive 

towards NH3 gas, and it is due to the semiconducting behaviour of this material that could 

respond quickly towards NH3 gas. Poly (vinyl alcohol)/PANI nanofibers are another 

material prepared for use in NH3 sensors. The large surface area, dimensions and quality 

of the nanofibers are essential parameters for a good response of the NH3 gas sensor of 

these materials. The PANI/polyethylene oxide nanofibers doped with CSA have been 

used for the hydrogen sulfide (H2S) gas sensor, and this material is found to exhibit good 

sensitivity, good recovery speed and superior performance in comparison to other PANI-

based sensors. [58,61,64,76] 
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PANI composites for sensors 

PANI and carbonaceous material composites for sensors such as carbon nanotubes 

(CNTs) and graphene oxide (GO) are ideal candidates for gas sensing due to their unique 

electrical, physical and chemical properties. [84-87] These materials are highly stable and 

considered to be active materials for gas sensing. It may be due to the large specific 

surface area, high surface-to-volume ratio and rich conjugation of 𝜋-electrons along the 

surface. Usually, PANI is quite a sensitive polymer among CPs towards various gases due 

to the existence of two distinct oxidation states. However, PANI undergoes a volumetric 

change during oxidation/reduction (doping/de-doping) resulting in it being mechanically 

unstable. The mechanical stability of PANI can be increased by adding suitable fillers 

such as CNTs or graphene. The incorporation of CNTs increased the robustness of PANI, 

flexibility and the number of active sites, as they effectively increase the intra- and inter-

chain charge mobility along the polymer chain in the presence of electron donor or 

acceptor gases. As an example, sensors based on multi-walled CNT (MWCNT) and 

single-walled CNT-doped PANI composite thin films for hydrogen sensing show a higher 

response than pure PANI. 

 

PANI/MWCNT composites.  

PANI/MWCNT nanocomposites have been useful for the detection of trace-level NH3 gas 

(up to 2 ppm NH3). This composite material is highly sensitive as gas sensors and also the 

response as well as short recovery time have been demonstrated. The PANI/MWCNT-

modified screen-printed carbon electrode (SPCE) based electrochemical sensor is used for 

the simultaneous detection of urea and pH. It shows a lower detection limit and higher 

selectivity than reported biosensors of 10 μmol L–1. In other cases, carboxylic acid 

functionalized MWCNTs ((MWNTs-COOH)/PANI/ITO composite) can substantially 

decrease the oxidation potential of nifedipine (NIF) by about 170mV in comparison with 

bare indium tin oxide (ITO) and showed a synergistic effect on the electrochemical 

oxidation of NIF and a lower detection limit of NIF. The electrochemical performance 

variation of these films is also improved.[56] 

 

PANI/metal oxide composite 

Various inorganic semiconducting metal oxides such as undoped or doped titanium 

dioxide (TiO2), tin (IV) oxide (SnO2) and zinc oxide (ZnO) have been well-studied as 
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sensitive materials for gas detection. As such PANI is one of the CPs used in many 

sensing materials. The drawbacks of PANI (Fig. 1.2) as a sensing material are due to poor 

mechanical strength and no selectivity. So, PANI/inorganic nanocomposites have been 

proposed for gas sensing applications. Composites of PANI with metal oxides such as 

ZnO, TiO2, iron (III) oxide (Fe2O3), SnO2, tungsten oxide (WO3), copper (II) oxide 

(CuO), cerium (IV) oxide (CeO2) etc. exhibit excellent sensing properties. [87-89] 

A PANI/TiO2 composite with superficial deposition of PANI on TiO2 has an average size 

of 25 nm and an aggregated granular porous morphology serves as a good sensing 

material. Likewise conducting PANI/niobium doped TiO2 (Nb-TiO2) nanocomposites 

with different weight percentages of Nb-TiO2 nanoparticles have been found excellent 

material in terms of sensitivity and fast response to NH3 gas at room temperature. [88] 

 

PANI/Au 

The Noble metal Au particles are used for glucose sensors. The Au particles were electro-

deposited on PANI film under optimum growth conditions for maximum dispersion to 

achieve a highly sensitive glucose sensor. This composite material can achieve better 

electrocatalytic behaviour, anti-poisoning characteristics, advanced biocompatibility and a 

wide range of oxidation potential due to its maximum dispersion on a polymer matrix. 

[53,56(f)] 

 

 

1.3.4. Poly (3,4-ethylenedioxythiophene) (PEDOT) based sensors 

The electrodeposition of a PEDOT layer on a GCE in a solution containing 3,4-

ethylenedioxythiophene (EDOT) and sodium citrate has been reported to be good sensing 

material. Also, with the introduction of nickel cations to the peptide-anchored PEDOT 

film Ni–O coordination bonds connected the carboxyl groups from the PEDOT film 

surface and the peptide group has been demonstrated. A DNA sensor was successfully 

fabricated based on peptide-anchored PEDOT film for the immobilization of a BRCA1 (a 

gene closely related to breast cancer) recognition probe. This biosensor with high 

sensitivity and favourable selectivity can efficiently detect BRCA1 in real complex 

samples. [93(g)] 
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poly(3,4-ethylenedioxythiophene): poly(styrene-sulfonate) (PEDOT: PSS) BASED 

SENSORS 

 
Figure 1.3. Chemical Structure of PEDOT: PSS. 

PEDOT: PSS is an appealing sensing material because of its high conductivity and 

solubility in water and low redox potential. The doping of PEDOT with PSS improved the 

solubility and processability because PSS (through an insulator) can connect PEDOT to 

water (Fig. 1.3). PEDOT: PSS possesses an increased radiation transparent property 

compared to carbon black. Compared to other conductive materials, it seems to be less 

sensitive to oxidation and has an increased stability and degradation resistance. On the 

other hand, a mixture of PEDOT: PSS with water-soluble electrocatalytic materials or 

colloidal metal nanoparticles provides an excellent method for modulating the sensing 

properties.[93] 

 

PEDOT: PSS/sulfide composite 

In a PEDOT: PSS/sulfide composite material the molybdenum disulfide (MoS2) based 

active region showed high responsivity towards low humidity levels, but while the 

PEDOT: PSS based portion is reported to be responded well to high humidity levels. A 

single humidity sensor based on PEDOT: PSS and MoS2 as the active layers of two 

separate transducers acquire very high sensitivity and excellent response and recovery 

times of 0.5 s and 0.8 s, respectively. [93(i)] 

 

PEDOT: PSS/metal composite 

Incorporating silver nanowires (AgNWs) of optimized concentration into PEDOT: PSS 

film i.e., PEDOT: PSS/AgNW composite film as the active layer can significantly 
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improve the sensitivity of NH3 sensors. The sensor achieved excellent sensing 

performance for detecting very low NH3 concentrations below 500 ppb and considerable 

selectivity concerning water and common organic vapours. Usually, the sensor was 

integrated with a self-designed portable data acquisition system only for monitoring the 

freshness of pork. [93(j)] 

 

PEDOT: PSS/metal oxide composite 

ZnO nanorods (NRs)/PEDOT: PSS hybrid is an excellent material for sensors and the 

heterojunctions are highly efficient UV sensors that showed diode-like behaviour and 

sensitivity of 37.65 under UV (𝜆 = 256 nm, 130W) illumination. The properties like 

response and sensitivity of the ZnO NR/polymer heterojunction device are reported to 

enhance by a factor of 10 and 8 compared with bare ZnO, NR arrays, the, respectively. 

The enhanced performance may be due to the effective charge separation guided by the 

built-in potential at the interface between the ZnO NRs and PEDOT: PSS. [93(k)] 

 

PEDOT: PSS/carbonaceous materials composite 

A reduced graphene oxide (rGO)-PEDOT: PSS/GCE sensor is another promising material 

as a sensor which maintains good stability, repeatability and reproducibility, with a high 

peak current and low working potential (electrocatalytic activity) during the 

electrochemical measurements. The electro-sprayed GO/PEDOT: PSS can enhance the 

current response due to a simple increase of the screen-printed carbon electrode 

(SPCE)surface area. It showed faster electron transfer kinetics than the unmodified SPCE. 

The sensing response of the resistive NH3 gas sensor based on PEDOT: PSS and N-doped 

graphene quantum dots (N-GQDs) dopant has been reported. On addition of 50 wt.% N-

GQDs in PEDOT-PSS sensing response towards NH3 can increase from 30.13% to 

212.32% at 1500 ppm. [93(l)]  

 

The poly(3,4-ethylenedioxythiophene): poly(styrene-sulfonate) (PEDOT: PSS) film in 

water has been found useful for handling the strategies of swelling, disintegration, 

cracking and peeling-off of this conducting polymer another film of EDOT-co-EDOT: 

PSS (poly (EDOT-co-EDOT-AA): PSS) has been reported. There have been reports on 

further modification to prepare organic polymer–inorganic nanocomposites by 
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incorporating carbon nanomaterial, graphene, and a unique and versatile clay 

nanomaterial, halloysite. [93] 

1.3.5. Poly (acrylic acid) (PAA) 

The research on the improvement of developing more compatible materials for several 

sensor designing is never-ending. Moreover, the development of mono-dispersed cross-

linked poly (acrylic acid) (PAA) droplets prepared by using the microfluidic method is 

found useful for detecting both Ca2+ and Mg2+ in human saliva and serum. [94(b)] This 

typical polyacrylic acid (PAA)/polyvinyl alcohol (PVA)-based quartz crystal 

microbalance (QCM) was fabricated by depositing composite PAA/PVA nanofibrous 

substrates onto QCM gold electrodes that can efficiently detect ammonia sensors up to 

100 ppb. [94(c)] 

1.4. OVERVIEW OF THE SURVEY AND OBJECTIVE 
Developing Gas sensors have been a subject of interest for many years. It has been 

known that the semiconductor can be well affected by any reducing or oxidizing 

ambience, hence it is likely to exploit for any environmental contaminations and other 

chemical controlling strategies. It may be mentioned that several materials such as 

conducting polymers, metal oxides, and certain sensitive organic layers have been 

extensively found in the application of gas sensing. Eventually, there are several metal 

oxide-based gas sensors which are developed in many laboratories, and also some are 

commercially available for various applications. The major issues of sensors are due to 

the low selectivity as well as reduced lifetime, in some cases high operable temperature 

leading to inconveniences in the operation. It may be mentioned that organic compounds 

such as molecular crystals can be used as sensitive layers of gas sensors but still, the 

problem of repeatability and poor selectivity cannot be ignored. Rather than metal oxide-

based sensors, there are certainly conducting polymers which are used as sensing 

material due to their unique electrical properties. Most of these polymers are easy to 

synthesize and also very convenient for operating at room temperature and have attracted 

the development of gas sensing.  

 

The emission of ammonia (NH3) has been a major concern as it is a major air pollutant 

that contributes to particulate matter and is also responsible for the eutrophication of 

ecosystems. Several functional materials have been used as NH3 sensor elements, 
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including inorganic oxides, carbon nanotubes, conducting polymers, and composites.[93] 

In addition to these reported applications of ammonia detection, there is great interest in 

ammonia detection due to its possible association with chronic diseases such as asthma, 

severe respiratory infections, and lung disease associated with its presence as an 

environmental pollutant. Over the past decade, ammonia sensors with detection limits 

ranging from 200 ppm to 0.35 ppm have been reported based on technologies such as 

metal oxides, catalytic processes, organic polymer membranes, optical detection 

methods, and gas-coupled mass spectrometry chromatography (GCMS).[114] 

 

A detailed study is further required for designing personalized intervention strategies for 

ammonia exposure to human health and environmental monitoring calls for a highly 

sensitive sensing technique along with other attributes such as cost effectiveness, high 

selectivity, light weight, compactness and mass production. Organic polymer-based field 

effect transistors (FETs) provide a highly suitable match but owing to either high cost, 

bulky with high-temperature requirements, high operating voltage, lack of high selectivity 

or having a limit of detection too high for non-occupational settings alternative electronic 

technologies are a need of the hour. Moreover, it has been found that the major concern 

of using n-type OFETs is the instability of radical anions under air. Hence, in some 

cases, the addition of functional groups of high electron affinity into p-type 

semiconducting materials i.e., the n-type and p-type hybridization gas sensing systems 

are found. So, further improvement is the most challenging aspect of biological systems.  

 

Organic electrochemical transistors (OECTs) exploit the ability of organic 

semiconductors to conduct ions in addition to electronic charge and are of great interest 

in sensor and biosensor applications because they can operate in liquid environments. In 

addition, they have a simple geometry, typically a planar monolayer structure consisting 

of a channel and a gate contact near the channel. PEDOT: PSS provides an attractive 

platform for the development of organic electronics, i.e., thermoelectric converters, 

photovoltaic devices, supercapacitors and sensors, etc. It has excellent solution 

processing ability and miscibility with functional films, usually drop-casting, and spin-

coating. and spray coating to demonstrate high and adjustable conductivity. In addition, 

it has excellent chemical and electrochemical stability, good optical transparency and 

good biocompatibility.[115] Here we focus on the ability to monitor ammonia (NH3) 

concentrations in the low ppb range. Rather than a mere case study, the choice of 

TH-3255_156153005



CHAPTER 1                                                                                     INTRODUCTION                                                        
 

18 
 

ammonia as a pollutant gas is based on solid scientific evidence that comprehensive 

monitoring of ammonia concentrations and fluxes is key to reducing risks to human 

health and vegetation. The widespread use of ammonia and its derivatives as agricultural 

nitrogen fertilizers has greatly increased ammonia emissions into the atmosphere, which 

has caused many environmental problems. These include the eutrophication of semi-

natural ecosystems, soil acidification, generation of fine particles in the atmosphere, and 

changes in the balance of the global greenhouse. A growing number of studies highlight 

the importance of ammonia as a precursor to secondary fine particles (PM10 and PM2.5), 

which pose a serious threat to human health.[116] Ammonia could thus be used as a local 

indicator of secondary particle formation, which would allow indirect control of particle 

emission sources. However, the detection of atmospheric ammonia concentrations in 

urban areas has been largely neglected until now because its average level is usually low, 

i.e., between 20 and 30 ppb, as Chiesa et al. [117] For realistic outdoor ammonia (NH3) 

concentration monitoring in urban environments, chemically resistant gas sensors (CGS) 

should provide sensitivities well below the ppm scale, hopefully at the ppb level. In 

addition, hyperammonemia (increased ammonia levels) can cause serious consequences 

for human health. During treatment, it is necessary to measure the level of ammonia 

several times very accurately. To date, a limited number of cost-effective methods are 

available for the rapid, inexpensive, and accurate estimation of ammonia at room 

temperature. There is literature [118] on the detection of ammonia in exhaled breath, 

which is considered to be one of the non-invasive diagnostics, but poor selectivity and 

high humidity are the main disadvantages. Therefore, the detection of ammonia in 

human serum, breath and sweat is limited. Here, we aim to create a more efficient sensor 

for use in biological samples, including cancer cells, as well as for environmental 

monitoring. In this study, we present several strategies to improve the sensitivity of NH3 

at room temperature (RT) as a potential emerging medical diagnostic. 
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ABSTRACT 

The development of an improved design methodology via an organic electrochemical 

transistor (OECT)-based organic transistor device is presented here. A polyhydroxyl layer 

is strategically added to the OECT sensor assembly, which mainly consists of poly(3,4-

ethylenedioxythiophene) doped with polystyrene sulfonate (PEDOT: PSS). By 

introducing this layer, a higher selectivity of ammonia was observed compared to other 

analytes tested in the aqueous environment. A very small order of magnitude of ammonia 

concentration was detected with this device at very low operating voltages at room 

temperature. This excellent performance of the OECT device is due to the formation of an 

intelligent mesoporous layer with electronic properties; which helped to achieve an 

ammonia limit of detection (LOD) of 71.6 ppb. This approach involves an OECT device 

platform where the sensitivity of the sensor system is improved to achieve better device 

performance while maintaining cost-effectiveness. 
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2.1. INTRODUCTION 

Although countless sensors are available for ammonia detection and are used in various 

industries and environmental monitoring, the sensitivity of the device is very important 

for medical applications. It is particularly difficult to detect ammonia produced in very 

low concentrations during diseases or human metabolism. Among several techniques, 

hybrid nanostructures formed by mixing metal/metal oxide nanoparticles with polymer or 

its derivatives have been used for environmental hazard assessment.1-3 These air and 

environmental monitoring systems can detect analytes in the <1 ppb range. Some optical 

gas sensors are suitable for ammonia detection, but they are large and expensive, with 

reagent consumption and maintenance requirements causing additional problems, making 

them less affordable. 4,5 Relatedly, studies on sensitivity, selectivity, response time, and 

reliability must be done. considered in addition to miniaturization to reduce cost and 

power consumption. Nanostructured materials are widely used as gas sensors due to their 

high volume ratio, good morphology and excellent electrical conductivity. These sensors 

are either metal oxide-based or conducting polymer sensors.6-8 Conducting polymers have 

proven useful due to their advantages such as easily tunable chemical structure, easy 

processing and morphology compared to other materials. In this context, conjugated 

polymers and their nanocomposites have been proposed as active sensing materials to 

achieve advantages in optoelectronic properties, and improved sensitivity to various acidic 

or basic gases for use in advanced devices and at room temperature. The high demand for 

analytical equipment requires the development of intelligent technologies that enable 

faster and more efficient detection of the desired analytes. Various combinations of device 

architectures and improved methods of existing technology platforms are currently being 

developed to improve the sensitivity and selectivity of analyte detection.9-16 

The main goal of developing such devices is to achieve better device efficiency at an 

affordable and lower cost. publishing Examples of analytical devices include portable and 

readily available glucose sensors that are widely used in medical practice and home 

testing. However, the development of such analytical devices involves a trade-off between 

manufacturing costs and device sensitivity. Thus, hardware improvements can be further 

explored without compromising the sensitivity of the analytical device. 
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Sl 
No.  

Reference Active Material Detection 
Method 

Temperature LOD 

 
1. 

Hussain et al, 
Anal. Chem., 

2016, 88, 
12453−12460 

ionic liquid (RTIL) 1-ethyl-3-
methylimidazolium 

bis(trifluoromethylsulfonyl)imide([C2mim]-
[NTf2])/ microarray thin film electrode 

(MATFE) 

 
Voltammetric 

Room 
Temperature 

 
0.1 to 2 

ppm 

 
2. 

Mackin et al, ACS 
Appl. Mater. 

Interfaces, 2018, 
10, 16169−16176 

 
Graphene 

 
Chemiresistive 

Room 
Temperature 

 
160ppm 

 
3. 

Kannan et al, J. 
Mater. Chem. A, 

2014, 2,394 

 
α-Fe2O3 

 
Impedimetric 

Room 
Temperature 

100–
1000 
ppm 

 
4. 

Meng et al,  J. 
Mater. Chem. A, 

2015, 3, 1174 

 
Cu2O nanorods/rGO 

Surface-
controlled 
Adsorption 

Room 
Temperature 

 
200 
ppm 

 
5.  

Ghosh et al, RSC 
Adv., 2015, 5, 

50165 

 
RGO–SnO2 hybrid 

Conducting 
hetero junctions 

Room 
Temperature 

25-
2800 
ppm 

 
6. 

Kim et al, J. 
Mater. Chem. A, 
2017, 5, 19116 

 
Chemically fluorinated graphene oxide 

(CFGO) 

 
Chemoresistive 

Room 
Temperature 

100-
500 ppb 

7. Wang et al, 
Sensors and 

Actuators: B. 
Chemical, 2022, 

350, 130854 

SnO2/bionic porous (BP) carbon 
composites 

 

Microwave 
Transduction 
Technology 

Room 
Temperature 

10–200 
ppm 

8. Singh et al,ACS 
Appl. Nano 

Mater., 2020, 3, 
9375−9384 

MoSe2 Crystalline Nanosheets Resistive Room 
Temperature 

1 ppm 

9. Kanaparthi et al, 
Organic 

Electronics ,2019, 
68, 108–112 

polyaniline (PANI) Chemiresistive Room 
Temperature 

200 ppb 
to 3.15 
ppm 

10. Seekaew et al, 
ACS Omega, 

2019, 4, 
16916−16924 

Sn−TiO2@rGO/CNT Resistive Room 
Temperature 

250 
ppm 

 
11. 

Murugappan et al, 
Electrochemistry 
Communications, 
2011, 13, 1435–

1438 

 
Room temperature ionic liquids (RTILs) 

 
 

Electrochemical 

 
Room 

Temperature 

 
50 ppm 
and 185 

ppm 

12. Liu et al, Sensors 
& Actuators: B. 
Chemical, 2020, 

320 ,128318 

biomass hydrogel poly-L-glutamic acid and 
L-glutamic acid (PGA/GA) 

Impedance Room 
Temperature 

0.5 ppm 

13. Yin et al, Journal 
of Alloys and 

Compounds, 2019, 
789, 941-947 

mesoporous NiO Resistive Room 
Temperature 

0.001 
ppm (1 

ppb) 

14. Chen et al, 
Applied Surface 
Science, 2022, 

598,153821 

Core-shell Au@SiO2 nanocrystals doped 
PANI 

Resistive Room 
Temperature 

10 ppb 

15. Tang et al, J Mater graphene oxide (GO) Love mode Room 500 ppb 
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Table 2.1. A comparative study of room temperature ammonia detection considering varied techniques. 

 

Organic electrochemical transistors (OECTs) are promising in this regard due to their low 

operating voltage, ability to operate in aqueous environments, and ease of fabrication. In 

addition, OECTs can detect desired analytes, especially through activation of the active 

material or through a chemical reaction in which the analytes participate as a starting 

material or as a by-product. In addition, OECTs based on poly(3,4-

ethylenedioxythiophene) doped with polystyrene sulfonate (PEDOT: PSS) can be 

integrated into microfluidic systems used in logic circuits. Such integration facilitates the 

detection of biomolecules such as glucose, deoxyribonucleic acid (DNA), 

neurotransmitters, and certain other biomarkers. These devices follow an ion-to-electron 

conversion mechanism that allows easy coupling of biology with electronics.17 – 24 Thus, 

these devices have the advantage of detecting large changes in electron flow even with a 

relatively small ion drift. As such, here we introduced a polyhydroxyl layer (PHD) to 

design a PEDOT: PSS-based OECT to investigate its ability to improve transistor 

efficiency. In addition to being ammonia-selective, the PHD layer also ensures device 

stability, protects the transistor in aqueous environments, and ensures operation under 

room temperature ambient conditions. We confirmed the presence of strong hydrogen 

bonds, N-H stretching and cavity condensation. All these remarkable properties, together 

with the mesoporous nature of the PHD film, contribute to the remarkable response of the 

PHD-OECT-treated solution to ammonia at very low operating voltages of <1V. Table 2.1 

presents a comparative study of ammonia detection at room temperature using different 

techniques developed by researchers. 

 

Sci, 2019, 
54:11925–11935 

Surface acoustic 
wave (SAW) 

Temperature 

16. Song et al, ACS 
Appl. Mater. 

Interfaces, 2021, 
13, 14377−14384 

ultrathin silicon nanowires (SiNWs) Field-Effect 
transistor 

Room 
Temperature 

100 ppb 

17. Garg et al, ACS 
Omega, 2020, 5, 

27492−27501 
 

zeolite imidazole framework / reduced 
graphene oxide (ZIF-67/rGO) composite 

Chemoresistive Room 
Temperature 

74 ppb 

 

 
18. 

 
Present Work 

 
PEDOT:PSS/Polyhydroxyl Derivative 

(PHD) 

Organic 
Electrochemical 

Transistor 
(OECT) 

Room 
Temperature 

 
71.6 
ppb 
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2.2. EXPERIMENTAL SECTION  

2.2.1. MATERIALS AND METHODS 

PEDOT: PSS, Acrylic acid and 30% Ammonia solution were purchased from Sigma-

Aldrich. Glycerol was purchased from Merck and p-toluene sulfonic acid from Loba 

Chemie. CV measurements were carried out using a CH instruments Model 700D series. 

Ag/AgCl was used as the reference electrode and 0.1M NaCl as an aqueous electrolytic 

solution. The thickness of the deposited films was optimized using a Profilometer (Dektat-

150). Field emission scanning electron microscope (FESEM) images were recorded on a 

Sigma Carl ZEISS SEM instrument. FT-IR was recorded on a Perkin Elmer spectrometer 

with samples prepared using KBr into pellets. 

 

2.2.2. SYNTHESIS 

A polyhydroxyl derivative was synthesized by mixing 0.03 mol of Glycerol, 0.09 mol of 

acrylic acid and 0.05 g of p-toluene sulfonic acid together for 30 min. A viscous solution 

was formed after mixing which was used for coating the device. The material has been 

found to be chemically, thermally, and mechanically rather stable for room temperature 

experiments that can be attributed to the cross-linked homogenous texture.25 

 

2.2.3. SENSOR FABRICATION 

Microscopic Glass slides of dimensions 1cm X 2 cm were utilized as substrates which 

were cleaned in Piranha solution for 1 hour and washed several times with deionised 

water followed by sanitation prior to use. The cleaned substrates were then dried; ionized 

and subsequently 100 nm thickness aluminium contacts were thermally deposited on them 

inside the Glove Box. A channel of dimensions 30 mm length (L) and 2 mm width (W) 

was obtained which was used as the Source (S) and Drain (D). 30 nm thick PEDOT: PSS 

films were coated on these aluminium deposited substrates. The coated substrates were 

again heated at 130 °C for 1 hour. The synthesized poly-hydroxyl layer was coated over 

the PEDOT: PSS region and heated at 50 °C for 30 minutes. An ammonia concentration 

of 1µM was used for all the experiments. 
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2.3. CHARACTERIZATION 

2.3.1. ELECTRICAL MEASUREMENTS 

All the electrical characterizations of the devices were carried out under ambient 

conditions at room temperature using a Keithley2614B. A positive Gate bias (Vg) was 

applied with Ag/AgCl electrode and the two aluminium electrodes served as a source (S) 

and drain (D). The ammonia sensing experiments were performed at Drain voltage Vd= -

0.2 V with a Gate voltage Vg sweep ranging from 0 to 1V in 5ml electrolyte solution at 

pH = 7. The analyte and ammonia solutions were confined in 10 mL beaker and mixed 

with electrolyte prior to testing. 

2.3.2. FIELD EMISSION SCANNING ELECTRON MICROSCOPE (FESEM) AND 

X-RAY DIFFRACTION (XRD) 

FESEM images of PHD film on glass slides were recorded on a Sigma Carl ZEISS 

scanning electron microscope at an accelerating voltage of 15kV at different 

magnifications. XRD was recorded on a Bruker D8 Advance model.  

2.3.3. BRUNAUER-EMMETT-TELLER (BET) AND BARRETT-JOYNER-

HALENDA (BJH) 

BET/BJH experiments of PHD were performed on Autosorb-IQ MP instrument to 

understand the porosity of the selective Layer. 

2.3.4. FOURIER TRANSFORM INFRARED ANALYSIS (FT-IR) 

FT-IR was recorded on a Perkin Elmer spectrometer with solid samples prepared using 

KBr into pellets. Selected IR peaks with tentative assignments (nmax/cm-1) were 

recorded. 

2.4. RESULTS AND DISCUSSION 

2.4.1. ELECTRICAL MEASUREMENTS 

The OECT and poly-hydroxyl derivative used for coating are shown in Fig. 2.1(a). The 

electronic transfer characteristic is indicated at Vd = -0.2V and drain characteristics at 

different gate voltages are shown in Fig. 2.1(b). 
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Figure 2.1. Schematic Illustration and the digital image of ammonia sensing device. a) Schematic drawing of the 

device showing various layers and Incorporation of a Mesoporous Layer immersed in an electrolyte solution. b) 

Transfer Characteristics (ID-VG). (Inset top left device setup; inset down right output curves). 

 

The measurements were done under positive gate bias which subsequently changes the 

channel conductance through the injection of ions from the aqueous medium. This 

process, in turn, affects the conductivity of the PEDOT: PSS layer which is referred to as 

doping/de-doping of PEDOT: PSS as depicted in equation 1. 

𝑷𝑬𝑫𝑶𝑻!: 	𝑷𝑺𝑺" +	𝑴! + 𝒆" ⇌ 𝑷𝑬𝑫𝑶𝑻𝟎 +𝑴!: 	𝑷𝑺𝑺"……… (1) 

where, M+ represents a cation and e- an electron.    

 

The transistor characteristics of the PHD-OECT are due to ions acting as charged carriers 

contributing to its high sensitivity. Therefore, these characteristics result in a built-in 

amplification entity (Fig. 2.1b). This system is found to be highly sensitive towards 

ammonia, i.e., it forms an ammonia-sensitive layer. Hence, the presence of a small 

concentration of ammonia is selectively detected. It is found that the electron transfer 

curve shifts significantly upon exposure to different concentrations of ammonia. Various 

analytes, such as urea, thiourea, ethanolamine, diethylamine, FeCl3, hydrazine, NaCl and 

KCl have been tested with this sensor assembly. 
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2.4.2. FESEM and XRD 

 

Figure 2.2 Analytical Imaging and Qualitative Evaluation of Polyhydroxyl Derivative. a) FESEM image of PHD 
at 100X. b) FESEM image of PHD at 500X before exposure to ammonia. c) FESEM image of PHD at 500X after 
exposure to ammonia. d) XRD images of PHD in powder form before and after exposure to ammonia. e)  XRD 
images of PHD in film form before and after exposure to ammonia. 

The surface morphology of the PHD film layer before and after exposure to ammonia can 

be seen in Fig. 2.2 b & c. In Fig. 2.2 a & b, the PHD layer before exposure to ammonia at 

100X and 500X magnification respectively shows well-defined grooves. Exposing it to 

ammonia changes the structural pattern. The XRD data show a shift of peaks after 

exposure to ammonia. Both in powder and film form, PHD is mostly amorphous in nature 

(Fig. 2.2 d & e). This could be one of the factors contributing to the PHD-OECT device's 

high performance at low operating voltages. However, the peak at 20.8° for PHD powder 

(Fig. 2.2 d) shows a shift to 28.48° after exposure to ammonia. Similarly, the peak at 

23.04° for PHD film (Fig. 2.2 e) shows a shift to 32.08° after exposure to ammonia. 

2.4.3. BRUNAUER-EMMETT-TELLER (BET) AND BARRETT-JOYNER-

HALENDA (BJH) 

The adsorption and desorption of N2 in an isotherm determine the presence of pores in the 

material and the likeable cavity condensation. The appearance of hysteresis highlights the 

presence of mesoporous pores in the material (Fig. 2.3a). Since pores of a specific size are 
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filled at higher pressures and expelled at lower pressures, cavity condensation takes place 

during adsorption; and cavity evaporation takes place during desorption. BET experiment 

performed on the samples revealed the porosity of the selective layer. In Figs. 2.3b & 

2.3c, the pore distributions of the selective layer are observed which is in direct contact 

with the electrolyte. Fig. 2.3b shows the pore size distribution calculated through the DFT 

method while Fig. 2.3c is averaged data. In both the figures 2.3 b&c, the presence of 

different pore sizes is observed; however, a maximum of 3 nm pore sizes was noticed. 

Thus, the ions in the electrolyte could easily pass through the porous selective layer to 

dope or de-dope the PEDOT: PSS layer. Although it is possible for the ions of the analyte 

to infiltrate, the selectivity factor, along with attraction and repulsion forces comes into 

play and allows more ammonium ions to be detected. 26-29 

 

2.4.4. FOURIER TRANSFORM INFRARED (FT-IR) ANALYSIS  

FT-IR performed at room temperature on the selective layer, (Figs. 2.3d & 2.3e) on 

pristine and after ammonia exposure confirm the changes occurring after the addition of 

ammonia and resulted in broad peaks at ~3406 cm-1 for PHD w.r.t. 3138 cm-1 for PHD 

without ammonia corresponding to the -OH groups. The peak at 3172 cm-1 and 2947 cm-1 

present in PHD with ammonia is not seen in PHD without ammonia and the peaks at 1732 

cm-1 for PHD without ammonia and 1724 cm-1 for PHD with ammonia confirms the 

formation of ester. The idea of detecting a hydrogen bond (HB) solely on one single site 

can be done by quantum chemical calculation. However, the prediction of H-bonding can 

be made by observing the easily accessible basic sites of PHD for interacting with NH3. 

First, we assume that the interaction with these sites results in H-bonded complexes. It 

could also be demonstrated from the classification of acceptor atoms types in order to 

form hydrogen-bonded complexes and also for forming more effective sites. In this 

context three regions may be recommended to associate with NH3 through hydrogen 

bonds with specific acceptor atoms, say –C-O-C- and –C=O. Accordingly, the utility of 

these sites as criterion sensing of NH3 through H-bond can be understood. These groups 

can be connected to the H-atom of NH3 by a HB and the strength of the bond as well as 

the sensitivity depends on the electron density of these groups to attract hydrogen. HBs 

are ubiquitous in this structure and have been the important focus in sensing processes. 

Many studies have shown that sensing mechanisms can be well-explained by HB 

interactions.30-34 The probe PHD shown in Fig.2.3 d & 2.3 e taken by the IR vibration 
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analysis before and after interaction with NH3 shows that relevant vibrational peaks are 

distinctly shifted. 

 

 

 

 

 

 

 

 

 

Figure 2.3. Surface Area Evaluation for determination of pores, functional groups and characterizing chemical 

bonds formation. a) Isotherm of a Mesoporous PHD Layer when exposed to nitrogen. b) Pore size distribution of 

PHD calculated using BJH-DFT method. c) Pore size distribution of PHD calculated using BJH-Averaged 

method. d) FTIR analysis of PHD before and after exposure to ammonia. e) FTIR analysis of PHD after heating 

and exposure to ammonia resulting in N-H stretching. 

The FTIR spectra of functional groups, -C=O, -C-O-C- and H-N related to HBs show the 

red-shift in vibration frequencies of up to 268 cm−1 (3406→3138 cm−1) (Figs.2.3d & 

2.3e). This red shift indicates the existence of a Hydrogen bond (HB), whereas the blue 

shift indicates its weakening. Analysis of sensing mechanisms can be demonstrated from 

the six nucleophilic sites of PHD. Out of these sites, the most electronegative sites attract 

the H of NH3 although these sites cannot be distinguishable from experimental results. 

Thus, the vibrational spectra confirm the mechanism of HB in the ground state. Presence 

of hydrogen bonding between -C=O group of PHD and ammonia results in the increase of 

-C=O as well as H-N bond length. Fundamentally, the vibrational frequency for these 

bonds will decrease leading to a change in IR stretching frequencies of -C=O (PHD) and 

H-N (ammonia). The IR spectra of PHD after the addition of ammonia have also been 

examined. On heating for 20 minutes, the IR spectra were again taken, showing a slight 

impression of ammonia in the spectra. In Fig. 2.3e, the difference after the application of 

heat could be ascertained. The original IR of PHD could be observed with N-H stretching 
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at 3175 cm-1 which was not found before exposure to ammonia. This can be attributed to 

the formation of strong hydrogen bonds between PHD and ammonia. It proves stable 

hydrogen bond formation between -C=O (PHD) and ammonia at the exposed -C=O 

groups of the material. Moreover, the formation of hydrogen bonds may weakly polarize 

the ammonia molecule which can facilitate the accumulation of more NH3 molecules 

inside the pores of the material and thereby undergo cavity condensation. Thus, both 

hydrogen bonding and cavity condensation operate in this system. The possibility of 

reversibility in this configuration indicates that the device can be reusable with a baseline 

correction. Aggregation of NH3 at the nucleophilic sites i.e. –C=O and –C-O-C- can 

significantly affect the extent of reactivity or selectivity at these regions.  Here, the 

presence of NH3 in IR spectra on heating reveals the importance of H-bond networks 

where it forms strong HB with the analyte. 

2.4.5. GAUSSIAN STUDIES 

  

 

 

 

 

 

 

 

 

 

 

Figure 2.4. Computational Study and molecular electronic structure calculations of PHD. a) Gaussian model of 

the 3D structure of PHD with three acrylate subunits. b) Electronic Cloud Density distribution of PHD. c) 

HOMO of PHD. d) LUMO of PHD. 

The Structure of the PHD derivative may be analysed in the three subunits I, II and III 

(Fig. 2.4a). The configuration of subunit I and II maintain along the same axial plane, 
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whereas unit III lie along the perpendicular of this plane. The acrylate groups are bonded 

to primary carbon centres in subunit I and II, whereas in subunit III the acrylate group is 

attached to the tertiary carbon centre through a carboxylate bond. Hence, the nature of 

electrostatic potential around this monomer PHD may indicate a distinguishable variation 

in electron density. The completely optimized poly-hydroxyl derivative with B3LYP/6-

31G (d,p) method was used for calculating electrostatic potential (Fig. 2.4b). Thus, we 

have computed the EPS profile in the 3D structure of monomer PHD. 

More negative values are found around –C=O of these three regions and less negative or 

positive are found around the rest of the regions. The maximum negative value in regions 

I and II is approximately -4.31 X 10-2 a.u. whereas the value for region III is -4.58 X 10-2 

a.u. Hence, region III may be more perceptive for NH3 or NH4OH (in an aqueous 

solution) than regions I and II. This may be the reason why the PHD material is very 

sensitive towards NH3 or NH4OH (in an aqueous solution). The electron labile property of 

poly-hydroxyl derivative can be related to the energy gap of Frontier orbitals, i.e., 

HOMO-LUMO (Fig. 2.4c). The optimized structure of the PHD derivative using 

B3LYP/6-31G (d,p) was used for calculating HOMO and LUMO energies and Fig. 2.4c & 

2.4d show the electron density distribution. The HOMO-LUMO gap is found to be -6.1 

eV, but the value is much large for electronic conductive material. According to the 

electronic property of the PHD derivative, -C=C- and –C=O groups generally undergo n-

π* and π-π* transitions, but such transition occurs only in the excited states. Hence, 

electronic conduction may not occur in the process of NH3 or NH4OH (in aqueous 

solution) sensing. It is essential to analyze electrostatic potential in the 3D structure of 

poly-hydroxyl derivative. 

2.4.6. SENSING MECHANISM 

The sensing of the transistor is based on the integration of ions in an aqueous solution 

repelled by the positively charged gate and attracted by a negative channel. The species 

sensed acquires a positive charge in an aqueous medium which then associates with the 

poly-hydroxyl layer and gets absorbed by it to further de-dope the PEDOT: PSS polymer 

film to create changes in the I-V characteristics of the device. The absorption /association 

with acrylate polymer film involves different intermolecular interactions like H-bonding, 

Dipolar interaction, London forces, dispersion forces and individual ionic conductivities 

of ions furnished by various species taken into consideration. In this study, we have 

analyzed a large set of species commonly found in Industrial Wastes and Biological 
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Processes, such as Ammonia, Urea, thiourea, diethylamine (DA), ethanolamine (EA), 

Hydrazine, and ionic salts like NaCl, KCl, FeCl3 in order to extract the highest sensitivity. 

The sensitivity profiles of these species depend on attraction forces, repulsion forces, and 

different intermolecular interactions between acrylate polymer and ions furnished by the 

species taken into consideration. As per the results obtained in the process, ammonia 

shows the maximum sensitivity due to H-bonding between the acrylate and NH3 which 

after absorption through the polymer film de-dope the PEDOT: PSS polymer up to the 

maximum extent (Fig. 2.5a).  

In ionic cases like NaCl and KCl, the sensitivity is less due to poor interaction between 

the polymer and Na+/K+ ions. The sensitivity profile clearly shows approximately similar 

values for NaCl and KCl which can be explained on the basis of almost similar ionic 

properties and dissociation of both the salts in water. As NaCl is slightly more soluble in 

water hence it shows a bit more value than KCl. In the case of ionic salts like FeCl3, due 

to more solubility than NaCl and KCl, FeCl3 is showing slightly higher sensitivity but the 

overall sensitivity when compared to NH3 is fairly low due to rapid complexation of Fe3+ 

ions with water molecules to form [Fe(H2O)6]3+ hexaaquairon(III) complex ion. Hence, 

the interaction of Fe3+ has been reduced with the sensing polymer layer which led to a 

sensitivity profile as seen in Fig 2.5a.  

In the case of other organic samples taken into consideration for this study, Urea and 

Thiourea molecules due to high electronegativity of oxygen (O) in urea molecule 

polarization take place leading to less electron density on both the -NH2 groups. This 

results in less association of urea molecule with the acrylate group and is indicated by 

reduced sensitivity of Urea as compared to thiourea. However, overall, they have a very 

high tendency to form Hydrogen bonding with the polymer hence their sensing profile is 

high as compared to other organic samples. In the case of Hydrazine, the molecule exists 

as NH2-NH3+ in water which will associate with polymer but repulsions due to nearby 

second -NH2 group led to less sensitivity than ammonia, urea and thiourea but can be 

comparable to that of ionic salts like KCl and NaCl. The sensitivity of ethanolamine is 

least as compared to rest due to the presence of intra-molecular Hydrogen bonding 

between the -OH group and -NH2 group which will result in less association of 

ethanolamine with the acrylate group of the PHD layer.  

In the case of Diethylamine, the association is somewhat more due to the absence of such 

an electron-rich group. It is less repelled and more associated with the polymer as 

compared to Ethanolamine as seen in the sensitivity profile. Repeatability and 
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reproducibility are two distinguished features of a sensor. The device characteristics were 

measured for the same device multiple times in the same electrolyte solution (Fig. 2.5b). 

The device does not deter away from its original value and is repeatable even after 

successive 10 scans. Four different devices fabricated under the same conditions scanned 

in the same electrolyte solution indicate that our device is reproducible (Fig. 2.5c). The 

values for different concentrations of ammonia were plotted to get the calibration curve 

for the calculation of the limit of detection (LOD) (Fig. 2.5d). Increasing concentrations 

of 1µM ammonia are injected in the electrolyte solution where the device is immersed as 

seen in Fig. 2.1a and the LOD was calculated to be 71.6 ppb. Ammonia exposure of about 

25 ppm for 8 hours is hazardous to health.35 As such; this approach to fabricating OECTs 

could be further explored for improved detection of various analytes in a cost-effective 

manner.

Figure 2.5.  Response of PHD-OECT to common Industrial and Biological Waste Products. a) Sensitivity of PHD 

compared to other analytes. b) Repeatability of the device kept in electrolytic solution. c) Analyzing different 

devices in the same electrolytic solution. d) Calibration Curve of PHD incorporated device after exposure to 

ammonia. 
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2.5. CONCLUSION 
In conclusion, a mesoporous film platform using a vertical OECT has been developed 

utilizing poly(3,4-ethylenedioxythiophene) doped with polystyrene-sulfonate (PEDOT: 

PSS), and ammonia sensing at 71.6 ppb has been achieved. We have demonstrated that the 

sensor assembly has excellent transistor characteristics and can be operated with voltages 

<1V. The poly-hydroxyl film is optimal in an aqueous environment at room temperature 

due to its cross-linked homogenous texture. The developed PHD-OECT is highly sensitive 

and selective for ammonia with the presence of strong hydrogen bond formation and N-H 

stretching. It has been observed that mesoporous pores on the PHD film enhance the 

sensing attributes of PHD-OECT towards ammonia with an excellent electrical response. 

Due to the economic viability of our developed PHD-OECT sensor, this approach can be 

further explored to detect other biological and chemical analytes efficiently. 
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ABSTRACT 
 
The disadvantages of ammonia may be illustrated in two ways i.e., exposure to an 

environment of high ammonia concentration and other is the presence of ammonia inside 

the body. In one direction exposure to ammonia indeed affects the biochemistry of many 

vital organs like kidneys, liver, and stomach in Humans by incorporating it into 

metabolism processes. On the other way, clinically the outcome of the reduced Liver and 

Kidney functions is due to the increase of Blood Urea Nitrogen (BUN) in humans which 

led to higher levels of ammonia concentration in the Skin, nose and Mouth. For both these 

strategies one needs to monitor the ammonia concentration accurately. The techniques of 

detecting precise ammonia concentration are promising for application as a biomarker 

which indeed is essential for the potential identification of these severe diseases in 

Humans. There is a constant need to develop a non-invasive, real-time, precise and fast 

screening device to detect ammonia concentrations for better monitoring of such diseases. 

In this context, low concentrations of ammonia, location and abundance of interference 

are considered great challenges for monitoring specific diseases. Still, almost no suitable 

devices are available to tackle the problems faced in ammonia detection and continuous 

real-time monitoring of ammonia for underlying diseases. Organic Electrochemical 

Transistor (OECT) based device demonstrates the precise and selective detection of 

ammonia suitable for varied applications in health screening protocols. The sensing data 

and results obtained from the OECT device were found to be highly selective for 

ammonia detection as compared to other analytes and interferents thereby making it 

highly useful for clinical applications. 
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3.1. INTRODUCTION 
 
The excessive presence of ammonia both in the environment and in the human body is 

harmful. [1-3] Clinically the presence of ammonia in the human blood serum is a signal of 

developing diseases inside the human organs. [4,5] So, it always gives negative impacts on 

health if abundant in the environment as well as inside the body. [6,7] Hence, effective 

monitoring of NH3 at a very low concentration is of great importance. [8-11] Among the 

various NH3 detection technologies reported so far, chemiresistive, electrochemical, and 

mass-sensitive counterparts due to the distinct merits of handy measurement, easy 

fabrication, and high cost-effectiveness may be mentioned. [12-14] Direct exposure to NH3 

poses a high health risk due to disturbances in the functioning of several organs. Hence 

long exposure to high concentrations of ammonia in the human body is usually related to 

the development of deadly diseases like Chronic Kidney Disease (CKD), Peptic Ulcers 

and even prone to epidemic diseases as well as COVID-19 (SARS - CoV - 2) due to 

reduced immune response. On the other hand, Peptic ulcers commonly caused by 

Helicobacter pylori (H. Pylori) infections can produce ammonia from urea developed in 

the stomach itself. Ammonia is one of the main by-products of human metabolism. 

Ammonia is usually formed in muscles and peripheral tissues, which is further transported 

to the liver for conversion into urea by the urea cycle. The urea cycle takes place in the 

mitochondrion and cytoplasm of hepatocytes (Liver Cells) where conversion of ammonia 

into urea occurs, which is again excreted by kidneys. The main signal for acute and 

chronic liver injury is the elevated level of ammonia, a life-threatening metabolic 

condition known as Hyperammonemia which is considered the main outcome of acute 

and chronic liver injury. Hyperammonemia is the outcome of Child-Pugh grade liver 

cirrhosis [15]. It is a life-threatening condition unless detected at the early stages of the 

disease and in such situations frequent monitoring of quantities of ammonia liberated 

during the metabolic process is necessary. There are several ammonia levels lowering 

therapies that have been constantly used clinically for improvements in acute liver failure 

and chronic liver disease in patients. Under such circumstances monitoring ammonia from 

time to time during therapy is essential. Hyperammonemia is also associated with the 

development of a neuropsychiatric condition known as hepatic encephalopathy which 

complicates the already critical clinical course in such patients. [15-28] In recent studies it 

has been deduced that lowering ammonia concentration by therapies can reverse 

sarcopenia of cirrhosis by restoring skeletal muscle proteostasis.[29-32] Apart from hepatic 
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diseases, Hyperammonemia also causes severe neuro-developmental complications and 

neurodegenerative diseases. Higher ammonia concentrations are evidently related to many 

diseases like urea cycle disorders, hepatic encephalopathy, skeleton muscle proteostasis, 

carcinomas, cirrhosis, renal dysfunction, hepatitis etc.[33-35] The disturbance of ammonia 

cycle enhances the concentration of NH3 and NH4+ in the blood which can be detected 

from the measurement of ammonia concentration in exhaled breath.  

The urea cycle is an energy-dependent process responsible for the conversion of toxic 

ammonia into urea, which can then be excreted. Five major steps are involved in this 

metabolic process, each step requiring a different enzyme. These include N-acetyl-

glutamate synthase, carbamoyl phosphate synthetase (CPS), ornithine transcarbamylase, 

argininosuccinate synthetase (AS), argininosuccinic acid lyase (AL), and arginase. A 

defect in any of these enzymes results in impaired function of the urea cycle, leading to 

the accumulation of ammonia. [36-37] 

Hepatocellular damage and enzymatic defect lead to reduced metabolism of ammonia 

during the urea cycle. Also, infection of certain microorganisms elevates ammonia 

production in the human body. Ammonia being a neurotoxin causes acute or chronic 

neurological symptoms which can be led to life-threatening complications such as 

cerebral edema and herniation of the brain. [38-39] Renal dysfunction attributes to the non-

removal of urea causing excessive build-up of ammonia. This excessive ammonia is 

further transfers the ammonia and ammonium ions into the blood and finally detected in 

exhaled breath. Hence, ammonia in exhaled breath can be a biomarker for identifying and 

monitoring renal disorders. Unfortunately, the COVID-19 pandemic increases patients 

with limited liver and kidney function worldwide. Recent research on the COVID-19 

virus has confirmed the variations in values of various biochemicals in serious patients. 

One of the most common variations is high levels of Blood Urea Nitrogen (BUN) which 

indicates kidney dysfunction based on proteinuria and hematuria. [40-43] Further study 

inferred that high BUN directly indicates a high concentration of ammonia in the breath.  

Also, it has been reported that patients with high Blood Urea Nitrogen (BUN) are the 

indirect way of understanding kidney dysfunction, which can be proteinuria and 

hematuria. 

So, it is evident that ammonia can be used as a biomarker for several infectious and 

terminal diseases. Currently, modelling and quantification of ammonia in whole blood are 

widely used to monitor such diseases. Albeit, current techniques are less effective due to 

the limited range of identification, fewer resolutions, large and complex sensor sizes, low 
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preciseness with high error probability etc. [44] Apart from these limitations, ammonia 

detection techniques require specific sample preparation analyzed by mass spectroscopy 

which requires modern and sophisticated instruments available in big laboratories only. At 

present a precise, fast, non-invasive, inexpensive method to detect ammonia concentration 

is still unavailable for clinical procedures. Alternative methods include the quantification 

of ammonia directly from liver biopsy for accurate diagnosis using commercially 

available kits which are unfriendly to organs. These kits are made up of expensive 

calorimetric assays and are highly sensitive towards ammonia. Also, another disadvantage 

is that even below -80˚C, prolonged tissue storage affects the ammonia concentration of 

the sample which results in lower-than-expected ammonia readings. Hence, there is a 

constant need for developing a novel, precise, non-invasive, inexpensive method to 

measure ammonia in tissue samples. 

Our simple and inexpensive Organic Electrochemical Transistor (OECT) based device is 

able to detect ammonia in blood serum efficiently. The OECT sensor is based on PEDOT: 

PSS polymer with a polyhydroxyl derivative membrane deposited over it resists 

interference from other components of blood [11]. The device exhibits high selectivity and 

sensitivity for ammonia with reliable and precise quantification of ammonia in blood 

serum. The device shows the detection of ammonia at the lowest concentrations which is 

clinically useful for the detection of rare hyperammonemia-related hepatic, kidney and 

neural disorders at the early stage. Our Organic Electrochemical Transistor (OECT) based 

device may be highly useful for the early detection of ammonia-related diseases and 

provide convenient clinical management.[11]  

 

3.2. EXPERIMENTAL SECTION  
3.2.1. MATERIALS AND METHODS 

PEDOT: PSS, Acrylic acid, 30% Ammonia solution, Dulbecco’s modified Eagle’s 

medium (DMEM) was purchased from Sigma-Aldrich. Fetal Bovine Serum (FBS), 

Trypsin, and Pen Strep (Antibiotic) were from Gibco. Glycerol was purchased from 

Merck and p-toluene sulfonic acid from Loba Chemie. All the chemicals were used in this 

experiment as obtained from the supplier. Electrochemical measurements were carried out 

using CH instruments Model 700D series and Keithley 2614B. Ag/AgCl was used as the 

reference electrode and Phosphate buffer solution (10 mM PBS, pH 7.4) as an aqueous 

electrolytic solution.  
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3.2.2. SENSOR DESIGN AND CONSTRUCTION 

As discussed in Chapter 2, 1cm X 2 cm sensor dimensions were fabricated and placed in a 

beaker with PBS as an electrolyte. 

 

3.2.3. SEM/EDX Characterization of PHD  

SEM/EDX mapping for PHD was performed in FESEM GEMINI 300 (CIF, IIT 

Guwahati). The samples were fixed using carbon tape and characterized in FESEM 

GEMINI 300.  

 

3.2.4. DYNAMIC LIGHT SCATTERING (DLS) 

Malvern, Zetasizer Nano ZS90 was used for the measurement of zeta potential and 

particle size in suspensions. 

 

3.3. RESULTS AND DISCUSSION 
3.3.1. Electrical Characterization 

All the electrical characterizations of the devices were carried out under ambient 

conditions at room temperature using a Keithley2614B. A positive Gate bias (Vg) was 

 
Figure 3.1. Response of the Device. a) Transfer Characteristics (ID-VG). b) Drain Characteristics (ID-VD). 

applied with Ag/AgCl electrode and the two aluminium electrodes served as a source (S) 

and drain (D). The ammonia sensing experiments were performed at Drain voltage Vd = -

0.2 V with a Gate voltage Vg sweep ranging from 0 to 0.9V in 5ml electrolyte solution at a 

pH of 7 (Fig. 3.1). The analyte and ammonia solutions were confined for some time in a 

10 mL beaker and mixed with electrolyte prior to testing. 
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3.3.2. STUDY ON SENSING MECHANISM 

Human liver serum specimens were acquired from patients with liver disease undergoing 

treatment at GNRC Hospital (Sixmile, Amingaon). Healthy human serum samples from 

donors were used as controls. Studies clearly demonstrate that the OECT devices can 

function as highly sensitive sensors for the detection of ammonia in PBS. To better 

understand the effect of ammonia on the electrical properties of the sensor device, the 

current intensity of the device was plotted against solution gate voltage in PBS. The 

device recorded a consistent variation of shifts (decreasing shift) with increasing ammonia 

concentrations and an analysis of p-type material was performed. This decreased shift can 

be attributed to the doping effect of PEDOT: PSS upon the binding of ammonia to the 

polyhydroxyl derivative (PHD) which increases the overall resistance of the device 

thereby decreasing the shift in current. 

 

3.3.3. SELECTIVITY AND FUNCTIONALITY OF SENSOR IN 

PHYSIOLOGICAL SOLUTIONS.  

For achieving practicability of the PHD along with sensitivity, the selectivity of OECT 

towards ammonia in an electrolytic system was also tested. During these experiments, 

OECT with several amino acids of biological importance, i.e., amines, and anionic and 

cationic analytes were examined to monitor the selectivity of OECT for ammonia under 

identical conditions (Fig. 3.2). It was observed that other amino groups, such as urea, 

glycine, and tert-butyl-amine, could not give significant current values of OECT. The less 

sensitivity of amino acids is due to their feeble interaction with the PHD sensing layer as 

they exist as Zwitter-ionic form (Intramolecular Acid-Base interactions between the 

carboxylic group and amine group). However, in case of urea and tert-butyl-amine 

interaction with the sensing layer is poor due to less ability for H-Bond formation. Thus, 

the OECT responded to ammonia with outstanding sensitivity and selectivity even in the 

presence of commonly interfering analytes in 10mM PBS; which is a very unique feature 

of this configuration. Ammonia is highly volatile in nature; sophisticated special 

instruments that could work at low pressure for the effective vaporization of ammonia 

have been used. Our OECT-PHD overcomes the room temperature sensing as well as low 

sensitivity and challenges faced by the existing probes. All the above hurdles have been 

subsided completely owing to the very strong hydrogen bonds formed with the newly 

designed OECT sensor (Refer Chapter 2).  These observations with extraordinary efficacy 
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endorse huge application potential for onsite, simple and cost-effective detection of 

ammonia.  

 
Figure 3.2. Selectivity Study of OECT-PHD in Physiological Conditions. 

3.3.4. SEM/EDX STUDY 

EDX (Energy Dispersive X-ray) microanalysis is a method of elemental analysis linked to 

electron microscopy, based on the generation of characteristic X-rays that indicate the 

presence of elements in samples. Many scientists and doctors use EDX microanalysis in 

various fields of biomedicine. However, most of the scientific community is not fully 

aware of its potential applications. EDX is also used in the study of environmental 

pollution and the characterization of mineral bioaccumulating tissues. SEM/EDX studies 

have been widely used to analyze the surface morphology of samples. Surface 

morphology can play a key role in determining the activity, selectivity and stability of a 

material. The position of the peak in the spectrum and its energy identifies the element 

(Fig. 3.3); the area under the peak is proportional to the number of atoms of the element in 

the irradiated region. Figure 3.4a shows a typical EDX pattern for PHD before and after 

NH4+ absorption. EDX pattern (Fig. 3.4a) for unloaded (native) PHD showed no 

characteristic signal for NH4+, while for NH4+-loaded PHD (Fig. 3.4b). A clear signal for 

the presence of NH4+ was observed; which is confirmed by Figure 3.4b. 
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Figure 3.3 Surface Morphology and Elemental Analysis of PHD. a) Before the addition of Ammonia (Inset top 

left C map; inset top middle O map; inset top right N map). b) After the addition of Ammonia (Inset top left C 

map; inset top middle O map; inset top right N map). 

 

 
Figure 3.4. EDX Mapping of PHD Layer. a) Before the addition of ammonia (Inset top left C map; inset top right 

O map). b) After the addition of ammonia (Inset top left C map; inset top middle O map; inset top right N map). 

3.3.5. DLS STUDY 

Furthermore, DLS studies (Table 3.1) performed in aqueous media showed a decrease in 

particle size after the addition of ammonia due to the formation of hydrogen bonds. Along 

with the size, a zeta potential shift has been observed after the addition of ammonia.  

 
Table 3.1. Particle Size and Zeta Potential Values of PHD. 

SIZE 
(nm)

MEAN
(mV)

Z-AVERAGE 
(nm)

PHD 105.7 -1.55 3890
PHD+AMMONIA 135.4 -21.3 332

(a) 

(a) 

(b) 

(b) 
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3.3.6. PERFORMANCE OF A NEWLY-DEVELOPED HUMAN SERUM-BASED 

HYBRID OECT SENSOR  

Using an OECT sensor, we previously demonstrated the performance of a competitive 

assay for the measurement of ammonia molecules. In our previous work, the OECT was 

placed inside the electrolytic chamber, with an average pore size distribution of the PHD 

membrane of 3nm. This pore size is shown to influence the response time of the sensor by 

accelerating the permeation rate of the ammonia molecules, thereby, promoting the overall 

performance of the system. The pore size distribution of the membrane helps to contribute 

to the improvement of the response time of the sensor. We have also tested the 

reversibility and reproducibility of the OECT sensor and compared the outcome results to 

those obtained by the standard colourimetric sensor. This analysis revealed that both 

sensors could detect the varied ammonia concentrations, and in fact, our system produced 

more reproducible results. However, due to the presence of the PHD membrane, the 

OECT sensor remains protected from electrolytes for a relatively long period required for 

the determination of ammonia levels. The presence of a small amount of protein strongly 

affects the indophenol reaction, leading to a complete cessation of the reaction. Therefore, 

it is important to separate NH3 from whole blood and discard proteins. In this process, a 

mesoporous PHD layer is used as a cation exchange membrane. Thus, another possible 

source of interference with the indophenol reaction is proteins. Small amounts of protein 

can inhibit the reaction completely. A PHD cation exchange membrane was used to 

rapidly separate ammonia from whole blood, excluding all proteins. When cast into films, 

usually from a hot-pressed solution, the PHD block is assembled in long-range pores 

surrounded by a cross-linked polymer matrix. The pores are strongly negatively charged 

due to the COO– and OH– groups and are typically 3 nm in size. These pores allow the 

rapid diffusion of hydroxyl-containing molecules and cations, preventing the diffusion of 

anions and macromolecules. The analyte recovery mechanism is ammonium ion exchange 

using a PHD membrane (refer to Chapter 2). Ammonia concentrations were added to the 

spike when ammonia was detected in whole blood. The response to serum ammonia was 

observed at different concentrations (Fig. 3.5). To validate the FDA guidelines and 

effectively quantify human serum NH3 concentrations, future studies can be investigated 

to improve the efficient detection of blood ammonia concentrations that represent levels 

of healthy and diseased cells. 
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Figure 3.5. Current outputs for different ammonia concentrations in patient samples. 

3.4. CONCLUSIONS  
In summary, we have first demonstrated the utility of a bi-layer OECT sensor for label-

free ammonia detection. This sensor was able to detect the clinical ammonia in human 

serum. Moreover, our device proved to be a stable method and has several key 

advantages: (1) it does not consume any enzymes; (2) it is a label-free system; (3) signals 

generated by the device are directly responsible for the analyte; and (4) cost-effective. 

Thus, we believe that this OECT sensor platform will represent a technique for the 

advancement in biomedical sensor technology, and can be further developed into a robust 

and compact wearable online ammonia monitoring system.  
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ABSTRACT 
 
Hepatocellular carcinoma (HCC) is highly malignant affecting particularly in China. The 

poor prognosis of HCC is one of the reasons for late diagnosis during treatment. There are 

many new biomarkers available for HCC diagnosis. However, limited numbers are 

clinically used in clinical practice. It is still a clinical challenge to develop an early and 

differential diagnosis of HCC from cirrhosis and/or hepatitis. Metabolomics and 

biochemical methods were used to reveal specific serum biomarkers of HCC. Not only 

urea was the specifically elevated serum biomarker of HCC patients but also the plasma 

ammonia of HCC patients was significantly found higher than normal adults. As such 

normal liver cells can better cooperate to metabolize ammonia into urea in comparison to 

cancer cells. If we consider the urea cycle, detoxification of high concentrations of 

ammonia lead to cancer cell proliferation. Therefore, urea was a by-product of ammonia 

metabolism and could be a potential serum biomarker for HCC. Rapidly growing cells, 

particularly cancer cells, consume nutrients voraciously and generate excess metabolic 

waste. One such by-product, ammonia, is normally transported in blood vessels to the 

liver, where it is converted into less toxic substances and excreted from the body as urea. 

Tumours, however, have few blood vessels, and as a result, ammonia accumulates in the 

tumour's local environment at concentrations that would be toxic for many cells. The 

combined application of metabolomics and biochemical methods can discover new 

biomarkers for the early diagnosis of HCC and be quickly applied to clinical diagnosis. 

So, the PEDOT: PSS-based PHD has been used as an efficient biosensor for the detection 

of HCC.  
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4.1. INTRODUCTION  
 
According to the World Health Organization (WHO) reports more than 1 million patients 

will die of liver cancer by 2030. New cases and deaths related to liver cancer in 

developing countries like China account for about 50% of the world’s. [1-6] Hepatocellular 

carcinoma (HCC) is highly malignant and usually diagnosed at an advanced stage, 

accounting for over 80% of primary liver cancers. [7-8] The diagnosis of HCC still depends 

on imaging (ultrasound B, CT or MRI) and alpha-fetoprotein (AFP) in clinical practice. [9-

13] Early diagnosis and a better understanding of the molecular mechanisms leading to 

HCC occurrence and progression may be considered urgent clinical research. Detection of 

HCC at the early stage is not easy work despite tremendous efforts that have been made to 

discover new biomarkers.[14-16] However, their sensitivity and/or specificity are not 

satisfactory. Metabolic reprogramming is a recognized hallmark of cancer. [17] Metabolites 

can regulate gene and protein expressions, and metabolic proteins and/or metabolites are 

potential diagnostic and prognostic biomarkers. [18-21] It has been known that certain 

metabolites, such as lactate and amino acid, and their changes in serum may reflect 

metabolic changes in tumour tissue. [22-23] Many studies were devoted to discovering 

serum biomarkers of HCC diagnosis from the aspect of metabolites. Ping Luo et al. [24] 

defined a group of biomarkers of serum metabolites, including phenylalanyl-tryptophan 

and glycine chelate. This panel has a higher diagnostic performance. Tomoyoshi Soga et 

al. [25] revealed that γ-glutamyl dipeptides are new biomarkers for liver disease and can 

distinguish different liver disease progressions. These studies may reflect various 

metabolic aspects of HCC. Still, lack of sufficient validation restricts further clinical 

applications of these biomarkers, because most laboratories cannot access mass 

spectrometers for easily detecting metabolites. Moreover, it is not possible to elucidate the 

underlying molecular mechanism. Usually, cancer cells are highly dependent on glutamine 

for survival and cell proliferation. Glutamine catabolism is accompanied by the secretion 

of alanine and ammonia, leading to most of the amino groups of glutamine being lost 

from the cell instead of being incorporated into other molecules [26]. Together with another 

amino acid metabolism, they lead to the accumulation of ammonia in the tumour 

microenvironment. Hence ammonia metabolism plays different roles in cancers. Most 

researchers believe ammonia is a toxic cellular by-product of glutamine metabolism [27,28] 

and needs to be metabolized into a non-toxic form, such as urea, to be excluded from the 

body. But Jessica B et al. prove that breast cancer cells can recycle glutamine amide for 
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biosynthesis. [29] Therefore, the role of ammonia in cancer cells remains to be determined. 

The liver represents a perfect metabolic model that governs body energy metabolism 

through different metabolites’ physiological regulation, including sugars, lipids, amino 

acids, and the urea cycle.  

So, one can consider ammonia (NH3) as a toxic cellular by-product of glutamine 

metabolism and accumulates in all tissues of the body during the metabolism of a variety 

of compounds. At physiological pH, ammonia exists as the ammonium ion (NH4+). The 

body produces ammonia mainly through transamination and deamination of biogenic 

amines, amino groups from nitrogenous bases such as purine and pyrimidine, and 

intestinal bacteria by the action of urease on urea in the intestine. Ammonia disposal takes 

place primarily by the hepatic formation of urea. Hence, the blood level of ammonia must 

remain very low because even slightly elevated concentrations (hyperammonemia) are 

toxic to the central nervous system (CNS). [30] 

On the other hand, a metabolic mechanism exists by which nitrogen is moved from 

peripheral tissues to the liver for its ultimate disposal as urea, while at the same time 

maintaining low levels of circulating ammonia. Enzymes that function in the urea cycle 

synthesize NH3 in vitro. Myeloma is associated with an excess of NH3 in the cellular 

microenvironment. This condition may be due to the reliance of tumour cells on 

glycolysis for the production of energy, which reduces the requirement for mitochondrial 

phosphorylation. The analysis of protein biomarkers is of great importance in the 

diagnosis of diseases.[31] 

 Although many convenient and low-cost electrochemical approaches have been 

extensively investigated, they are not sensitive enough in the detection of protein 

biomarkers with low concentrations in physiological environments. Here, this study 

reports a novel organic-electrochemical-transistor-based biosensor that can successfully 

detect cancer protein biomarkers with ultrahigh sensitivity. The ultrahigh sensitivity of the 

protein sensors is attributed to the inherent amplification function of the organic 

electrochemical transistors. In this work, we focus on developing highly sensitive and 

low-cost biosensors and the clinical application for the detection of ammonia biomarkers 

in future. 
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4.2. EXPERIMENTAL SECTION  
4.2.1 MATERIALS AND METHODS 

PEDOT: PSS, Acrylic acid, 30% Ammonia solution, Dulbecco’s modified Eagle’s 

medium (DMEM) was purchased from Sigma-Aldrich. Fetal Bovine Serum (FBS), 

Trypsin, and Pen Strep (Antibiotic) were from Gibco. Glycerol was purchased from 

Merck and p-toluene sulfonic acid from Loba Chemie. All the chemicals were used in this 

experiment as obtained from the supplier. Electrochemical measurements were carried out 

using CH instruments Model 700D series and Keithley 2614B. Ag/AgCl was used as the 

reference electrode and Phosphate buffer solution (10 mM PBS, pH 7.4) as an aqueous 

electrolytic solution.  

 

4.2.2. THERMOGRAVIMETRIC ANALYSIS (TGA) AND DIFFERENTIAL 

SCANNING CALORIMETRY (DSC) 

TGA of the polymers was performed on a Perkin Elmer TGA 4000 instrument at a heating 

rate of 10 °C/min with a nitrogen flow rate of 20 mL/min.  

 

4.2.3. SENSOR DESIGN AND CONSTRUCTION  

As discussed in Chapter 2, 1cm X 2 cm sensor dimensions were fabricated and placed in a 

beaker with PBS as an electrolyte. 

 

4.2.4.  CELL STUDIES 

For undertaking cancer cells studies, the cell lines liver hepatocellular carcinoma cells 

(HepG2), Human cervical carcinoma (HeLa), Human breast adenocarcinoma cells (A549) 

and human embryonic kidney cells (HEK-293) were procured from NCCS, Pune. The 

cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 

10% FBS (Fetal Bovine Serum) and antibiotics (Pen Strep) maintained at 5% CO2 and 37 

°C in a humidified incubator.  

 

4.2.5.  CELL CULTURE FOR CONFOCAL MICROSCOPY IMAGING 

For the experiments, the cells HEPG2, HeLa, A549 and HEK-293 were trypsinized and 

105 cells/mL were seeded in 35 mm tissue culture plates and were allowed to attach for 24 

h at 5% CO2 at 37 °C in a humidified incubator. 0.1M NH4Cl was added to the cells. The 

attached cells were given PBS wash once and were added to the tissue culture plates. The 
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cells were then allowed to incubate with 0.1M NH4Cl for 3 hrs. The cells not treated with 

0.1M NH4Cl served as the control group.  

 

4.2.6. ELECTRICAL CHARACTERIZATION 

All the electrical characterizations of the devices were carried out under ambient 

conditions at room temperature using a Keithley2614B. A positive Gate bias (Vg) was 

applied with Ag/AgCl electrode and the two aluminium electrodes served as a source (S) 

and drain (D). The cell sensing experiments were performed at Drain voltage Vd = -0.2 V 

with a Gate voltage Vg sweep ranging from 0 to 0.9V in 5ml electrolyte solution at a pH 

of 7.4.  

 

4.3. RESULTS AND DISCUSSION  
4.3.1 ELECTROCHEMICAL DETECTION OF HepG2 CELLS 

 

 
Figure 4.1. Schematic Illustration of cell sensing device showing various layers and Incorporation of a 

Mesoporous Layer.  

Ammonia metabolism of hepatocytes was monitored for efficient local transduction of 

biological signals and diagnosing pathological conditions. Traditional devices used to 

record electrophysiological signals are passive electrodes that require pre-amplification 

with downstream electronics. Here, we show that the uptake of ionic charge from an 

electrolyte into a poly(3,4-ethylenedioxythiophene) doped with polystyrene sulfonate 

PEDOT:PSS
Al

Al

G

PHD
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(PEDOT: PSS) OECT channel leads to a dependence of the effective capacitance on the 

entire volume of the film (Fig. 4.1). Subsequently, device characteristics and time 

response vary with channel thickness, a defining characteristic that differentiates OECTs 

from field effect transistors and provides a new degree of freedom for device engineering 

to impart richer signal content without the need for additional amplification circuitry (Fig. 

4.2). We also show that the materials of merit OECTs is the product of hole mobility and 

volumetric capacitance of the channel, leading to design rules for novel high-performance 

materials. The NH3 readily diffuses across the cell membrane, following the chemical 

potential gradient. Thus, the real-time imaging of NH3 release from cells to the cellular 

microenvironment could play a vital role in exploring the behaviour and heterogeneity 

among tumour cells. However, analyzing metabolites released from cells to the 

surroundings is difficult due to rapid fluctuations and dilution which obscures the cellular 

activities.  

 

Rapidly growing cells, especially cancer cells, voraciously consume nutrients and produce 

excess metabolic waste. However, tumours have few blood vessels and as a result, 

ammonia accumulates in the local environment of the tumour in concentrations that would 

be toxic for many cells. Normal cells have an extracellular pH between 7.2 and 7.4, while 

cancer cells have a pH between 6.2 and 6.9. With a dissociation constant (pKa) of 9.3, 

NH4+ constitutes ≈ 99% of the total ammonia (NH3 + NH4+) concentration at a 

physiological pH (7.1–7.5). In its ionized form, NH4+ is relatively impermeable to cell 

membranes. At pH > 6.8, exhibiting rapid protonation of NH3 in the cellular 

microenvironment causes a constant flow of NH3 from the cells to the surroundings, 

which raises the pH of the cellular microenvironment.  Hence, the NH4 + in the cellular 

microenvironment interacts with the opposite charge COO− of PHD. This reduces the net 

charge density and forms hydrogen bonding, leading to the detection of cancerous cells.  

 

Therefore, our research uses quantitative targeted metabolomics to screen for HCC and in-

depth verification using biochemical analysis methods. Ammonia is a potential biomarker 

of HCC, and combining it with an OECT configuration could improve the detection 

efficiency of HCC. Normal liver cells and cancer cells metabolize ammonia into urea, 

leading to a decrease or elevated serum urea in HCC patients. These cells have a high rate 

of glutaminolysis and release ammonia (NH3) as a by-product, which may function as a 
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diffusible signal among cancer cells and can reveal cellular heterogeneity. An organic 

electrochemical transistor (OECT) coupled with a porous polyhydroxyl derivative 

 
Figure 4.2. OECT-PHD Hybrid Sensor Characteristics. a) Transfer Characteristics (ID-VG). b) Drain 

Characteristics (ID-VG). 

(PHD) serves as a tool to investigate the release of NH3. The designed device is able to 

detect NH3 release from the cell when put in an unstable stressful environment. The 

various cell lines significantly differ in their response. The sensor comprises a modified 

OECT configuration, which resists sources of destructive interferences, in conjunction 

with a cation-exchange membrane. The presented sensing scheme is selective against 

other amine-containing molecules such as amino acids and is room temperature stable 

(Chapter 2 & 3). Additionally, the resulting system has high sensitivity and allows for the 

accurate reliable detection of ammonia, which is clinically relevant for rare 

hyperammonemia disorders and liver disease.  

 
One major advantage of using the OECT-PHD for determining HepG2 concentrations is 

that it does not require any biological components such as enzymes, which are high in 

cost and may arise certain stability issues. A concentration of 0.1M was utilized for 

ammonia to ensure the selectivity of HepG2. In order to rapidly detect HepG2 from other 

cell lines, PHD: ammonia selective layer. When cast into films, usually from solution in a 

hot press, the PHD aggregates into a porous matrix. The pores are highly negatively 

charged due to the presence of oxygen centres and are generally 3 nm in size. These pores 

allow for the rapid diffusion of hydroxyl-containing molecules and cations while 

inhibiting the diffusion of anions and macromolecules.  
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The ion exchange of ammonia through the use of a PHD membrane is the mechanism 

utilised for detecting HepG2. Furthermore, we proved the underlying mechanism by direct 

contact cell model. Normal liver cells metabolize the ammonia to urea whereas HCC cells 

are unable to which may be the reason for the elevated serum ammonia in HCC patients.  

 
4.3.2. THERMOGRAVIMETRIC ANALYSIS (TGA) AND DIFFERENTIAL 

SCANNING CALORIMETRY (DSC) 

 
Figure 4.3. Thermal Degradation of PHD showing the stability of the material. 

In figure 4.3, Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry 

(DSC) of the selective layer were recorded for the temperature range of 20-800 °C. This 

test was done to know the stability of the material. From the TGA data, we can see the 

selective layer undergoes a weight loss due to breaking of weak bonds of the polymer at 

around 180 °C. A second humf around 340°C signifies further weight loss due to breaking 

of strong bonds of the polymer. Sudden drop in TGA curve at around 450°C represents the 

complete degradation of the polymer. The DSC Curve shows the Glass transition of the 

polymer at 210 °C and the crystallisation exothermic peak at 447°C. On further heating, 

the polymer melts which can be associated with endothermic inverted peak around 570 

°C. After melting, the polymer exhibits strong crosslinking and oxidation (decomposition) 

leads to continuos energy release (exothermic profile) which is evident by monotonously 

increasing DSC curve at end. 
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4.3.3. REAL-TIME ELECTRICAL DETECTION OF HEPG2 CELL LINE USING 

AMMONIA AS BIOMARKER 

 
Figure 4.4. Selectivity Study of different cell lines. 

We also evaluated real-time monitoring of ammonia released by living cells. Going a step 

further, we also performed in vitro studies to test the performance of the OECT-PHD 

ammonia sensor for real-time detection. Here, the real-time electrical measurements were 

conducted at a constant bias voltage. Devices were kept in a 10 mM phosphate-buffered 

saline (PBS) (pH 7.4). Our device exhibited current readouts on the addition of 

untreated/treated cells. We used 0.1M NH4Cl as a precursor to releasing ammonia in PBS 

(pH 7.4) and DMEM. Upon the introduction of HepG2 cells in PBS the conductance of 

our device exhibits a noticeable change. On the contrary, such changes in conductance 

were not shown/negligible for other cell lines like HeLa, A549 and HEK-293 etc. As a 

control experiment, cells were cultured in culture media and taken out before the electrical 

measurement. In another set of experiments, cells were incubated in ammonia for 3 hrs 

and electrical measurements were carried out. When cells were added to the aqueous 

solution, a change of conductance was observed (Fig. 4.4). The conductance of another 

control device with ammonia stimulation further shift of current was observed. These 

studies further demonstrate the capability of our device to detect cancer cell lines with fast 

response in complex biological systems. 
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This study clearly demonstrates that the OECT-PHD device can indeed respond 

specifically to HepG2 in PBS and DMEM solutions. As the conductance change of the 

sensor originates from the doping effect, it is expected that the sensor should exhibit 

higher sensitivity. Thus, the OECT–PHD devices can function as highly sensitive sensors 

for the detection of HepG2 in both PBS and cell media. To better understand the effect of 

ammonia on the electrical properties of the sensor device, the conductance of the device 

was plotted against the solution gate voltage. The OECT-PHD devices show a consistent 

shift with increasing ammonia concentration as seen in Chapter 2. This shift can be 

attributed to the doping effect of the OECT-PHD complex on the PEDOT: PSS channel 

upon the binding of HepG2. Therefore, the binding of ammonia to PHD is equivalent to 

partial electron doping to an OECT-PHD device. This electron-doping effect explains the 

shifting of the current upon the introduction of HepG2 and is consistent with the reduction 

of conductance in the hole transport branch of the OECT-PHD devices.  

 

4.3.4. CELL IMAGING 

The cell imaging studies were performed with a fluorescence microscope (480nm) and 

confocal microscope (488nm). For performing the studies on the cells HEPG2, HeLa, 

A549 and HEK-293 were grown and seeded at a density of 1,00,000 cells/mL in tissue 

culture plates. The cells treated with 0.1M NH4Cl were given PBS wash and 10µL of 

Acridine orange (for staining live cells) of a concentration of 1mg/mL was added evenly 

on the cells and were incubated for 15 min at 37 °C. The excess dye was removed using 

PBS wash. This was followed by the addition of 10µL Propidium Iodide (for staining the 

dead cells; 1mg/mL) and incubation of 15 min at 37 °C. The excessive dye was washed 

using PBS and the cells were fixed using 0.1% formaldehyde and 70% chilled ethanol. 

The cells were observed under a fluorescence cell imager (Bio-Rad, ZOE) and Confocal 

Laser Scanning Microscope (Zeiss, LSM 880). 

This study confirms the selectivity of HEPG2 cell line with ammonia as biomarker (Fig. 

4.4) detected by our OECT-PHD Hybrid Platform. As seen in Figure 4.5 & 4.6, 

fluorescence was negligible in case of HEK-293 and A549 respectively. Confocal Study 

of Hela and HepG2 (Fig. 4.7 & 4.8) was performed to get better realization of the 

difference in selectivity of the two cell lines). HepG2 cell line (Fig. 4.8) gives better 

fluorescence confirming our device selectivity. 
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Figure 4.5. Fluorescence Imaging of HEK-293 in a) Before the addition of ammonia (Bright field); b) After the 

addition of ammonia (Green Field). 

 

 
Figure 4.6. Fluorescence Imaging of A549 in a) Before addition of ammonia (Bright field); b) After addition of 

ammonia (Green Field). 

 

 
 

Figure 4.7. Confocal Imaging of HeLa in a) Before addition of ammonia (Bright field); b) After addition of 

ammonia (Green Field). 

(a) 

(a) (b) 

(b) (a) 

(b) 

TH-3255_156153005



CHAPTER 4                                                                   DIAGNOSTIC TOOL – HCC                                                       

 

71 
 

 
 

Figure 4.8. Confocal Imaging of HEPG2 in a) Before addition of ammonia (Bright field); b) After addition of 

ammonia (Green Field). 

 

4.4. CONCLUSION 
Direct measurement of ammonia with OECT–PHD sensor can be readily used to measure 

ammonia released by liver cells. This study demonstrates the utility of ultra-microscale 

ammonia detection and quantification. Here, we have demonstrated the detection of 

ammonia with respect to HCC cells compared to other standard end-point assays, such as 

immune fluorescence. Hence, the combination of metabolomics and routine testing can 

reveal the potential serum biomarkers of HCC, and quickly promote the application. 

Ammonia is a potential biomarker of HCC, and combining it with an OECT–PHD sensor 

can improve the diagnostic efficiency of HCC. The prospect of this work will benefit from 

harnessing the development of the hybrid OECT-polymer devices, as an example of 

cheap, easy-to-fabricate as well as real-time monitoring of metabolites. 
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ABSTRACT 
Cancer cells grow very quickly, consuming nutrients from the body and also producing 

additional metabolic waste. Ammonia is one such metabolic waste by-product that is 

normally transported through blood vessels to the liver, where it is converted into less 

toxic substances and excreted from the body in the form of urea. It was also found that 

ammonia accumulates in the local environment of the tumour, where there are few blood 

vessels. The concentration of ammonia in such an environment causes toxicity to the 

surrounding cells. Due to the lack of early screening strategies, cancer is the most lethal 

cause of malignancy and death. Thus, the work showed an effective method to detect 

cancer cells using folic acid (FA) conjugated with our modified organic electrochemical 

transistor (OECT). Electrochemical biosensors offer rapid detection, low cost, portability, 

and ease of use. There are many applications in the field of nanotechnology to improve 

the sensitivity of biosensors, especially in the context of polyhydroxy derivative OECT 

prepared by thermal decomposition and then covalently conjugated with FA. The OECT-

FA configuration can stably adhere to the surface of HeLa cells by binding to the 

overexpressed folate receptor (FR), enabling cell detection. The study suggested the 

possibility of early detection of HeLa cells, which can improve the overall survival of 

cancer patients in clinical applications. Here, we present an FA-modified substrate 

integrated with an organic electrochemical transistor. Our goal is twofold: first, to 

establish a platform for host cells in a more physiologically relevant environment, and 

second, to demonstrate the efficient integration of different cancer cell detection 

techniques. Overall, this platform enables large-scale screening for in vitro drug 

development and toxicology testing and addresses the existing gap in sensor integration in 

microfluidic devices. This platform provides development and evaluation for oncologists 

to effectively expand cancer treatment research. 
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5.1. INTRODUCTION 
In recent years, cancer is rapidly becoming the number one killer in many countries. In 

preclinical testing research, there is a great need to develop faster and easier methods to 

investigate cancer cells, especially the development of a strategy to identify cancer cells 

would greatly affect the clinic, suppressing additional therapies. Traditional methods 

currently used mostly in preclinical testing and cancer cell biology include cytological 

testing, fluorescent imaging, and radioactive detection [1-4]. These techniques often require 

extensive experimental processes and rigorous laboratory conditions in addition to 

instrumentation and expense. However, there is still no universally accepted test. 

Therefore, it is necessary to develop a viable method sensitive and specific enough to 

detect cancer cells. Although many biochemical and physical assays are used to study cell 

physiology and pathology in various environments, label-free methods are preferred for 

cell characterization or monitoring. As we know, one of the non-invasive methods for cell 

characterization has been the use of electrochemical impedance spectroscopy (EIS), which 

provides the frequency-dependent electrical properties of cells related to cell physiology 

or morphology[5-9]. In this approach, the electrical properties of a single cell were 

quantitatively evaluated from the measured impedance of cell suspensions [10,11] or of cells 

embedded in a nucleopore filter[12]. Cancer cells are captured and immobilized before 

detection on the electrode surface. 

 

A major challenge in cancer treatment today is to achieve a satisfactory balance between 

the destruction of cancerous tissues and the destruction of healthy tissues, including 

damage to the immune system and highly proliferative cells (gastrointestinal epithelium 

and hair follicles). Thus, the detection of cancer cells at a fairly early stage, i.e. in a 

manageable stage for possible treatment, is essential. As such, recently developed 

nanotechnology techniques bring hope to the world of oncology research [13]. 

Nanotechnology is currently being tested and used, but improvements to current 

technologies and the development of new ones are needed for cancer detection, prevention 

and treatment. When we look at the tumour microenvironment, passive targeting is a well-

known process. In cancer cells, the cytosol tends to be acidic, and at its low pH, some 

drug conjugates can degrade entering the cancer cells, resulting in the release of the active 

drug into the target tissues [14]. Even when the drug is administered locally to the tumour 

tissue, systemic blood flow to the surrounding tissues is usually blocked [15]. Therefore, 
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locally elevated drug concentrations are allowed in cancer cells without causing toxicity 

to the surrounding tissues [14]. The advantage of passive targeting is that it can distinguish 

cancer cells from healthy cells and tissues. In general, cancer cells leak into the 

vasculature and maintain an acidic tumour microenvironment [15]. This is because rapidly 

growing cancer cells consist of defective vascular structures that are more permeable to 

macromolecules than normal tissues. This increased permeability makes cancer tissues 

easily accessible to chemotherapeutic agents, and the lack of lymphatic drainage in the 

tumour bed leads to the accumulation of drugs in cancer cells [15]. This effect is called the 

enhanced permeability and retention (EPR) effect, which can interfere with the cell's 

ability to take up essential nutrients and oxygen [16]. Some studies have used the high-

affinity vitamin folic acid receptor (folate receptor) as a target [17]. The folic acid receptor 

appears to be a promising target for cancer therapy and detection. 

 

In recent years, folate receptors (FRs) have been used as a strategic target in cancer 

detection and diagnosis. [21-23] FRs are folate-binding proteins with a high affinity for folic 

acid (FA) (Kd ¼ 0.1-10 nM) and a molecular weight of 38 kDa. They are overexpressed 

on the surface of cancer cells or cells infected with parasites that cause tropical diseases 

such as leishmaniasis [24,25]. Various methods have been developed to detect FR, including 

cytological testing, fluorescence imaging, and radio labeled assays.[26-28] Although the 

effectiveness of these methods has not yet been questioned, most of them are expensive 

and time-consuming processes to implement. Also, some of these approaches involve 

more serious radioactive risks due to the use of radio labeled tests in the testing process[26, 

27]. It is extremely important and important to develop new methods and techniques for FR 

expression. Electrochemical methods have received considerable attention in the 

development of biosensors for the detection of disease markers due to their simplicity, 

speed, and convenience. [29,30]  

 

FA is an attractive ligand useful for targeting cell membranes. The high affinity between 

FA and FR suggests the use of FA as a biosensing element in the construction of 

electrochemical sensors. This interaction leads to the blocking of electron transfer across 

the insulating cell membrane and an accompanying decrease in current.[31-33] Cyclic 

voltammetry and impedance spectroscopy were used to characterize the interaction 

between an FR cell and an FA-operated transducer. Various materials such as gold 

nanoparticles, polydopamine-coated carbon nanotubes, polyaniline nanofibers/gold 
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nanoparticles, and boron-doped diamond electrodes functionalized with folic acid for 

electrochemical detection of cellular folate receptors have been used as sensors. [34-36] 

 

The folate receptor, a glycosylphosphatidylinositol-anchored cell surface receptor, is 

overexpressed in most cancer tissues, while its expression is limited in healthy tissues and 

organs [18]. Folic acid receptors are highly expressed in epithelial, ovarian, cervical, breast, 

lung, renal, colorectal, and brain tumours [19]. Folate, also known as pteroyl glutamate, is a 

nonimmunogenic water-soluble B vitamin essential for DNA synthesis, methylation, and 

repair (folate is used to synthesize thymine). Folic acid is compact (441 Da), stable over a 

wide temperature and pH range, inexpensive and non-immunogenic, and retains its ability 

to bind to the folate receptor after conjugation species or diagnostic markers [20].  The folic 

acid/folate receptor interaction can be targeted to imaging cancer cells by attaching 

imaging probe molecules to folate. Probe/folate conjugate detection methods are non-

invasive, making them very attractive for use in localizing and staging folate receptor-

positive cancers. FR is also an identified tumour antigen/biomarker.[13][23][37] Therefore, 

diagnostic and therapeutic methods for cancer are being developed that utilize FR activity. 

FR is a growing therapeutic target in the diagnosis and treatment of cancer and chronic 

inflammatory diseases.[25] FR expression is selectively increased in certain malignant cells 

and activated macrophages. [38,39]  

  

FA has a high affinity for cell surface receptors. In addition, it is non-immunogenic, very 

stable, inexpensive and of small molecular size. Among the various forms of cancer, solid 

tumours are a particularly aggressive and fast-growing form, most of which overexpress 

the folic acid receptor, such as ovaries, kidneys, lungs, brain, endometrium, pancreas, 

stomach, prostate, testicles, bladder, head and neck cancer, breast cancer, and non-small 

cell lung cancer.[13][23] The voltammetric behaviour of HeLa cells was measured using a 

graphite electrode as the working electrode and cell suspensions in phosphate-buffered 

saline (PBS). The analysis showed a peak anodic current but no peak cathodic current. 

The oxide peak was significantly reduced or disappeared in the second scan compared to 

the first scan [40,41]. Since electron transfer rates at carbon electrodes are often slower than 

at metal electrodes, the gold electrode potentially offers very favourable electron transfer 

kinetics and a large anodic potential range. We currently used immobilized living HeLa 

cells for electrochemical detection and viability of living cancer cells. [42-44] The emerging 

field of organic bioelectronics provides access to unique tools for label-free real-time 
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sensing, potentially bridging the gap between rigid, difficult-to-integrate sensors. An 

OECT is an organic electrochemical transistor (OECT), a class of organic devices. which 

contains a thin layer of conductive polymer as active material. OECTs are tripolar devices 

(source, drain and gate) where a conductive layer is deposited between the source and 

drain to form a transistor channel. The transistor channel is usually in direct contact with 

the electrolyte, which also has a gate electrode inside. Poly(3,4-ethylenedioxythiophene): 

poly (styrene sulfonic acid) (PEDOT: PSS) is a conductive polymer commonly used as an 

active OECT layer due to its easy processability, chemical tunability, and 

biocompatibility.  

 

This work involved the fabrication of an OECT folic acid-modified biosensor for the 

detection of human cervical cancer cells (HeLa). The OECT-FA conjugate could improve 

the proliferation and attachment of FR and HeLa cancer cells. This may indicate a 

decrease in faradic current. Developed may be useful for selective monitoring of living 

cells targeting folic acid receptors in physiologically relevant fluid environments. The 

OECT-FA configuration is used to diagnose diseases in which FRs are overexpressed in 

cancer cells. 

 

5.2. EXPERIMENTAL SECTION  
5.2.1. MATERIALS AND METHODS 

PEDOT: PSS, Acrylic acid, 30% Ammonia solution, Dulbecco’s modified Eagle’s 

medium (DMEM) was purchased from Sigma-Aldrich. Fetal Bovine Serum (FBS), 

Trypsin, and Pen Strep (Antibiotic) were from Gibco. Glycerol was purchased from 

Merck and p-toluene sulfonic acid from Loba Chemie. All the chemicals were used in this 

experiment as obtained from the supplier. Electrochemical measurements were carried out 

using CH instruments Model 700D series and Keithley 2614B. Ag/AgCl was used as the 

reference electrode and Phosphate buffer solution (10 mM PBS, pH 7.4) as an aqueous 

electrolytic solution.  

 

5.2.2. CELL STUDIES 

For undertaking cancer cells studies, the cell lines liver hepatocellular carcinoma cells 

(HepG2), Human cervical carcinoma (HeLa), Human breast adenocarcinoma cells 

(MDA_MB_231) and human embryonic kidney cells (HEK-293) were procured from 
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NCCS, Pune. The cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) 

supplemented with 10% FBS (Fetal Bovine Serum) and antibiotics (Pen Strep) maintained 

at 5% CO2 and 37 °C in a humidified incubator.  

5.2.3 SENSOR DESIGN AND CONSTRUCTION  

As discussed in Chapter 2, 1cm X 2 cm sensor dimensions were fabricated and placed in a 

beaker with PBS as an electrolyte. 

 

5.2.4 CELL CULTURE AND CONFOCAL MICROSCOPY IMAGING 

For the experiments, the cells HEPG2, HeLa, MDA_MB_231 and HEK-293 were 

trypsinized and 105 cells/mL were seeded in 35 mm tissue culture plates and were allowed 

to attach for 24 hour at 5% CO2 at 37 °C in a humidified incubator.  - 30mg/mL was 

added to the cells. The attached cells were given PBS wash once and were added to the 

tissue culture plates. The cells were then allowed to incubate with Folic acid for 3 hrs. The 

cells not treated with Folic acid served as the control group.  

 

5.2.5 CELL IMAGING 

The cell imaging studies were performed with a fluorescence microscope. For performing 

the studies on the cells HeLa and MDA_MB_231 were grown and seeded at a density of 

1,00,000 cells/mL in tissue culture plates. The cells treated with Folic acid were given 

PBS wash and 10µL of Acridine orange (for staining live cells) of a concentration of 

1mg/mL was added evenly on the cells and were incubated for 15 min at 37 °C. The 

excess dye was removed using PBS wash. This was followed by the addition of 10µL 

Propidium Iodide (for staining the dead cells; 1mg/mL) and incubation of 15 min at 37 

°C. The excessive dye was washed using PBS and the cells were fixed using 0.1% 

formaldehyde and 70% chilled ethanol. The cells were observed under a fluorescence cell 

imager (Bio-Rad, ZOE) (480nm). 

 

5.2.6.  ELECTRICAL CHARACTERIZATION 

All the electrical characterizations of the devices were carried out under ambient 

conditions at room temperature using a Keithley2614B. A positive Gate bias (Vg) was 

applied with Ag/AgCl electrode and the two aluminium electrodes served as a source (S) 

and drain (D). The cell sensing experiments were performed at Drain voltage Vd = -0.2 V 

with a Gate voltage Vg sweep ranging from 0 to 0.9V in 5ml electrolyte solution at a pH 

of 7.4.  
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5.3. RESULTS AND DISCUSSION  
 
5.3.1. ELECTROCHEMICAL DETECTION OF HeLa CELLS 

 
Figure 5.1. OECT-PHD/FA Hybrid Sensor Characteristics. a) Transfer Characteristics (ID-VG). b) Drain 

Characteristics (ID-VD).

 
Figure 5.2. Selectivity Study of different cell lines. 

 
The OECT and poly-hydroxyl derivatives used for coating are shown in Chapter 4. The 

electronic transfer characteristic is indicated at Vd = -0.2V and drain characteristics at 

different gate voltages are shown in Fig. 5.1. The measurements were done under positive 

gate bias which subsequently changes the channel conductance through injection of ions 

from the aqueous medium. This process, in turn, affects the conductivity of the PEDOT: 

PSS layer which is referred to as doping/de-doping of PEDOT: PSS. The transistor 

characteristic of the OECT is due to ions acting as charged carriers contributing to its high 

sensitivity. Therefore, these characteristics may result in a built-in amplification entity. 
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Figure 5.3. OECT-PHD/FA Hybrid Sensor Response to HeLa and MDA_MB_231 cell lines. 

The functionalization of device surfaces is required. Various methods have been reported 

for surface functionalization. FA is a water-soluble vitamin of the B-complex group. 

Mammals are incapable of synthesizing FA and must obtain it from their dietary intake. 

The cell internalizes FA with the help of specialized molecules on the cell surface called 

FR. The FR has a high affinity towards FA. These molecules are responsible for the 

uptake of FA from the blood into the inside of the cell. The selective increase in the uptake 

of FA by malignant cells led to the idea that FA could be used as a targeting moiety.  The 

high affinity between FR and FA makes them work as a lock and key technology with the 

cancer cell, which serves as an attractive property for tumour detection and therapy. 

Therefore, the selectivity of FA immobilized on the transistor surface will be able to catch 

FR-rich tumour cells in our system. Most cancer cells can express abundant FR on their 

surfaces. Thus, FR-rich HeLa cells were chosen as a model to construct a typical OECT 

sensor in this study. 

 

OECTs conjugated with PHD mesoporous membrane were implored with FA immobilized 

on surfaces for electrochemical selectivity. This modified OECT with FA/PHD bed has 

been investigated for applications in electrochemical analysis and biosensor fields because 

PHD are hydrophobic, stable, and promising in nanotechnology applications. On the other 

hand, it can introduce functional groups, such as carboxylic (COO-) and OH- through 
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chemistry for further linking biomolecules. In this paper, FA were deposited on a PEDOT: 

PSS/PHD OECT surface, to covalently bond folic acid (FA) (to make PEDOT: 

PSS/PHD/FA). The basic idea of the measurement is that the cells on the OECT surface 

essentially hinder unrestricted current flow from the electrode into the bulk electrolyte and 

thereby increase the overall electronic potential when human cervical carcinoma (HeLa) 

cells attach on the surface of a PEDOT: PSS/PHD/FA OECT. This OECT can detect folate 

receptor (FR)-rich HeLa cells suspended in phosphate-buffered saline (PBS), with high 

sensitivity and selectivity using a 2614B Keithley Instruments without additional 

labelling. The PEDOT: PSS/PHD/FA layer-by-layer (LBL) deposited on the transistor 

surface was used to assemble the device. Negatively charged species would reduce the 

non-specific binding of cells by electrostatic repulsion due to the negative charge on the 

cell membrane. The amperometric measurements were carried out in HeLa cells 

suspended in DMEM by PEDOT: PSS/PHD/FA transistor. The change in current was 

recorded immediately with the immersion of cell suspensions for a variety of cancer cell 

lines. It can be seen that the concentration of 105 cells mL−1 HeLa cell can be detected 

using this method. The electrochemical signal was directly related to the number of cells 

attached to the surface of the modified OECT. 

 

In particular, PEDOT: PSS thin films exhibit p-type semiconductors, where cell bonding 

induces a potential that penetrates the PEDOT: PSS/PHD/FA surface and changes its 

conductivity. These results indicate that HeLa cells were effectively captured by FA 

molecules immobilized on the FA-modified surface. The FA-modified slides were also 

incubated with HEPG2 and MDA_MB_231 cells, but only some cells were adsorbed on 

the surface, which suggests the excellent selectivity of the FA-modified transistor toward 

FR-rich cancer cells. The above measurements were carried out in HeLa cells suspended 

in PBS in the absence of other cells. The figure 5.2 shows that the FR-lack cells have little 

effect on the relative potential. Based on the above results, FA-modified transistors can 

selectively detect cancer cells from normal cells with high sensitivity, and stability. In this 

study the integration of OECTs as sensors to allow electrical monitoring of the surface 

changes has been preceded. Cells incorporated on the OECT can determine the electrical 

selectivity of the live cancer cell. The results clearly demonstrate that the OECT– FA 

sensors are capable of the real-time monitoring of cancer cell lines. 
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The OECT–folic acid-modified configuration was characterized by Keithley Instruments. 

The modification of the OECT with folic acid led to a conductivity change in the resultant 

signal. The human cervical cancer cells were attached to the modified electrode through 

the folic acid–folate receptor interaction. From the current measurements, the binding of 

the folate receptor from human cervical cancer cells to the OECT–folic acid configuration 

has been demonstrated because of lowered electron transfer resulting in a decrease in the 

measured current. From the control experiments, it has been confirmed that the OECT–

folic acid configuration specifically recognized folate receptors.  

 

5.3.2. FA AS BIOMARKER FOR THE REAL-TIME ELECTRICAL DETECTION 

OF HELA CELL LINE  

 We have tested the electrical responses of our devices to FA in real-time. All the 

following real-time electrical measurements were conducted at a constant bias voltage.  

The devices were kept in a 5ml DMEM at pH 7. We have used FA as a binding site to 

attach cells in DMEM and the device exhibited current readouts in real-time. After adding 

the HeLa cells in DMEM, the conductance of our device exhibits a noticeable gradual 

difference. On the other hand, the device shows less or no obvious conductance change 

when other cell lines like HepG2, and MDA_MB_231 were added respectively. This 

study clearly demonstrates that OECT-PHD/FA device can indeed show significant 

response specifically to HeLa in DMEM solutions (Fig. 5.2). This study could clearly 

demonstrate that the OECT–PHD/FA devices can function as a highly sensitive sensor for 

the detection of HeLa cell media. This shift can be attributed to the hydrogen bond effect 

of the OECT-PHD complex to the PEDOT: PSS/PHD/FA channel as a result of binding to 

HeLa. Therefore, the binding of HeLa to PHD/FA is equivalent to the hydrogen bond 

effect to OECT-PHD. This hydrogen bond effect explains the shifting of the current upon 

the introduction of HeLa and is consistent with the reduction of conductance in the 

transport branch of the OECT-PHD devices.  

 

5.3.3. CANCER CELL DETECTION WITH OECT 

According to the present fabricated device design, OECTs can be used for the analysis of 

living cancer cells by recording channel currents at the Vd of -0.2 V DMEM media. The 

change in the current response of HeLa cells indicates the attachment of more cells to the 

channel. To demonstrate the selectivity of the device (Fig. 5.3), we also tested other types 

of cell lines HEPG2 and MDA_MB_231 using the same OECTs. In general, 
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MDA_MB_231 cells are ER-negative breast cancer cells, while HeLA cells and HEPG2 

cells are ER-positive cancer cells, which showed a much greater response to binding to 

surfaces by adsorption. Therefore, the OECT-based biosensor showed good selectivity 

towards overexpressed FA cells. These results are useful for analyzing certain cells. 

 

5.3.4. SWELLING STUDY 

 
Table 5.1. Swelling Study of PHD. 

The membrane was weighed before swelling and the weight was recorded. The sample 

was then immersed in 200 ml PBS solution. At the same time, a stopwatch was started, 

which recorded the swelling time of the sample (the time of the sample immersed in the 

PBS solution). After the prescribed swelling time of 5 minutes, the sample was removed 

from the solution and surface water was quickly removed with filter paper. The sample 

was weighed on an electronic scale and the weight was marked for the next step of 

management. The swelling ability of PHD (Table 5.1) determines its hydrophilicity and 

strengthens it as a hydrogel. The swelling of PHD is due to the presence of carboxyl 

groups in the structure of the hydrogels. In addition, the swelling process can occur in 

three different steps: (a) diffusion of water molecules through the matrix, (b) relaxation of 

polymer chains through hydration, and (c) expansion of the polymer network upon 

relaxation. This process occurred when the PHD hydrogel was immersed in PBS, the 

hydrophilic polymer chains exerted osmotic pressure on the hydrogel, resulting in the 

swelling of the hydrogel matrix. Thus, easy transport of analytes can occur through this 

mesoporous PHD hydrogel. 

 

PHD

PHD

PHD
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Hydrogels were classified into two categories: the chemical gel was covalently cross-

linked. Physical gel: Networks held together by molecular entanglement, ionic forces, 

hydrogen bonds or hydrophobic interactions. Here were cross-linked gels (physical 

interactions) that occur between different polymer chains. The swelling of hydrogels 

between their polymer chains in response to environmental changes such as temperature, 

pH, electric field, radiation, etc., is promising as smart materials with increasing interest 

in various biomedical, industrial and agricultural applications. The swelling properties of 

the hydrogel were very important and very dependent on the chemical structure of the gel. 

The hydrophilicity of the network resulted from the presence of chemical residues such as 

hydroxyl (-OH), carboxyl (-COOH), amide (-CONH-), primary amide (-CONH2), sulfonic 

acid (-SO3H). and others can be found in the polymer body. However, by mixing or 

polymerizing hydrophilic and hydrophobic polymers, it was also possible to produce 

hydrogels with a significant proportion of hydrophobic polymer. Under these conditions, 

hydrogels can retain water and are suitable for drug diffusion, many hydrogel-based 

networks have been developed and are being prepared as smart drug carriers. Complex 

textures were created thanks to hydrogen bonding. Mixtures of two or more polymers can 

form a polymer composite. It was well known that composites could be made with 

superior properties that the constituent materials might not have. The interfacial properties 

influenced the properties and performance of these compounds. One of the most attractive 

features was their dielectric properties, which could be widely varied by choosing the 

shape, size and conductivity of the polymer of the filling ingredients; most of the 

interesting properties of polymers were complex motions in their molecular matrix. The 

polymer interfaces act as charge carriers. Therefore, it has become necessary to show the 

effect of interfaces on the transport, storage and generation of charge carriers in polymer 

systems. Thus, in covalently cross-linked hydrogels composed of OH functional groups in 

different proportions, it was observed that the maximum swelling occurs due to the free -

COOH functional groups of acrylic acid. These groups increased the swelling capacity 

significantly than other hydrogels. [45] 

 

5.3.5. FLUORESCENCE CELL IMAGER BIO-RAD ZOE 

Fluorescence microscopy between HeLa and MDA_MB_231 cells (Figures 5.4 and 5.5) 

showed a strong fluorescence signal in HeLa cells, while the signal observed in 

MDA_MB_231 cells was negligible, confirming the ability of this FA to discriminate 

between FR-a positive and FR-a negative cell lines as well as those with features like 
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similar properties and morphology which is promising for future cancer diagnostics. The 

electrochemical system can provide a very sensitive signal for cells attachment, and the 

electrochemical data can also provide the parameters of cell capture and immobilization. 

In order to further confirm the fact that the current change has really resulted from HeLa 

cells capture and immobilization, the selective capture of HeLa cells on the FA-modified 

PEDOT: PSS/PHD surface was further confirmed by fluorescent microscopy. A large 

number of cells could be observed on the surface of FA-coated slides which were 

incubated with HeLa cells. HeLa and MDA_MB_231 cells were incubated for 12 h.  

 

 
    

Figure 5.4. Fluorescence Imaging of MDA_MB_231. a) Before the addition of ammonia (Bright field); b) After 
the addition of ammonia (Green Field). 

 

 
 

Figure 5.5. Fluorescence Imaging of HeLa. a) Before the addition of ammonia (Bright field); b) After the addition 

of ammonia (Green Field). 

5.4. CONCLUSION 
Folate receptor-targeting constructs have been developed against FRa-expressing tumours, 

which have their own advantages and limitations. Several technologies have been 

(a) 

(a) (b) 

(b) 
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investigated in this area, these strategies and platforms are also applicable to FRb-

expressing tumours (since folic acid effectively binds both FRa and FRb) and represent an 

exciting emerging field. In addition to PET, CT, SPECT and fluorescence imaging; 

Transistor PoCs (point-of-care diagnostics) have recently emerged as an attractive option 

due to the relatively simple nature of the biotechnology. Therefore, the interaction 

between folic acid immobilized on the PEDOT: PSS/PHD layer and its overexpressed 

receptor on the cancer cell membrane without additional labelling is used to detect cancer 

cells containing folate receptors using electrochemical transistor technology. The results 

were confirmed by comparison with the acridine orange cell viability assay. The results 

show that cell-based electrochemical detection, which is fast and easy to perform, enables 

cell identification and viability. This OECT method can provide a simple way to study cell 

viability, cell growth, and the effects of anticancer drugs on cancer cells. In addition, we 

confirm the potential of PHD as a hydrogel to transport molecules. Polymer hydrogel has 

received increased attention in many application fields, including the medical field; can 

carry and release drugs. Therefore, the modified OECT described here opens new 

possibilities for future applications in the diagnosis of early cancers in which cells 

overexpress folate receptors. Future drug development and toxicology testing may benefit 

significantly from more predictive and multiparametric in vitro models. Despite recent 

advances in microfluidics and, more recently, organ-on-a-chip technology, there is still a 

high demand for real-time monitoring systems that can be easily managed. In addition, 

multiparameter monitoring is important to improve the prognostic quality of data used to 

inform subsequent clinical trials. 
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ABSTRACT 
Ammonia, used as a reactive form of nitrogen in agricultural processes, can have negative 

effects on human health and the environment, including skin/eye irritation and damage to 

sensitive ecosystems. It is known that industrialization and population growth, together 

with more intensive agricultural practices, have led to a stronger accumulation of 

ammonia in the environment. As such, on-site monitoring of ammonia concentrations is 

beneficial to human health. These monitoring methods must be sensitive at low doses, 

resistant to corrosion and, most importantly, more cost-effective than the established but 

inhibitory methods. In this paper, we describe the fabrication of a sensitive two-electrode 

UV amplification system to detect ammonia in its gaseous form at room temperature. 
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6.1 INTRODUCTION 
Ammonia (NH3) emissions are a growing problem worldwide due to their toxic and 

reactive nature. Although atmospheric emissions of NH3 have decreased slightly in recent 

years, many agro-industries make the Indo-Gangetic plains one of the largest emitters of 

ammonia in the world.1 Exposure to NH3 has serious consequences for human health. 

Inhalation, ingestion or direct contact with NH3 causes many side effects such as 

inflammation, tissue damage and many other scars due to its reaction with water and the 

formation of ammonium ions.2 Due to its pungent smell, NH3 is detectable between 5-53 

ppm and causes extreme irritation above 80 ppm concentration.3 Extensive research has 

led to the development of several ammonia detection systems. They are based on (but not 

limited to) colourimetric or fluorometric methods, gas or liquid chromatography-based 

methods, and electrochemical or enzyme-based methods. However, each method has 

advantages or disadvantages in terms of sensitivity, selectivity, ease of preparation, 

production costs, efficiency and stability compared directly to the others.4 

 

One example of an ammonia detection system is the use of silver nanoparticles. UV 

exposure to silver nitrate solution enables the synthesis of silver nanoparticles. The 

colourimetric change mediated by these silver nanoparticles results in the detection of 

ammonia in solution in the range of 1-100 ppm. Thus, the availability of such detection 

methods makes it possible to measure ammonia in solutions such as water. However, the 

manufacturing and synthesis of such silver nanoparticle-based ammonia sensors are not 

environmentally friendly and pose a threat to the ecosystem.5,6,7 Therefore, there is an 

urgent need to design less hazardous and more sensitive ammonia sensors. In this study, 

we have established a UV-based two-electrode ammonia detection system that is stable at 

room temperature. In the current state, ammonia can be detected in its gaseous form. The 

current trace is detectable in the controlled system in the absence of ultraviolet radiation. 

In the presence of UV, the amplitude of the current decreases. The existence of ammonia 

induces a drop in current intensity. Such reduction is further enhanced in the presence of 

UV. This enables sensitive detection of ammonia. Therefore, we report a UV-based design 

of an ammonia sensor that is sensitive, scalable, cost-effective, reusable and eco-friendly. 
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6.2. EXPERIMENTAL SECTION  
6.2.1 MATERIALS AND METHODS 

PEDOT: PSS, Acrylic acid and 30% Ammonia solution was purchased from Sigma-

Aldrich. Glycerol was purchased from Merck and p-toluene sulfonic acid from Loba 

Chemie. CV measurements were carried out using a CH instruments Model 700D series. 

The thickness of the deposited films was optimized using a profilometer (Dektat-150).  

 

6.2.2. SENSOR DESIGN AND CONSTRUCTION 

As discussed in Chapter 2, 1cm X 2 cm sensor dimensions were fabricated and placed in a 

beaker. 

 

6.2.3. ELECTRICAL CHARACTERIZATION AND MEASUREMENTS 

All the electrical characterizations of the devices were carried out under ambient 

conditions at room temperature using a Keithley2614B. The two aluminium electrodes 

served as positive and negative terminal. The analyte and ammonia solutions were 

confined in a 10 mL beaker and mixed with electrolyte prior to testing. 

 

6.3. RESULTS AND DISCUSSION 

6.3.1. ELECTRICAL MEASUREMENTS 

A two-terminal device was fabricated with a poly-hydroxyl derivative used for coating. 

The electronic transfer characteristic indicated at UV on/off is shown in Figure 6.1a. The 

measurements were done inside a black box under UV on state subsequently changes the 

channel conductance and current changes. Again, after exposure to ammonia the current 

further shifts (Figure 6.2b). 

 

This system is found to be highly sensitive towards ammonia, i.e., it forms an ammonia-

sensitive layer. Hence, the presence of a small concentration of ammonia is selectively 

detected. It is found that the electron transfer curve shifts significantly upon the addition 

of different concentrations of ammonia. Various analytes, such as diethylamine, 

propylamine, ethanolamine, triethylamine, pyridine and cyclohexylamine have been tested 

with this device system. 
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Figure 6.1. Device characteristics. (a) Current Output without and with UV. (b) Current Output under UV after 

ammonia exposure. 

 

 

 

 
 

Figure 6.2. Device Setup under UV off and illumination. 

 

6.3.2. SENSING MECHANISM 

Two terminal sensing device is based on a base layer of PEDOT: PSS polymer with a 

polyhydroxyl layer on top of it. In normal ambient conditions of 298K and 1 bar pressure, 

the I-V Characteristics of the two-terminal device are shown in Figure 6.1. On further 

analysis, it is evident that there is a change in current values when the device is exposed to 
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NH3(g). The reduction in current is due to the elevation in resistance values of the device 

due to ionic interactions between NH3(g) with polyhydroxyl (PHD) layer based on dipolar 

interactions between polar ammonia gas and polar carboxy part (-COO-) of polyhydroxyl 

layer of the sensor. 

 

 
Figure 6.3. Sensor Response to ammonia. (a) Current Output with different ammonia concentrations. (b) Current 

Output under dark after ammonia exposure showing reusability of device. 

 

When ammonia gas NH3(g) interacts with the PHD layer it is absorbed due to many ionic 

interactions mainly in terms of H- bonds formed between the polycarboxy (-COO-) part of 

PHD and ammonia vapours. This absorbtion of ammonia molecules leads to depletion in 

electron density at PEDOT: PSS showing p-type material properties. Further, current 

values are seen with increasing ambient concentration of ammonia vapours (NH3(g)) 

which clearly indicates the increasing absorbtion of ammonia vapours on the sensing PHD 

layer and in turn making the PEDOT: PSS Layer (Fig. 6.3a). The reusability of the device 

has been explored as seen in figure 6.3b. As seen in the Figure 6.3b, upon exposure to 

ammonia and removal of ammonia the current values increase and drop respectively. We 

can clearly deduce that sensor current varies inversely with increasing ambient ammonia 

vapour concentration; which is clearly signifying the p-type semiconducting behaviour of 

the sensor. This property is further analysed with other reducing analytes like 

diethylamine, propylamine, ethanolamine, triethylamine, pyridine and cyclohexylamine 

(Fig. 6.4). Results obtained clearly indicate that the sensor behaves as a p-type 

semiconducting material in the presence of almost all reducing analytes and the maximum 

selectivity of the sensor for ammonia vapours is clearly seen. 
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Figure 6.4. Current Output with different analytes under dark. 

The device is highly sensitive and selective towards NH3(g) vapours can be explained on 

the basis of the maximum interaction of NH3(g) with the PHD layer. Among all the 

gaseous analytes, NH3(g) has maximum potential for H-bonds which is around 6 H-bonds 

per molecule of ammonia. In all other cases, the association between vapours and PHD is 

somewhat weaker due to fewer H- bonds formed per molecule, making the device most 

selective for ammonia detection. Furthermore, the gas sensing capability of our device is 

purely based upon the interaction of absorbed gas with the PEDOT: PSS base layer 

making it a p-type semiconducting material. These interaction changes the resistance or 

conductance profile of the conduction band which is evident in variation in the I-V 

characteristic of the device.  

 

6.3.3. EFFECT OF UV RADIATION 

Ultra-violet radiations are highly energetic which leads to homolytic bond cleavage of 

covalent bonds present in organic molecules of the sensing layer producing various free 

radicals in the process. Irradiation of UV rays makes the sensing surface more oxidising 

due to a high number of free radicals generated in homolytic bond cleavage which in turn 

increases the absorbtion of reducing analytes over it. Due to the more concentrated 

absorbtion of gas over the PHD sensing layer, a further change in current is seen in the I-V 

characteristic of the sensor. It is evident that the device is highly sensitive and selective 

towards NH3(g). 
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Figure 6.5. Photoluminescence Characteristics of PHD layer upon exposure to ammonia. 

In Photo-luminescence (PL) analysis of the sensing layer, it is evident that the sensing 

layer is highly fluorescent with high intensity of photons obtained at lower wavelengths as 

shown in Figure 6.5. The higher intensity is fairly visible in terms of very bright light 

obtained during PL analysis. High intensity vs wavelength ratio iterates a high photo-

sensitivity and photo-luminescence sensing layer of the device. The intensity of photo-

luminescence decreases when the sensing layer is exposed to gaseous analytes due to 

increasing absorbtion of gaseous analytes over the sensing layer. 

 

 
Figure 6.6. Sensor Characteristics upon exposure to ammonia. 
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density towards this region (Fig. 6.6). Therefore, more electrostatic potential is observed 

in this region rather than in other regions. 

 
Figure 6.7. Time-Resolved Photo-luminescence (TRPL) study of PHD upon ammonia exposure. 

 

In Time-Resolved Photo-luminescence (TRPL) analysis of the sensing layer, the plots 

between the number of photons emitted with time elapsed are obtained. Sensing layer 

exhibit stable photo-luminescence with a decay half-life period (t1/2) of 2.5ns. 

Furthermore, the photo-luminescence half-life time (t1/2) further increases when the 

sensing layer is exposed to different gaseous analytes indicating the improving stability of 

the sensor layer. TRPL variation of raw sensor and sensor exposed to NH3(g) is obtained 

as in Figure 6.7.  

 

6.4. CONCLUSION 
In this work, a two-terminal device with a polyhydroxyl derivative has been developed 

and ammonia sensing has been achieved under a UV on/off state. We demonstrate that the 

device has excellent current characteristics and can be operated with voltages as low as 

1V or less. The poly-hydroxyl film is optimal in at room temperature due to its 

crosslinked homogenous texture. The proposed device is highly sensitive and selective 

towards ammonia both under UV on/off state. PL and TRPL analysis of the sensing layer 
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of the device evidently showcase the photo-luminescence with high intensity (brightness) 

and prolonged stability. The reusability study of the device proved another important 

aspect of our device. Thus, new possibilities and findings could be further explored using 

such materials in different configurations. 
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ABSTRACT  

Theoretical studies have been carried out by using DFT and TD-DFT methods to 

understand the sensing mechanism of Polyhydroxyl Derivative (PHD) towards ammonia 

(NH3). This article reports on the study of PHD for ammonia sensing through hydrogen 

bonding which leads to the sensitivity of NH3. In this case induced hydrogen bond 

interaction has been found and subsequent condensation is also contributed in this 

process. The computed hydrogen bond strength (HBS) values are large enough for 

undergoing chemisorption process. However, association of more ammonia molecules is 

possible through interaction between induced PHD-NH3 of polymer with incoming NH3. 

It may work as selective non-conducting layer since the band gap is -6.12 ev. This work is 

focused on the mechanistic study on the sensitivity of PHD for NH3 sensing. The 

geometries and electronic properties of PHD-n NH3(n=1-3) are evaluated for the 

constructed models. The H-bonds usually forms between –C=O groups and NH3 .The 

electronic properties such as  ionization potentials(IP), Electron affinity (EA), HOMO-

LUMO gap and λmax support the sensing mechanism. From the electrostatic potential of 

PHD, the highest negative potential is observed around –C=O chromophores which are 

found to be the favorable sites for interaction with NH3. The band gaps before and after 

associations with NH3 are found significantly different for both the ground and excited 

states.  Also, reduction of band gaps as well as increase of LUMO energies on 

associations of NH3 is noticeable.  

 

 

 

 

 

 

 

 

 

TH-3255_156153005



CHAPTER 7                                                   COMPUTATIONAL CORROBORATION 

 

105 
 

7.1. INTRODUCTION 

The aspects of gas sensing devices are vast and the techniques used in several problems 

are crucial depending on the nature of the problem. In general, the importance of polymer-

based sensors has been highlighted in many literatures particularly in the field of disease 

detection at the early stage.1-10 Many of the techniques hardly indicate in-depth 

information about the mechanism of sequential detection during the progress of the 

diseases in the bio-system where several types of proteins or amino acids are liberated 

from time to time. The strategy of detecting small quantities of disease-related molecules 

like amino acid, peptides, proteins, nucleic acid fragments and also NH3 liberated as small 

quantities in the bio-system is a challenging area. So, polymer-based materials may be 

useful for some of these systems. In addition, the relevance of NH3 contamination in the 

air can be focused on as one of the main environmental issues because it is one of the 

toxic volatile molecules. It is used in industries such as dye, fertilizer, plastic, 

petrochemical, textiles, pesticides etc. and also it is a common reagent in routine chemical 

experiments in the laboratory. 11-13 The applications of polymer-based electronic devices 

have been attempted in many studies. Likewise, various polymers have been developed 

for specific applications to ammonia or amino acid sensing devices.14-20 In-depth 

mechanism-based study of such an application has not been yet explored and probably it 

undergoes various mechanisms such as electron transfer, proton transfer and any other 

mediation by donor-acceptor type of interactions. In this paper, we intend to study the 

properties of a PHD for understanding the mechanism of sensing NH3. The structure of 

PHD shown in Fig. 1 has 6 donor sites at –C=O and-C-O-C -groups which are susceptible 

to NH3 molecules capable of forming hydrogen bonds. So, the hydrogen bonding ability 

may be examined by using quantum mechanical (DFT) studies which enable estimating 

the hydrogen bonding strength between PHD and NH3. Also, the importance of the 

electron density profile and HOMO-LUMO gap may be useful to illustrate any electronic 

effect involved in this device. 

As such the aim of the research in such areas is to design a sensitive as well as a selective 

sensor with stability at room temperature. There are several sensors such as 

semiconductors (metal oxide), metal oxide semiconductors, field effect transistors, surface 

acoustic wave and conducting polymer.20-25 If we analyze the sensor properties like 

stability, sensitivity and quick response mechanism, conducting polymers (CPs) are much 

superior to others. There are several polymers i.e., polyaniline (PANI), polypyrrole (ppy), 
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poly (o-phenylene diamine), PPD and poly (3, 4-ethylene dioxythiophene) (PEDOT) etc. 

useful for their applications as biosensors and gas sensors.25-32 However, PHD has been 

used experimentally and shows excellent response towards NH3 molecules at room 

temperature.33 Several experimental reports on CP-based sensors for the detection of NH3, 

especially at room temperature are found. Experimentally, PHD shows the ability to sense 

NH3 sensing of this conducting polymer has not been reported. Hence, we intend to 

investigate the NH3 sensing mechanism of PHD and the result may provide certain 

information to further design of sensors and other related molecules. 

 

7.2. COMPUTATIONAL DETAILS  

 

 

 
Figure 7.1. (a) Possibility of accumulating 6 ammonia molecules, but the three regions marked are not forming H 

Bonds. (b) Susceptible regions of hydrogen bond formation (I, II, III). (c) Ammonia sensing model through 

absorption/ condensation. 
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The structure of PHD shown in Fig. 1a has six donor sites at –C=O and –C-O-C groups 

which are susceptible to NH3 molecules for forming hydrogen bonds. In this aspect, the 

capability of trapping NH3 molecules through hydrogen bonding may be examined by 

using quantum mechanical studies. This will enable us to estimate the hydrogen bonding 

strength between PHD and NH3, the electrostatic potential profile and the HOMO-LUMO 

gap which are important to illustrate any electronic effect in the sensing mechanism. The 

geometries of PHD and their complexes with NH3 are completely optimized at DFT-

B3LYP++G(d,p) without considering any symmetry constraints. The H-bonding strength 

(HBS) of the PHD is computed from the completely optimized geometries of the 

complexes which are the difference between the energies of the supermolecule PHD-

nNH3(n is the number of NH3) and PHD. The geometries of PHD-nNH3 and PHD were 

also completely optimized geometries before calculating HBS. 

HBS calculated from the following equation, 

HBS = E(PHD-NH3) - (E(PHD)+E(NH3)) 

where, E(PHD-NH3) = Energy of supermolecule  

E(PHD) = Energy of PHD and E(NH3) = Energy of NH3 

The DFT method has been used in this study because of its popularity and accuracy in 

predicting molecular properties, particularly hydrogen bonding and adsorption of 

molecules.10 Different models of NH3 association are taken. For the excited state 

calculation, the TD-DFT method with 6-31G(d,p) was used. The HBS of these complexes 

of PHD and NH3 are further calculated at the B3LYP/6-31G(d,p) for comparison with 

excited state calculations with this basis set. All calculations were carried out on Gaussian 

09 Programme suite and Gaussview was used for constructing the model geometries and 

visualization of results.34 Similarly, the HOMO-LUMO gaps are also computed for all the 

systems. The other descriptors of reactivity are electrophilicity(ε), chemical potential(μ), 

electronegativity (c), and hardness (h).  

 

These values are also calculated in this study: 

μ=- (%!&)
(

, h= %"&
(

  , c= %!&
(

  , ε =)
(
 

 

The values of ionization energies I and electron affinity A are taken from the HOMO and 

LUMO values. From these values, the reactivity of the –C=O group can be illustrated. 
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7.3. RESULTS AND DISCUSSION 

7.3.1. FEATURES OF HYDROGEN BONDING BETWEEN PHD AND AMMONIA 

The three donor sites, the –C=O group of PHD are prone to forming hydrogen bonds with 

NH3 but not with the other three –C-O-C- groups (Fig. 7.1b). Hence the sensitivity may be 

understood from the capability of trapping NH3 molecules within three regions I, II and III 

(Fig. 7.1b). It is essential to examine the geometrical parameters of PHD after interaction 

with NH3. Geometry optimization of PHD- NH3(n=1,2,3) were carried out with 

DFT(B3LYP)/6-31G(d,p) level of theory, and the H-bonding energies (HBS) and 

distances with –C=O groups are given in Tables 7.1 and 7.2.  The corresponding 

optimized structures are shown in Figures 7.2 (a-d) and 7.3 (a, b). The H-bond lengths are 

almost the same for all these three H-bonds and –C=O..H H-bond distances are shown in 

Table 7.2. These slight differences in the bond lengths arise due to the unsymmetrical 

configuration of –C=O groups of PHD. The changes in the remaining geometrical 

parameters due to H bond formation are insignificant. So, the hydrogen bonding strength 

is considered as the sensing of PHD (doped) for NH3 (guest). In addition to this, in the 

close proximity of PHD-NH3 complexation as shown in Figure 7.2, the hydrogen bonding 

may be extended in several layers of NH3 due to the difference in electronegativity of N of 

NH3 (partial negative) and N(NH3) of subsequent layers which may further induce other 

incoming NH3 molecules to facilitate the formation of extended H-bonds. The geometries 

of complexes bearing two extended H bonds are also completely optimized and the H-

bond lengths are shown in Table 7.2. Two configurations are obtained in these extended 

geometries of PHD-2NH3, and accordingly, the geometries are optimized with the same 

method. In the case of the NH3 sensor, the unique affinity of this analyte towards the 

sensor involves the H-bond. The interaction ability of NH3 towards PHD by theoretical 

calculation may be used to elucidate the strength of H- bonding or for undergoing either 

chemisorption or physisorption. From the equilibrium geometry, the H bond of analyte 

attached to PHD is <2.2Å which is quite sufficient to form strong H-bonds and as such the 

first NH3 is likely to be chemisorbed which may subsequently be followed by 

physisorption. The bonding between the first molecule of NH3 with active sites is shown 

to be 2.06 Å, which is predominantly attributed to chemisorbed through H-bond. The 

equilibrium geometry of interaction of first H bonding with NH3 at the surface specifically 

attached to -C=O group in the ratio of 1:1,1:2 and 1:3 respectively shown in Figs. 7.2 (a-

d), and 7.3 (a,b) for the extended interaction model with NH3. The calculated interaction 
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energies based on the number of hydrogen bonds as well as the most effective sites of 

interaction are well elucidated from these calculations (Table 7.1). The most favourable 

site of H-bond formation leading to chemisorption has been shown. The H-bond distances 

in 1:2 and 1:3 are slightly longer than in the 1:1 combination and the orientation of NH3 in 

these systems (Table 7. 2). 
Table 7.1. Computed electronic energies and hydrogen bond energies with B3LYP/6-31++G(d,p). 

Systems Total energies 

(a.u) 

H-bond energies 

kcal/mol 

 

NH3 -56.56346 --------- 

NH3-NH3 -113.13298 -3.80 

PHD -917.06931 --------- 

PHD-NH3 -973.63339 -0.39 

PHD-NH3(2NH3 

extended) 

-1030.11927 -48.29 

PHD-NH3(3 

extended) 

-1086.77919 -12.24 

PHD-3NH3 at specific 

sites 

-1086.77685 -10.77 

PHD-2NH3 at specific 

sites, position 1 

-1030.20541 -5.76 

PHD-2NH3 at specific 

sites, position 2 

-1030.20696 -6.73 

 

The HBS depends on the electronegativity of the –C=O group (partial negative end) for 

interacting with H (partial positive end) of NH3. Usually, the HBS is less than an ion-

dipole type of interaction. The values of HBS for PHD-1NH3 are given in Table 7.4. One 

N-H bond length increases on subsequent H-bonding and also –C=O bond length 

increases. The HBS values depend on the number of H-bonds between PHD and NH3, 

hence the highest (-ve) value is found in PHD-3NH3. The order of HBS is of the order of 

the complexes PHD-3NH3>PHD-2NH3>PHD-NH3(for specific H bonding at –C=O). 

Similarly, the HBS of extended PHD-2NH3 complexation is shown in Table 7.4, we 

observed a significant difference from PHD-2NH3. This observation may contribute to the 
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development of an H-bond network (layers) with weak interaction resulting in the 

efficient sensing ability of PHD (Fig. 7.1c). 

7.3.2. ELECTRONIC PROPERTIES AND EXCITATION ENERGIES 

The electronic properties such as HOMO-LUMO and the excitation energies are 

calculated at the B3LYP level of theory with 6-31G(d,p) and 6-31++G (d,p) basis sets. For 

the excited state calculation, TD-B3LYP with 6-31G(d,p) basis sets were used. The 

excitation energies of PHD may give information on the sensing ability of this material. 

The excitation energies for PHD and PHD-nNH3 (n=1-3) complexes are given in Table 

7.3. We have used the TD-B3LYP method with 6-31G(d,p) because the excitation energies 

obtained with this calculation are reported to be reliable compared to other methods.  

Accordingly, the values of excitation energies of TD/B3LYP(6-31G(d,p)) are relatively 

small compared to the corresponding energies of HOMO to LUMO obtained from 

B3LYP/6-31G(d,p). The variation of excitation energies on complexation with NH3 is also 

observed, which is due to the perturbation of HOMO and LUMO of PHD due to hydrogen 

bonding with NH3. For PHD-NH3, an increase of HOMO energy by 0.011 a.u. is found 

more than the isolated PHD, which means 0.011 a.u. is the measure of the sensing power 

of PHD for 1NH3. Likewise, the increase of HOMO energy i.e., the reduction capability of 

PHD by NH3 can be analyzed. On the other hand, an increase in HOMO is also observed, 

however, the decrease of LUMO is also observed. Hence the values of I.P, E.A and band 

gap of PHD-NH3 complexes are calculated with B3LYP/6-31G(d,p). The negative value 

of I.P is the ionization potential of the complexes and Table 7.3 shows the decrease of I.P 

after complexation with NH3. The I.P values of PHD-NH3 is highest compared to the 

value of PHD-2NH3 and PHD-3NH3. Likewise, EA is the negative value of LUMO and 

the values of PHD-NH3 are shown in Table 7.3. The decrease in EA of complexes from 

PHD is quite significant which indicates the interacting power of PHD with NH3. It is 

essential to compare the nature of interactions between H of NH3 with PHD, subsequently, 

the interaction energies (HBS) through the H-bond between –C=O group of PHD have 

been calculated (Tables 7.1 and 7.4).  There are three -C=O groups in PHD which can 

form hydrogen bonds at the distances of 2.1Å, 2.09Å, 2.088 Å etc. (Table 7.2), however, 

the hydrogen bond lengths vary for PHD-1NH3, PHD-2NH3 and PHD-3NH3. In this case, 

–C-O-C- oxygen is not shown to be the effective site for forming hydrogen bonds. The 

interaction energies of PHD with nNH3 in the ratio of 1:1, 1:2 and 1:3 is shown in Table 

7.1. The modes of interactions shown in Figs. 7.2 (a-d) and 7.3 (a, b) clearly indicate how 
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the HBS is involved in the stability of PHD-nNH3 at the three –C=O specific sites. All 

these three -C=O sites have the ability to form hydrogen bonds without much variation in 

H-bond lengths. Hence, the effect of HBS has been shown in sensing ability and the 

interaction energies of these PHD-1NH3, PHD-2NH3 and PHD-3NH3 are likely to form a 

stable complex and the values are -0.39 kcal/mol, -5.76 kcal/mol(position1), -6.73 

kcal/mol (position 2) and -10.77 kcal/mol respectively.  
Table 7.2. Computed H bond lengths of the specific models (at –C=O groups) and extended models (at –C=O with 

more than one NH3 at one site). 

 

 

Systems H bond lengths of types in Å (10-10 m) 

 

H-

N..H(1) 

 

H-N..H(2) 

(Associatio

n in 

extended 

NH3 chain) 

 

-C=O..H-

N(1) 

 

-C=O..H-

N(2) 

 

-C=O..H-

N(3) 

NH3-NH3 2.06 

 

 

------- 

 

------- 

 

------- 

 

------- 

PHD-NH3 2.19 ------- ------- ------- ------- 

PHD-NH3 

(2NH3 chain) Position 

1 

2.18 2.23  

------- 

 

------- 

 

------- 

PHD-NH3 

(2NH3 chain) Position 

2 

2.08 2.09  

------- 

 

------- 

 

------- 

PHD-3NH3(chain) 2.06 2.93 2.19 ------- ------- 

PHD-3NH3 at specific 

sites 

------- ------- 2.083 2.132 2.099 

PHD-2NH3 at specific 

sites, position 1 

------- ------- 2.04 2.40 ------- 

PHD-2NH3 at specific 

sites, position 2 

------- ------- 2.04 2.09 ------- 
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Table 7.3. Computed ground (DFT/6-31G(d,p) and excited state energies (TD/DFT 6-31G(d,p), HOMO-LUMO 

gaps of PHD and PHD-nNH3 at different states (n=1-3). 

 

 
 

 

 

 

 

 

Systems HOMO(IP) 

(a.u.) 

LUMO(EA) 

(a.u.) 

HOMO-

LUMO 

gaps(a.u.) 

Lowest 

excitation 

energy(eV) 

Oscillation 

strengths 

(nm) 

PHD (Ground 

state) 

-0.25701 

(0.25701) 

0.00693 

(-0.00693) 

0.25008 ------- ------- 

PHD 

(Singlet) 

-0.27784 

(0.27784) 

-0.05025 

(0.05025) 

0.22759 4.7378 261.69 

PHD (Triplet) -0.14787 

(0.14787) 

-0.04903 

(0.04903) 

0.09884 0.7802 1589.10 

PHD- 

NH3(Ground 

State) 

-0.01500 

(0.01500) 

-0.26736 

(0.26736) 

0.25236 ------- ------- 

PHD-1 

NH3(Singlet) 

-0.24634 

(0.24634) 

-0.00199 

(0.00199) 

0.24435 3.9413 314.57 

PHD- 

1NH3(Triplet) 

-0.23206 

(0.23206) 

-0.03718 

(0.03718) 

0.19488 0.2674 4636.54 

PHD-2 

NH3(Singlet) 

-0.22800 

(0.22800) 

-0.00230 

(0.00230) 

0.22976 3.3644 368.52 

PHD-2 NH3 

(Triplet) 

-0.14173 

(0.14173) 

-0.05527 

(0.05527) 

0.08646 0.0983 12613.37 

PHD-3 

NH3(Singlet) 

-0.24834 

(0.24834) 

-0.00398 

(0.00398) 

0.24436 3.9300 315.48 

PHD-3 NH3 

(Triplet) 

-0.21649 

(0.21649) 

-0.00221 

(0.00221) 

-0.21428 0.5539 2238.21 
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Table 7.4. Computed electronic energies, thermodynamics parameters and hydrogen bond energies with 

B3LYP/6-31G(d,p). 

 

*Bracketed values are in kcal /mol 

Systems Total 

energies 

(a.u) 

Zero-

point 

correction 

(Hartree/

Particle) 

Thermal 

correcti

on to 

Energy 

(a.u) 

Thermal 

correcti

on to 

Enthalp

y 

(a.u) 

Thermal 

correcti

on to 

Gibbs 

Free 

Energy 

(a.u) 

H-bond 

interaction 

energies 

(HBS) 

(a.u) 

NH3 -56.53131 0.03463 0.03798 0.03925 0.01630 ------- 

NH3-NH3 -113.07066 0.07049 0.07446 

 

0.07541 0.04542 -0.00804 

(-5.05) 

 

PHD 

-916.71545 

 

0.25003 0.26449 0.26543 0.20719 ------- 

PHD-NH3 -973.26505 0.28592 0.30892 

 

0.30986 0.22826 -0.01829 

(-11.48) 

PHD-

NH3(2NH3 

extended) 

-1029.80535 0.32301 0.34988 0.35083 0.25835 -0.0273 

(-17.13) 

PHD-NH3(3 

extended) 

-1086.36542 0.36275 0.39135 0.39230 0.29976 -0.05600 

(-35.14) 

PHD-3NH3 at 

specific sites 

-1086.35350 0.36024 0.38958 0.39053 0.29596 -0.04409 

(-27.67) 

PHD-2NH3 at 

specific sites, 

position 1 

-1029.81158 0.32369 0.34975 0.35070 0.26311 -0.03353 

(-21.04) 

PHD-2NH3 at 

specific sites, 

position 2 

-1029.80970 0.32387 0.35009 0.35069 0.26311 -0.03155 

(-19.80) 
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The incoming 2 NH3 can form H bonds in two different configurations and the HBS 

values are slightly different. The interaction with more NH3 molecules may take place due 

to the formation of chain/extended H-bonds between induced polar NH3 molecules (Figs. 

7.2(a-d) & 7.3(a, b)).  But we have examined the sensitivity for detecting NH3. 

Considering the aggregation of NH3 molecules it is possible to form a network of H bonds 

between PHD-NH3 directly and among induced NH3 molecules leading to condensation of 

NH3 within PHD. Hence it may be useful for explaining the stability and sensitivity of 

NH3 detection. To explain the concept of cavity condensation, it may be easier to establish 

from the intermolecular interaction between PHD and NH3 through hydrogen bonds. The 

complex nature of the effect of H-bonding in PHD-NH3 supermolecule can be interpreted 

to get the correct description of extended H-bonds NH3 molecules. This may result in 

subsequent H bonding effects exerted by the PHD-NH3 complex on the other nearby NH3 

molecules through long-range polar interactions. Thus, the direct hydrogen bonding 

between PHD and NH3 as well as extended long-range interaction between polarized 

PHD-NH3 complex and NH3 molecules through several H-bonds may contribute to 

forming H-bonded clusters of NH3 molecules around the polarized PHD-NH3 

supermolecule. The distribution of NH3 molecules around PHD-NH3 can be picturised as 

where condensation with many incoming NH3 molecules form a cluster system as PHD-

NH3-NH3… etc. (Fig. 7.1c). The layer of adsorption shown in Fig. 7.1c has been modelled 

as chain interaction of NH3 with PHD. Understanding the process of condensation may be 

useful to explain the sensing mechanism. The mechanistic investigation into this process 

may be performed from the intermolecular interaction of PHD-NH3 and condensation may 

be modelled as the PHD-NH3-NH3-NH3 system (Fig. 7.3(a,b)). Using this concept, the 

intermolecular interaction of PHD-NH3 and another NH3 molecule is expected during 

NH3 detection which is assumed to be through the interaction of polarized NH3 in PHD-

NH3 with the incoming NH3 molecule. This PHD-NH3 supermolecule (blended) may 

possess the excellent capability of attracting more NH3 molecules around it, we have 

reported interaction energies (HBS) of PHD-NH3, PHD-NH3-NH3 and PHD-NH3-NH3-

NH3. The values of the interaction energies are provided in Table 7.1 and the geometrical 

features are shown in Figures 7.2(a-d) and 7.3(a,b). We have also computed NH3-NH3 

association with PHD-NH3-NH3 association and the types of H-bonds and HBS are shown 

in Tables 7.1 & 7.4 to support this assumption. The value for extended interactions is 

larger (negative) than the specific interaction. The interaction of PHD-NH3 is strong 

(a) (b) 

(c) (d) 
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enough to form the cluster of NH3 within PHD (Table 7.1). As such NH3 molecules do 

form stable clusters, the existence of NH3-NH3 interaction at the optimum distance 

between them has been tested. Thereafter, we observe effective NH3 aggregation as an 

extended H-bonding network PHD-NH3-NH3-NH3 system and also reveal the instability 

of extended NH3 molecules within PHD and favouring NH3-NH3 association, hence HBS 

values are large (-ve) i.e., -48.29kcal/mol. So, this elucidates the concept of blended PHD 

with one NH3 molecule that may assist the polarization of attached NH3 molecule for 

attracting incoming NH3 molecules facilitating cavity condensation. This particular 

polymer is a useful template unique for NH3 sensing. As a consequence, it has the 

potential for developing other blended PHD for further application to other systems. 

  

 
Figure 7.2. Optimized structures of (a) PHD- 1ammonia; (b) PHD-2Ammonia (Position 1); (c) PHD-2Ammonia 

(Position 2); (d) PHD-3Ammonia at specific sites. 

 
Figure 7.3. Optimized structures of (a) PHD-2Ammonia extended interaction; (b) PHD-3Ammonia extended 

interaction. 

(a) (b) 

(c) (d) 

(b) (a) 
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Table 7.5. Computed effect of solvent polarity on PHD with dielectric continuum model. 

Solvents Polarized Solute-

Solvent 

(kcal/mol) 

Cavitation 

energy 

(kcal/mol) 

Dispersion 

energy 

(kcal/mol) 

Repulsion 

energy 

(kcal/mol) 

Total non-

electrostatic 

(kcal/mol) 

Water -23.11 39.20 -23.07 

 

1.47 

 

17.60 

 

Acetone 

 

-20.96 28.42 -20.30 1.22 9.34 

Methanol 

 

-21.75 27.99 -19.86 1.22 9.35 

Ethanol 

 

-20.96 28.42 -20.30 1.22 9.34 

 

 

DMSO 

 

-21.66 36.62 -23.58 1.43 14.48 

 

Since, the newly fabricated PHD-based NH3 sensor intrinsically depends on the H bond 

between PHD-NH3, the blended PHD-NH3 is particularly involved in inducing incoming 

NH3 molecules through polarization. It is in fact related to the sensing property of PHD 

for NH3 and further application to similar molecules through H-bond as well as 

condensation rather than any other thermochemical properties and intermolecular 

hydrogen bonding strengths are calculated in Tables 7.1 and 7.4. We can find out the 

strength of the hydrogen bonds in extended hydrogen bonding structures up to three NH3 

molecules. The decrease of hydrogen bonding strength at this site indicates how the cavity 

condensation process is possible in this system. On the other hand, a comparison of the 

thermophysical properties free energy change, entropy, vibrational energy and enthalpy 

for the hydrogen bonding directly interacted at the specific site of PHD and also for the 

extended hydrogen bonding up to three NH3 are shown in Table 7.4. We have observed 

distinct variations of these values and the decrease of vibrational energies indicates less 

stable hydrogen bonding of these extended NH3 molecules. The effect of surrounding 

solvent should be considered while dealing with the basic interaction in a supermolecule 

i.e., the effect of solvent on PHD prior to PHD and NH3 association, since the processes of 

molecular association may interfere with solvent molecules. The such solvent effect may 
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be examined by using the solvent dielectric field on PHD. In particular, the magnitude of 

solvent effects on PHD while sensing NH3. Hence the sensitivity of PHD towards solvents 

has been checked with various solvent dielectrics, small variation has been observed 

(Table 7.5). Also, the reactivity descriptors such as ε, μ, c, and h are usually examined to 

understand the molecular interaction. Also, the reactivity descriptors such as e, µ, c and h 

are usually examined to understand the molecular interaction. The computed reactivity 

parameters are shown in Table 7.6, and the electron–donor ability of PHD is also indicated 

from these values. 

 

7.3.3. 3D ELECTROSTATIC POTENTIAL (EPS) AND HOMO-LUMO GAPS 

Electron lability of monomer PHD can be related to the energy gap of Frontier orbitals i.e.  

HOMO-LUMO. The optimized structure of monomer PHD with B3LYP/6-31++G(d,p) 

was taken for calculating HOMO and LUMO. The HOMO-LUMO gap is found to be -

6.12 eV, but the value is large for a typical electronic conductive material. According to 

the electronic property of several groups in PHD, i.e. -C=C-, -C-O-C-and –C=O groups of 

PHD, the nπ* and ππ* electronic transitions are possible, but such transitions occur on 

excitation. It is essential to analyze the electrostatic potential around the 3D structure of 

monomer PHD to depict the most electronegative region. The completely optimized PHD 

with B3LYP/6-31G(d,p) method was used for calculating electrostatic potential. The 

structure of PHD may be examined in three subunits I, II and III. The configuration of 

subunit I and II maintain along the same axial plane whereas unit III lie along the 

perpendicular of this plane. The acrylate groups are bonded to primary carbon centres in 

subunit I and II, whereas in subunit III the acrylate group is attached to the tertiary carbon 

centre through the -C- bond.  

 

 
Figure 7.4. Electrostatic potential showing negative potential at regions of -C=O groups. 
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So, the nature of electrostatic potential around this monomer PHD may indicate 

distinguishable variation in electron density.  We have computed the EPS profile in the 3D 

structure of monomer PHD, more negative values are found around –C=O of these three 

regions (Figure 7.4) and less negative or positive values are found around the rest of the 

regions.  The maximum negative value in regions I and II is approximately -4.31X10-2 a.u. 

whereas the value for region III is -4.58X10-2 a.u. So, region III may be more perceptive 

for NH3 than regions I and II.  Sensitivity toward NH3 may be influenced by these regions 

for this material. The electronic behaviour of sensing analytes through adsorption 

(chemisorption/physisorption) on the surface may be clarified from the structure and 

fundamental background of the predictable sites of bonding. In the case of the NH3 sensor, 

the unique affinity towards PHD is through H bonds. In fact, it is possible to construct the 

model of adsorption from the nature of bonding. 

 

  
(Orbital energy, HOMO=-0.2923 a.u)      (Orbital energy, LUMO=-0.0668 a.u) 

(HOMO-LUMO gap = -0.226 a.u. = -0.226X27.1 eV = -6.1246 eV) 
Figure 7.5. Gaussian Model. (a)HOMO of PHD. (b) LUMO of PHD. 

Theoretical properties are often used to explain the chemistry of adsorption on materials.10 

On the other hand, the molecular and chemical structure are also some of the 

characteristic properties of physio chemically controlled mechanism of adsorption usually 

found in the design of several biosensors, and in the approach of tunable chemical 

properties of polymer incorporated sensors. Most of the polarizable H atoms are known 

for their ability to form hydrogen bonds with donor atoms, such as NH3, amide and 

carboxylate anions etc. In such cases, the internal properties of several groups in polymer 

involved in the subsequent interaction with the available molecular sites can determine the 

chemical properties of the material and its applicability.  The electronic structure 

(b) (a) 
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calculations, the HOMO- LUMO gaps and chemical reactivity are considered useful 

parameters for engineering other related sensor materials. Here, we are focusing on the 

electronic transition from the listing of HOMO and LUMO, which in turn define the 

electrophilic and nucleophilic attraction of the molecule, although the chemical reactivity 

can be understood from the HOMO-LUMO gap. The analysis of these parameters can be 

useful to understand insight into the sensing mechanism. The polarization of NH3 

molecules due to hydrogen bonding at certain active sites in the cavity is understood from 

Figs. 7.3 (a,b), and chain hydrogen bonds built up due to the induced hydrogen bond of 

the first NH3 molecule rigidly attached at the –C=O site. The resultant polarization of the 

incoming NH3 molecule subsequently decreases and weaker bonding between NH3 

molecules is expected among extended NH3 molecules, unlike the rigidly bonded first 

NH3 molecule.  

Thus, polar NH3-induced H-bonds are considered the characteristic feature associated 

with NH3 sensing. In view of these repetitive interactions among NH3 molecules, it is 

highlighted that (a) rigid hydrogen bonding and (b) cavity condensation of the NH3 

molecules due to weak interaction of the incoming NH3 molecules, when repulsive forces 

due to overcrowding of NH3 dominates the H bonding interaction and also association 

among NH3 molecules except the rigid NH3 molecule has been observed. Such features 

are explained in Figs. 7.2 (a-d), 7.3 (a,b) and the bond lengths and interaction energies of 

H bonds are shown in Tables 7.1 & 7.4. The computed values of HOMO and LUMO 

energies are used to understand the reactivity of these –C=O groups and the values are 

given in Table 7.3 along with the HOMO-LUMO gaps. The values of HOMO and LUMO 

are -0.2923 a.u and -0.0668 a.u, HOMO-LUMO gap is -6.12ev (Figures 7.5 (a,b)). These 

values signify the electron-donating ability of this material, the energy gap is also 

reasonably small unlike any other CP having π electron systems, which explains the 

importance of the H bond efficiently by electron donor property of –C=O groups in the 

sensing mechanism. 

 

7.3.4. Theoretically predicted IR spectra and UV Spectra of PHD and PHD-nNH3(1-

3)  

Theoretically, we have calculated the vibration frequency of N-H, after and before 

interaction with PHD. The N-H frequency in the calculated value increases (redshift) is 

between 99-105 cm-1. The IR stretching frequency is calculated from the optimized 
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geometry of the PHD and PHD: NH3 molecules using frequency calculation with 

B3LYP/6-31G(d,p) route in the Gaussian Programme code 09(34). Such variation of 

frequency indicates strong hydrogen bonding in PHD-NH3. 

 
Table 7.6. Computed descriptors of reactivity electrophilicity (ε), chemical potential (μ), electronegativity (c), 

hardness (h), Ionization energy (I) and electron affinity (A) with DFT/6-31G++(d,p) for PHD. 

Descriptors Respective 

values (a.u) 

HOMO, LUMO and 

HOMO-LUMO gap 

μ -0.17955 HOMO= -0.29230 a.u 

h 0.11275 LUMO= -0.06680 a.u 

ε 0.08977 HOMO-LUMO 

gap=0.22550 a.u 

c 0.17955 ------- 

I 0.29230 ------- 

A 0.06680 ------- 

 

Hydrogen bonding between the –C=O group of PHD and NH3 results in an increase of –

C=O as well as H—N- bond lengths and the vibration frequency for these bonds will 

decrease. It can be demonstrated from the change in IR stretching frequencies of –

C=O(PHD) and H-N-(NH3) (Figs. 7.6 (a-c)). So, the formation of hydrogen bonds may 

weakly polarize the NH3 molecule which can facilitate the accumulation of more NH3 

molecules inside the pores of the material and thereby undergo further condensation of 

NH3 molecules. Thus, both hydrogen bonding in PHD-NH3 and NH3 condensation are 

responsible for sensing and the possibility of reversibility in the process indicates that it 

can be reusable. 

 

The gas phase calculations obtain the UV spectra of PHD and PHD-NH3. The effect of 

solvent dielectrics on PHD has been studied while the solvent effect on this molecule is 

negligible with a small variation of solvation energies (Table 7.5). Hence, the gas phase 

spectral features of these systems are analyzed. The spectra after hydrogen bond formation 

with PHD show towards the longer wavelength (red shift) if this is indeed the case of nπ* 

and ππ*excitations of –C=O group within hydrogen-bonded structures. 
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Figure 7.6. (a) Theoretical calculation of IR spectra of Ammonia. (b) IR spectra of PHD. (c) IR spectra of PHD-

NH3. 

 

The UV peaks observed in PHD-NH3 indicate the lmax of PHD and NH3, the peaks of 

PHD-NH3, PHD-2NH3 and PHD-3NH3 show some differences. The lmax values of PHD 

and NH3 are also calculated for comparison with the values of PHD-NH3 complexes. The 

difference of lmax of PHD on complexation with NH3 is shown in Figs. 7.7 (a-h) (red 

shift), which in fact is because of the np* transition of the –C=O group on interaction with 

NH3. Indirectly the red-shifted lmax values correspond to the sensing of PHD for NH3 

through electron donation from the lone pair of electrons of O to NH3. The excitation 

energies of the singlet and triplet states are largely different, which indicates the stability 

due to higher multiplicity. Hence the sensing ability of PHD for NH3 is well demonstrated 

from the electronic properties of these complexes. This of course follows for all PHD-NH3 

aggregated systems. 

(a) 

(c) 

(b) 

(a) (b) 

(c) 
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Figure 7.7. Theoretical calculations of (a) UV spectra of singlet PHD(lmax=261); (b) UV spectra of triplet 

PHD(lmax=1589); (c) UV spectra of singlet PHD-1NH3(lmax=314); (d)UV spectra of triplet PHD-1NH3(lmax=4636 

nm); (e)UV spectra of singlet PHD-2NH3(lmax=368 nm); (f) UV spectra of triplet PHD-2NH3(lmax=12613 nm); (g) 

UV spectra of singlet PHD-3NH3(lmax=315 nm); (h)UV spectra of triplet PHD-3NH3(lmax=2238 nm).

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 
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7.4. CONCLUSION 
In this work, a Polyhydroxyl derivative platform has been developed and ammonia 

sensing has been achieved. This work shows the characteristic mechanism of ammonia 

sensing with blended PHD. The results show induced hydrogen bond by PHD-NH3 for 

effective hydrogen bonding, cavity condensation and also reusability of this non-

conductive device. We have investigated with DFT calculation at B3LYP/6-31++G(d,p) 

and 6-31G(d,p) for the ground state, TDB3LYP/6-31G(d,p) level of theory for the excited 

state studies. The PHD –NH3 complexes have been examined to understand the sensing 

mechanism. In these systems, the strength of the non-covalent hydrogen bond between 

PHD and NH3 depends on the nature of the association of these molecules. The 

perturbations of HOMO, LUMO and band gaps are also analyzed. The red shifts in UV-

VIS spectra for the NH3 aggregated PHD are also used to justify the sensing ability of 

PHD. 
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THESIS OVERVIEW 
 

OECTs were first demonstrated by White et al. in a device where the conductivity of the 

semiconducting polymer polypyrrole film was modulated by applying a gate voltage to 

the liquid electrolyte. Organic electrochemical transistors (OECTs) are thin-film 

transistors that have shown great promise in a variety of applications such as biosensing, 

logic circuits, and neuromorphic models. The device properties of OECTs are determined 

by the interaction between ionic and electronic charge carriers. This interaction 

distinguishes OECTs from conventional transistor technologies and requires the 

development of device models for the unique behaviour of OECTs.  

In recent years, research into new and more efficient NH3 gas sensors using 

nanostructured materials has received much attention due to various applications such as 

environmental monitoring, industrial process monitoring, automotive exhaust gas 

detection and medical diagnosis. Room temperature operation, low detection limit and fast 

response time are highly desirable in many gas detector applications. OECTs based on 

poly(3,4-ethylenedioxythiophene) doped with polystyrene sulfonate (PEDOT: PSS) can 

be integrated into microfluidic systems used in logic circuits. Such integration facilitates 

the detection of biomolecules such as glucose, deoxyribonucleic acid (DNA), 

neurotransmitters, and certain other biomarkers. These devices follow an ion-to-electron 

conversion mechanism that allows easy biology and electronics coupling. Thus, these 

devices have the advantage of detecting large changes in electron flow even with a 

relatively small ion slip. Here, we have adopted a polyhydroxyl layer (PHD) to design a 

PEDOT: PSS-based OECT to investigate its ability to improve transistor efficiency. In 

addition to ammonia selectivity, the PHD layer also ensures device stability, protects the 

transistor in an aqueous environment and ensures operation at room temperature. We 

confirmed the existence of strong hydrogen bonds, N-H stretching and cavity 

condensation. All these remarkable features, together with the mesoporous nature of the 

PHD film, contribute to the remarkable response of the PHD-OECT-processed solution to 

ammonia at very low (<1 V) operating voltages. 
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Chapter 1 commences with a brief discussion on the need for advanced medical care, an 

introduction to Bioelectronics that involves fundamental aspects, background and a 

summary of OECT. 

 

Chapter 2 demonstrates the conceptualization of a hybrid OECT, fabrication, 

incorporation of a new hybrid film and its influence to detect ammonia. This chapter also 

discusses the sensing pathway, thereby, touching on some detailed mechanisms. 

 

Chapter 3 demonstrates the Clinical Application of our hybrid OECT for Chronic Liver 

Diseases.  This chapter provides a mechanistic approach to sensing ammonia through 

basic fundamental concepts. 

 

Chapter 4 provides a fresh perspective on detecting cancerous cells with our hybrid 

OECT.  This chapter demonstrates the use of Ammonia as a Diagnostic Tool for the 

selective detection of Hepatocellular Carcinoma under physiological conditions.  

 

Chapter 5 discusses the presence of Folate Receptors in Cancerous Cells. Using Folic 

Acid as Biomarker another selective approach targeting Cervical Cancer (CC) cells was 

showcased.  

 

Chapter 6 demonstrates an engineered device which can be photo-stimulated and can be 

optically excited. These photophysical studies provide considerable insights to open a new 

way for future design and development of multifunctional sensing. 

 

Chapter 7 provides theoretical insights and computational corroboration for room 

temperature ammonia sensing. Theoretical values confirm the influence of functional 

groups, porous networks, chemisorption and hydrogen bonding along with mechanistic 

aspects leading to sensitive detection. 

 

The thesis concludes with a brief discussion on the future prospect of the development of 

new materials and the application of engineered hybrid OECT as Diagnostic medical 

electronics.    
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FUTURE PROSPECT 
 

The incidence of chronic diseases such as diabetes, cancer and other infectious diseases is 

increasing due to sedentary lifestyles and other factors. Health authorities in various 

countries are also focusing on increasing diagnostic and treatment rates through awareness 

programs. As the prevalence and awareness of such diseases increase among the 

population, so does the number of patients requiring diagnostic procedures and tests. The 

increase in chronic diseases and the treatment of patients suffering from these diseases put 

enormous pressure on the health systems of various countries. This has greatly increased 

the financial burden of treating these diseases worldwide. The total costs of a patient's 

hospitalization are significantly higher, and a longer hospitalization leads to a greater 

financial burden.  Due to the outbreak of the COVID-19 pandemic and the increasing 

healthcare of the population, the demand for these devices has increased in the market. 

According to independent research conducted in the United States, about 21.0% of the 

country's adult population owned a fitness tracker in 2019. 
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The launch of improved models with new features and reduced prices by market players 

has also increased the customer base of the devices. This provides a huge growth 

opportunity for new entrants and established players to focus on this segment and launch 

new mobile devices to meet the growing demand for these devices. Due to the growing 

financial burden and the growing number of residents over 60, the population's preference 

for home health services is decreasing. In addition, as key players and healthcare 

institutions make increasing efforts to develop and commercialize new and easy-to-use 

medical devices, such as portable and wearable devices to treat chronic diseases, the 

adoption of home healthcare services in developed countries is growing rapidly.
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CONFERENCES/SEMINARS ATTENDED  

• Poster Presentation – Organic Electrochemical Transistor- 4th International Conference 

on Advanced Nanomaterials and Nanotechnology, (ICANN-2015) held at IIT 

Guwahati. 

• Research Conclave, an amalgamation of Academia, Industry & Startups held at IIT 

Guwahati, March 16th – 19th, 2017. 

• National Workshop on MEMS/NEMS and Theranostics Devices (NWNTD), from 

March 21st – 23rd, 2017, at IIT Guwahati, Assam, India. 

• 5th International Conference on Advanced Nanomaterials and Nanotechnology, 

(ICANN-2017) held at IIT Guwahati, Guwahati, during Dec 18th -21st, 2017. 

• Research Conclave, an amalgamation of Academia, Industry & Startups held at IIT 

Guwahati, March 8th-11th, 2018.  

• Presented a poster and was awarded the Departmental Best Poster award (FIRST 

PRIZE) in Research Conclave 2019 organised by the Academic Affairs Board, Indian 

Institute of Technology Guwahati, India from 14th – 17th March 2019. 

• 6th International Conference on Advanced Nanomaterials and Nanotechnology 

(ICANN-2019) held at IIT Guwahati, Guwahati, during Dec 18th -21st, 2019. 

• Participated in National Workshop on NEMS/MEMS and Theranostics Devices 2019 

organised by Centre for Nanotechnology, Indian Institute of Technology Guwahati, 

India from Feb 21, 2019 -Feb 23, 2019. 

• National Workshop on Municipal Solid Waste and its impact- organized by Assam 

Science and Technology University under the Collaborative Research Scheme of 

TEQIP III project on 3rd- 4th September 2020. 

• Potential of Bio-Energy in North-East India-Organized by Assam Science and 

Technology University Guwahati held on 08th September 2020. 

• Research Scholars Skill Development Workshop organized by the Indian National 

Young Academy of Sciences (INYAS), 19th – 20th September 2020. 
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• 6th National Workshop on NEMS/MEMS and Theranostics Devices NWNTD Fri, 

Dec 4, 2020- organized by Centre for Nanotechnology, Indian Institute of 

Technology Guwahati. 

 
• 30th Annual Meeting of MRSJ- organized by Materials Research Society of Japan, 9th 

– 11th December 2020. 

• Weekend Webinar Series – Windows of Opportunity in Science and Technology, 

Organised by the Indian Young Academy of Sciences (INYAS), April – May 2021 

comprising the following weekend webinars –  

• 3rd April 2021 – Higher Education opportunities after BE/BTech. 

• 10th April 2021 – The ‘S’ in STEM: Relevance and Opportunities. 

• 17th April 2021 – Roadmap to a stress free research journey. 

• 24th April 2021 – Basic Sciences: To pursue or Not to. 

• 01st May 2021 – Sustainability: What we need vs what we think we need. 

• 15th May 2021 – Radiation Physics: Opportunity in Medical Devices. 

• Advancing your drug development with metabolomics: bolster your ‘omics data and 

gain critical insights- organized by ACS Publications August 11, 2021. 

• RSC- IIT Desktop Seminar with Journal of Materials Chemistry A- organized by 

Journal of Materials Chemistry A and IIT Guwahati. 27 October 2021 15:00 - 28 

October 2021. 

• Driving the development of bio-based polymers with molecular simulation- 

organized by Chemistry World Apr 13, 2022.  

• Fingerprinting recycled thermoplastic resins for process optimisation - organized 

by Chemistry World Jun 15, 2022.  

• Broadband benchtop NMR spectroscopy: it’s more than just protons- organized by 
Chemistry World Jun 29, 2022. 

 
• Engineering of Multi-Cellular Insulin Secreting Tissues for Diabetes Cell 

Replacement Therapy- organized by Terasaki Institute Sep 21, 2022.  

• Leveraging Novel Modalities for Oncology Therapies- organized by ACS Publications 

October 26, 2022. 
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• Accelerate your Chemical Research with the help of Modern Tools-November 3, 2022 

organized by ACS Publications. 

• Innovations in Measurement Science - organized by ACS Publications March 2023. 

• Driving the development of bio-based polymers with molecular simulation- organized 

by Chemistry World held on 13th April 2023. 

• Info Sessions IITG-TIC- organized by IIM Bangalore and IIT Guwahati. 

• Seminars organized by MIT live webcasts. 

PUBLICATIONS/ BOOK CHAPTER 

1. An engineered organic electrochemical transistor (OECT) platform with a high 

ammonia-sensitive mesoporous membrane (Published), Sens. Diagn., 2022,1, 1176-

1184. (Selected for Inside Cover Art) https://doi.org/10.1039/D2SD00099G; 

Indrani Medhi, Prof. Parameswar Krishnan Iyer. 

2. Theoretical Insights and Computational Analysis in Understanding the Role of 

Hydrogen Bonding in a Polyhydroxyl Derivative for ammonia sensing 

(Communicated); Indrani Medhi, Prof. Parameswar Krishnan Iyer 

3. Photo-electronic room temperature detection of Ammonia using reusable luminescent 

porous networks (Communicated); Indrani Medhi, Nehal Zehra, Prof. Parameswar 

Krishnan Iyer 

4. Clinical Ammonia detection as a potential biomarker for chronic liver disease (To be 

Communicated); Indrani Medhi, Upashi Goswami, Prof. S. S. Ghosh, Prof. 

Parameswar Krishnan Iyer 

5. Ammonia as Early Diagnostic Tool via elevated metabolite in Cancer 

Microenvironment (To be Communicated); Indrani Medhi, Upashi Goswami, 

Debashree Debasmita, Prof. S. S. Ghosh, Prof. Parameswar Krishnan Iyer 

6. Polyhydroxyl Derivative (PHD) conjugated folic acid as an efficient Biomedical 

Platform for identifying folate-receptor cancer cells (To be Communicated); Indrani 

Medhi, Upashi Goswami, Debashree Debasmita, Prof. S. S. Ghosh, Prof. Parameswar 

Krishnan Iyer 
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BOOK CHAPTER 

• Subrata Mondal, Rahul Narasimhan, Ramesh B. Yathirajula, Indrani Medhi, Lidong 

Li, Shu Wang, Parameswar K. Iyer; Chapter 2 - Emerging technology for point-of-care 

diagnostics: Recent developments; Advanced Nanomaterials for Point of Care 

Diagnosis and Therapy 2022, Pages 15-42 ISBN 978-0-323-85725-3 Copyright © 

2022 Elsevier Inc. All rights reserved. 
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Indrani Medhi 
 

Indrani Medhi was born to Prof. Okhil Kumar Medhi and Prof. Chitrani Medhi, a notable 

family in Indian Academia, on 1988 at Guwahati, Assam, India. The family environment 

motivated Indrani to pursue her quest for excellence in science and research from a very 

young age. Indrani obtained her Bachelor of Technology (B.Tech.) degree in Biomedical 

Engineering from Sathyabama Institute of Science & Technology, Chennai in 2012. Later 

on, she pursued higher research in the field of Bioengineering & Biomedical Devices and 

obtained a Master of Technology (M.Tech.) in Biomedical Engineering from SRM 

University/Harvard-MIT Health Sciences and Technology (HST) in 2014. She was 

selected for the prestigious Semester Abroad Program at Harvard-MIT Health Science & 

Technology, Massachusetts, USA. She has been trained in Prof. Ali Khademhoesseini’s 

Lab, who comes in one of the top Material Scientists in the World. Her Hands-on-training 

as a Research Associate at Harvard-MIT Health Science & Technology, Massachusetts, 

USA led to her publication in a reputed peer-reviewed journal and a book chapter. 

Currently, Indrani is working as an Experienced Doctoral Researcher at the Centre of 

Nanotechnology, IIT Guwahati with a demonstrated history of working in Biomedical 

Research. Indrani has more than 10 Years of Rich research experience in the area of 

Biomedical devices, Bio-sensors, and Theranostic device fabrication with hands-on 

training from Harvard-MIT Health Science & Technology, Massachusetts, USA. Apart 

from avid learner and researcher in the field, Indrani has skilled in Technical Writing, 

Microscopy, Organic Electronics, Sensor Fabrication, Electrospinning, Material 

Technology, Tissue Regeneration and Tissue Culture Engineering.  

 

 

Electrochemical Station, Fluorescence Microscopy, Soft Lithography, UV Lithography, 

PDMS Molding, Basic Microfluidics, Keithley Instruments, Thermal Deposition (Glove 

Box), Universal Testing Machine (UTM), Material Printing System (MPS), 3D 

Bioprinting, Cryofreezing, Cryosectioning, Dynamic Light Scattering (DLS). 

 

Laboratory Skills 
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MATLAB, Simulink, LabVIEW, COMSOL, SolidWorks, AutoCAD, ImageJ, Gaussian, 

Chemdraw, Origin, Adobe Illustrator, Microsoft Office, Coreldraw, Paint, Canva 

 

 

 

Hydrogel, Wound Healing, Biomaterials, Regenerative Medicine, Scaffold Development, 

3D Cell Culture, Electrospinning, Biomimetics, Organic Electronics.  

Technical Skills 

 

Research Expertise 
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