Dedicated to my family



School of Biomedical Engineering
Indian Institute of Technology
(Banaras Hindu University)
Varanasi-221005

CERTIFICATE

It is certified that the work contained in the thesis titled “Design and Deployment of

Electrochemical Sensors using Conductive Metal Organic Frameworks and their

Nanohybrids” by Shubhangi has been carried out under my supervision and that this

work has not been submitted elsewhere for a degree.

It is further certified that the student has fulfilled all the requirements of Comprehensive

Examination, Candidacy, and SOTA for the award of Ph.D. Degree.

Date: 26.11.2024 Prof. Sanjay Kumar Rai Prof. Pranjal Chandra

Place: IIT (BHU), Varanasi (Supervisor)

(Co-Supervisor)

School of Biomedical Engineering School of Biochemical Engineering

[IT (BHU), Varanasi

JTATI/PROFESSOR
St fafeear saie g
SCHOOL OF BIOMEDICAL ENGG
R grenfiran wvers (@rRf)
INDIAN INSTITUTE OF TECHNOLOGY (B.H.U.)
YRTOTHI-221005/VARANASI-221005

[iii]

IIT (BHU), Varanasi

prs
o

_ Dr. Pranjal Chandra
sChAssocuate Professor
ool of Biochemical Engineerin ‘
‘: Indian Institute of Technology (BHU) Vgranasn
|, Varanasi 221005, Uttar Pradesh '

N
.




School of Biomedical Engineering
Indian Institute of Technology
(Banaras Hindu University)
Varanasi-221005

DECLARATION BY THE CANDIDATE

I, Shubhangi, certify that the work embodied in this Ph.D. thesis is my own bona fide work and
carried out by me under the supervision of Prof. Sanjay Kumar Rai and Prof. Pranjal Chandra
from July 2019 to November 2024 at the School of Biomedical Engineering and School of
Biochemical Engineering, Indian Institute of Technology (Banaras Hindu University),
Varanasi. The matter embodied in this Ph.D. thesis has not been submitted for the award of any
other degree/diploma. I declare that I have faithfully acknowledged and given credit to the
research workers wherever their works have been cited in my work in this thesis. I further declare
that, I have not wilfully copied any other’s work, paragraphs, text, data, results, etc. reported in
the journals, books, magazines, reports, dissertations, theses, etc., or available at websites and

have not included them in this Ph.D. thesis and have not cited as my own work.

Sy
Date: 26.11.2024 Shubhang

Place: IIT (BHU), Varanasi

CERTIFICATE BY THE SUPERVISOR(S) AND HEAD OF THE DEPARTMENT

It is certified that the above statement made by the student is correct to the best of our

knowledge.

Srhrad =

Prof. Sanjay Kumar Rai

5_/1@&

rof. Pranjal Chandra  Prof. Sanjay Kumar Rai

(Supervisor) (Co-Supervisor) (Coordinator, SBME)
School of Biomedical Engineering School of Biochemical Engineering School of Biomedical Engineering
IIT (BHU), Varanasi IIT (BHU), Varanasi IIT (BHU), Varanasi
ITETI/PROFESSOR HHIIDH/CO-ORDINATOR

Dr. Pranjal Chandra gy fypyer ARTITY veer
Associate Professor o

SCHOOL
School of Biochemical Engineerin QT%?WB:;;[) l\ggg;g/\(%%?)
. Indian Institute of Technology (BHU) Va
it 21005 U Pradeth IRBTAN INSTITUTE OF TECHNOLOGY (B.H.U. )
it s SIET ARIOTEI-221008A/ARANASI-221005

[iv]

St fafeear sfaaifa g
SCHOOL OF BIOMEDICAL ENGG
Ry drenfia swem @A)
INDIAN INSTITUTE OF TECHNOLOGY (B.H.U.)
YIRTOTAT-22 1005/ VARANASI-221005




School of Biomedical Engineering
Indian Institute of Technology
(Banaras Hindu University)
Varanasi-221005

COPYRIGHT TRANSFER CERTIFICATE

Title of the Thesis : Design and Deployment of Electrochemical Sensors using

Conductive Metal Organic Frameworks and their

Nanohybrids

Name of the Student : Shubhangi

COPYRIGHT TRANSFER

The undersigned hereby assigns to the Indian Institute of Technology (Banaras Hindu
University), Varanasi all rights under copyright that may exist in and for the above thesis

submitted for the award of the “Doctor of Philosophy”.

il

Date: 26.11.2024 | " Shubhangi
Place: IIT (BHU), Varanasi .

Note: However, the author may reproduce or authorize others to reproduce material extracted
verbatim from the thesis or derivative of the thesis for author's personal use provided that the
source and the Institute's copyright notice are indicated.

(vl



Acknowledgement

“Every accomplishment begins with the decision to try.”

My Ph.D. journey has been a testament of my patience, hard work, perseverance and a
dream which | saw with my eyes wide open. | owe this accomplishment to many kind souls

and would remain forever indebted to them.

First and foremost, |1 would like to express my sincere gratitude to my PhD supervisors
Prof. Sanjay Kumar Rai and Prof. Pranjal Chandra for their motivation, right direction,
and exceptional support throughout. Their continuous guidance helped me in my
research and completion of the thesis. I could not have imagined having a better advisor

and mentor for my Ph.D. work.

| am also thankful to RPEC members: Prof. Brijesh Kumar, School of Biomedical
Engineering, IIT (BHU) and Prof. Shreyans Kumar Jain, Department of Pharmaceutical

Engineering, IIT (BHU) for their fruitful suggestions.

| have been highly blessed with a friendly and cheerful group of fellow research scholars.
I would like to express my heartfelt gratitude to my friends especially Ms. Sanju Kumari,
Ms. Niti Priya, Ms. Gargi, Ms. Snehlata, Ms. Parul, Mr. Pranshu CBS Negi, Ms. Divya

Pareek, and Mr. Priyanshu for standing by my side.

Thanks to my all lab-colleagues, especially Ms. Rohini Kumari, Ms. Divya and Ms.

Kajal for their unconditional help, support and cooperation.

| would like to express my gratitude towards the CIF- 11T BHU Varanasi for providing
me instrumentation facilities. I immensely express my profound gratitude to Prof. Amit

Patra, Director, Indian Institute of Technology (Banaras Hindu University), Varanasi,

[vii]



and the Deans of the institute for providing the necessary amenities and sophisticated

instrumentation facilities for the smooth conduct of research.

I would like to keep on record my profound respect & sincere thanks to respected faculty
members SBME and BCE, Prof. Sumit Kumar, Prof. Rajendra Meena, Prof. P.K Roy,
Prof. Neeraj Sharma, Prof. Shiru Sharma, Prof. Sanjeev Kumara Mahto, Prof. Pradip
Paik, Prof. Jac Fredo AR, Prof. Sudip Mukherjee, Prof. Deepesh Kumar, Prof. Gauri

Balachander for their support and encouragement.

| pay sincere thanks to Mr. Varun Kumar Pandey, Mr. Kamlesh Kumar, Mr. Bharat
Kumar, Mr. Divyanshu Singh, Mr. Kishori Lal and all the departmental non-teaching

staff for their cooperation and help during my research work.

| take this occasion to acknowledge the financial assistance provided by the Ministry of

Education, New Delhi in the form of Teaching Assistantship.

| owe a debt of gratitude that words cannot fully express to my dear parents, Shri
Nagendra Kumar, Smt. Kanchanlata and my beloved sister Shivangi. This journey
could never be completed without the support and immense love from my in-laws and my
dear husband Shashank. I am profoundly grateful for their emotional support and the

invaluable role they played in my research journey.

Date: 26.11.2024 Shubhangi
Place: IIT (BHU), Varanasi

[viii]



Table of Contents

Page
No.
Certificates ii
Acknowledgments vii
Preface XV
Chapter 1. Introduction 1
1. General Introduction 2
1.1. Introduction to Biosensors 3
1.2. Classification of Biosensors 4
1.2.1. Based on application of external labels 4
1.2.2. Based on type of transducer used 5
1.3. Role of nanomaterials in the development of biosensors 8
2. Introduction to MOFs 9
2.1. Properties of MOFs 12
2.1.1. Mechanical properties 12
2.1.2. Optical properties 13
2.1.3. Electronic properties 14
2.1.4. Catalytic properties 15
2.2. General methods of MOF synthesis 15
2.2.1. Solvothermal MOF synthesis 16
2.2.2. Electrochemical MOF synthesis 17
2.2.3. Microwave-assisted (MW) and ultra-sonochemical (US) MOF 18
synthesis
2.2.4. Mechanochemical MOF synthesis 20
2.2.5. Dry-gel conversion (DGC) MOF synthesis 21
2.2.6. Diffusion-based MOF synthesis 21
2.2.7. lonothermal MOF synthesis 22
3. Application of Biosensors in Molecular Sensing and Disease Diagnosis 24
3.1. Detection of Clinically significant molecules using MOF-based 24
Sensors
3.1.1. Free Radicals and Metal lons 24

[ix]



3.1.1.1. MOF-based electrochemical sensors for free radical
and metal ion detection

3.1.1.2. MOF-based optical sensors for free radical and metal
ion detection

3.1.2. Small molecules

3.1.2.1. MOF-based electrochemical sensors for small molecule
detection

3.1.2.2. MOF-based optical sensors for small molecule
detection

3.1.3. Macromolecules

3.1.3.1. MOF-based electrochemical sensors for
macromolecules’ detection

3.1.3.2. MOF-based optical sensors for macromolecules’
detection

3.1.4. In vitro cell detection

3.1.4.1. MOF-based electrochemical sensors for prokaryotic
cell detection

3.1.4.2. MOF-based electrochemical sensors for eukaryotic cell
detection

3.2. Electrochemical MOF-based Biosensing matrices for Disease
Diagnosis

3.2.1. MOF-hased electrochemical sensors for Diabetes

3.2.2. MOF-hased electrochemical sensors for Virus and bacteria-
borne infectious diseases

3.2.2.1. Viral diseases
3.2.2.2. Bacterial sepsis

3.2.3. MOF-based electrochemical sensors for Neurological
disorders

3.2.4. MOF-hased electrochemical sensors for Cardio-vascular
diseases

3.2.5. MOF-hased electrochemical sensors for Cancer
References

Chapter 2. Electrochemical Assembly of Nickel MOF Decorated Au
Dendrites as Peroxidase Mimic for High Performance
Hydrogen Peroxide Sensing

1. Introduction

2. Materials and Methods

[X]

24

26

32
32

33

42
42

44

54
54

56

62

65
70

70
72
81

86

90
96
139

140
144



2.1. Chemicals and Instruments
2.2. Preparation of GCE/AuND/Ni-MOF/Hyd sensing probe

2.3. Electrochemical characterizations of the GCE/AuND/Ni-MOF/Hyd
nanohybrid sensing probe

2.4. Real Sample Analysis
3. Results and Discussion

3.1. Electrochemical nanoimprinting and characterization of 3D
AUND/Ni-MOF/Hyd nanohybrid sensing probe

3.1.1. SPM studies
3.1.2. Physical characterization of sensing probe/ probe materials
3.1.3. XPS analysis

3.1.4.Validation of Au, Ni, and hydrazine presence at the electrode
surface

3.1.5. Electrochemical characterization of  GCE/AuND/Ni-
MOF/Hyd sensing probe

3.2. Analytical performance of GCE/AuND/Ni-MOF/Hyd nanohybrid
sensing probe

3.3. Selectivity assay

3.4. Real sample analysis

3.5. Reproducibility and stability assay
4. Conclusion
References

Chapter 3. Pristine NiMOF sandwiched between 1D and 3D engineered
Au-particles and dendritic platform for ultra-swift folic acid
sensing in cellular microenvironment

1. Introduction
2. Materials and Methods
2.1. Chemicals and Instruments
2.2. GCE/AUNP/NiIMOF/AuUND sensor probe fabrication

2.3. Electrochemical characterization of GCE/AuNP/NiMOF/AuND
sensor probe

2.4. Real Sample Analysis
2.4.1. Sensor Validation in Serum samples

2.4.2. In vitro sensing and real-time FA uptake in cellular
microenvironment

3. Results and Discussion

[xi]

144
144
145

146
146
146

147
149
153
156

158

162

170
171
172
174
175
181

182
186
186
187
188

188
188
189

189



3.1. Electrochemical surface engineering and characterization of
GCE/AuUNP/Ni MOF/AuUND sensor probe

Physical Characterizations
3.1.1. SPM analysis
3.1.2. SEM and EDX analysis
3.1.3. FTIR analysis for NiMOF

3.1.4. Catalytic metal elemental validation on the
GCE/AUNP/NiMOF/AuUND probe surface

3.2. Electrochemical performance of GCE/AUNP/NiMOF/AuUND sensor
probe

3.3. Analytical performance of GCE/AuNP/NiMOF/AuUND sensor probe
3.3.1. Control Studies
3.3.2. Sensor Analytics
3.3.3. Response time study
3.3.4. Selectivity and reproducibility assay
3.3.5. Real sample analysis
3.3.5.1. Serum-sample based study

3.3.5.2. In vitro sensing module using MCF-7 cell lines and its
validation through fluorescence imaging

4. Conclusion
References

Chapter 4. Ni/Co stacked MOFs as a nano-electronic transducer
integrated with smartphone for nitrite sensing in
environmental water samples

1. Introduction
2. Materials and Methods
2.1. Chemicals and Instruments
2.2. Preparation of GCE/NiMOF/CoMOF/AUNP sensing platform

2.3. Electrochemical evaluation of the GCE/NiMOF/CoMOF/AuNP
nanohybrid sensing probe

3. Results and Discussion

3.1. The deposition of the stacked MOF over the electrode surface,
followed by AuNP functionalization

3.2. Physical Characterization of the developed 3D stacked MOF sensing
probe

3.2.1. SEM and EDX Analysis

[xii]

189

190
190
192
194
196

197

201
201
205
206
210
212
212
214

216
218
223

224
226
226
227
228

229
229

233

233



3.2.2. XPS analysis
3.3. Electrochemical characterization

3.3.1. Catalytic metal elemental validation on the GCE/Ni-MOF/Co-
MOF/AuUNP sensor probe

3.3.2. Electrochemical performance of the stacked MOFs in the
sensor probe

3.4. Analytical Feasibility of the Developed Surface

3.5. Response Time Analysis for the GCE/Ni-MOF/Co-MOF/AuNP
Sensor

3.6. Selectivity, Reproducibility, and Stability of the GCE/Ni-MOF/Co-
MOF/AuUNP Sensor Probe

3.7. Real Sample Analysis

3.8. Integration of Sensor with a Smartphone Interface for Field
Deployment

4. Conclusion
References
Chapter Appendix

Chapter 5. Engineering Cobalt/Molybdenum Bimetallic MOF for Ultra-
swift Detection of Uric Acid

1. Introduction
2. Materials and Methods
2.1. Chemicals and Instruments
2.2. Electrochemical Sensor Probe Characterization and Analytics

2.3. Preparation and preliminary physical characterization of the Co/Mo
MOF probe

2.4. Physical and electrochemical characterization of the nanoengineered
Co/Mo MOF sensing probe

2.5. Real Sample Analysis
3. Results and Discussion

3.1. Electrochemical nanoengineering and characterization of the
GCE/Col/ sensing probe

3.1.1. SEM and FTIR studies

3.1.2. Electrochemical characterization of GCE/ Co/Mo MOF
sensing probe

3.2. Analytical performance of GCE/ Co/Mo MOF sensing probe
3.3. Selectivity assay

[xiii]

236
238
238

241

244
248

249

251
252

254
255
261
265

266
267
267
268
268

269

269
269
269

270
270

272
276



4. Conclusion

References

Chapter 6. Overall Conclusion and Future Prospects
1. Major shortcomings of MOFs in sensor development
2. Conclusions and Future Prospects

References

Annexures

Annexure 1: List of publications and patents from thesis and associated
works

Annexure 2: Conference presentations

Biography of the Author

[xiv]

278
280
283
284
286
291
293
294

303
308



Preface

Biosensors are crucial bioanalytical tools capable of detecting any analyte of interest within
a sample solution. While the conventional diagnostic methods require certain demands
such as trained personnel and advanced infrastructure, with the processes being time-
consuming, they also have the biggest drawback of not being able to be accessed at remote
locations. Electrochemical biosensors are emerging as newer alternatives to such
conventional tools with the ability to function in remote settings, as point-of-care
diagnostics as well. They are being continuously improved to detect clinical and
environmental analytes with higher sensitivity and selectivity through incorporation of
advanced materials and novel signal enhancement strategies. The surfaces of the sensors
are functionalized with suitable biorecognition elements or the matrix components
themselves are catalytic enough the detect the target analyte at suitable potentials.
Functionalization with advanced nanomaterials often impart excellent catalytic properties

to these sensing platforms along with increment in their surface area to many folds.

In this work, we have attempted to develop multiple sensing platforms with metal organic
frameworks as essential matrix components, to detect a range of clinical and environmental
analytes, both in ideal as well as real samples. They also offer potential for deployment for
on-site detection of these analytes to ensure better health. In this thesis project, four
different biosensors have been designed using metal organic frameworks and its
composites to detect hydrogen peroxide, folic acid, nitrite, and uric acid. All materials and
composites reported in the work has been thoroughly characterized through physical and

electrochemical routes before their application in sensor development.

In the first work, creation of a nanohybrid platform has been attempted for rapid detection

of hydrogen peroxide (H202), which has tremendous role in area of medical diagnostics.
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Conventionally, the peroxidase (POD) enzyme catalyses H2O2 however, it is prone to
inherent chemical and thermal instabilities reducing the overall stability and shelf life of
sensor probe. A possible solution for this problem has been attempted in this work where
a non-enzymatic peroxidase mimic nanohybrid probe comprising of gold nanodendrites
(AuND), nickel metal organic framework (Ni-MOF), and hydrazine has been
synergistically deployed for rapid detection of H202. The developed sensor probe has been
rigorously characterized through various physical as well as electrochemical
characterization techniques. It demonstrated impressive analytical performance, with a
linear dynamic range (LDR) between 1 x 108 M to 1 x 10 M, with the limit of detection
(LOD) being 0.34 (+0.05) x 10 M, making it suitable for trace analysis as well. The
probe's average response time with changing H.O> concentrations was 5.02 + 0.42 seconds,
making it an agile sensing platform for H,O, detection. The nanohybrid probe displayed
minimal response towards interferants such as superoxide radicals, ascorbic acid, cysteine,
glucose, alanine, and citric acid, which usually co-exist in real sample matrix. In order to
investigate the real-life applicability of the developed sensor probe, a real sample analysis
involving synthetic serum was adopted which yielded a current recovery between 90.20 -
94.14%. The probe fabrication time and on-chip synthesis procedure are facile, making it

a robust and efficient sensing platform for H2O- free radical in clinical settings.

In the second work, an electrochemical sensor has been developed for folic acid (FA), an
essential water-soluble vitamin and a precursor for enzymes which requires timely and
precise monitoring in serum of individuals with varying clinical diagnosis. An attempt has
been made in this direction through our work where, rapid detection of FA through its
oxidation via. metal centres from hybrid nanomaterials, is deployed for signal generation.
A non-enzymatic, non-immunometric approach involving a sandwich model comprising of

NiMOF layered between gold nanoparticles (AuNPs) and gold nanodendrites (AuNDS)
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incorporated within a sensor matrix has been deployed for the purpose. The probe displayed
great analytical performance with a LDR between 1 x 102 M to 1 x 10! M, with the LOD
being 0.48 x 10! M. The probe's average response time with respect to changes in FA
concentration was recorded as less than 2.1 seconds, making it a rapid sensing platform for
FA detection. The real-life applicability of the developed sensor was tested in serum,
followed by a breast cancer cellular microenvironment-based analysis which yielded a
current recovery between 95.11-98.17%. The cancer cell FA uptake was also validated
through a live cell imaging based on the standard method of fluorescence. The less
fabrication time of the developed sensor when compared to existing ones makes it a facile
and efficient sensing platform for FA in clinical settings. This current study is the first
report on conjunction of 1D, 2D and 3D materials as sensing matrix for molecular detection

application.

In the next chapter, we have attempted the stacking of two MOFs, a Ni-MOF, followed
by Co-MOF, which was further functionalized with gold nanoparticles to detect nitrite ions
(NO2) in real/environmental water samples. Nitrite is a naturally occurring plant nutrient
present in the soil and is also used as a preservative in industries however, can generate
carcinogenic precursors at higher concentrations. The catalytic sensing probe was
developed to detect NO2 through its electrochemical oxidation to NOs at a specific
potential. The GCE/Ni-MOF/Co-MOF surface was deposited through a facile and faster
approach of electrodeposition, with Co-MOF being developed through a novel
electrodeposition route. The final sensing probe was thoroughly characterized by various
physical and electrochemical techniques. It displayed worthy analytical performance in
terms of its wide linear dynamic range between 1 x 10° M and 1 x 108 M and a limit of
detection of 4.2 nM. It exhibited a rapid average response time of about <1.5 second,

making it an ultrasensitive detection platform for NO2"in environmental water samples. A
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systematic integration with a smartphone application has also been proposed for on-site
application of the sensor where a single-fed input value determines the real-time NO>

concentration in test water samples.

In the next and final work, novel sensing platform comprising of cobalt/molybdenum
(Co/Mo) bimetallic MOF has been attempted for the sensitive detection of uric acid (UA)
in clinical ranges. Conventionally, UA is detected through an enzyme called uricase which
converts UA to allantoin. However, the enzyme-based diagnostic solutions are prone to
chemical and thermal instabilities making the process cumbersome and tedious. To
eliminate such challenges, the developed non-enzymatic detection system uses a highly
catalytic bimetallic sensing module which electrochemically facilitates conversion of UA
to allantoin, and yields electrochemical signal outcomes. The developed sensing probe was
characterized through physical and electrochemical techniques. UA has been used as the
sample target analyte to validate the efficacy of the bimetallic system using differential
pulse voltammetry (DPV) and chronoamperometry (CA). The preliminary results hold
immense promise for the developed system in application for sensing a wide range of

analytes through electrochemical methods in clinical settings.

In the sixth and final chapter of the thesis, we have identified the possible challenges in
development of such MOF-based sensing platforms to project better research opportunities
for the upcoming researchers. The work is aimed towards the fabrication sensitive
platforms exploring the potential of novel synthesis methods for MOF synthesis along with
its deployment in the sensor matrix development. The work can be further extended to
development of hand-held point-of care or miniaturized systems which can used for on-site

diagnostics with little or no technical training requirements.

(G240
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