EXPLORING OPTICAL SENSORS FOR HYDROGEN
PEROXIDE ON SILK AND PAPER PLATFORMS USING
CHEMICAL DYE, PEROXIDASE AND GOLD
NANOCLUSTERS AS SIGNAL GENERATING SYSTEMS

by
Phurpa Dema Thungon
Roll No.: 146106001
A Thesis

Submitted in Fulfillment of the
Requirements for the Award of the Degree of

DOCTOR OF PHILOSOPHY

at the

Indian Institute of Technology Guwahati

&
‘}&\zi\%‘ -*?179?
S N
£ %,
3 =
(S
S J
%“a Q\\Q

Department of Biosciences and Bioengineering
Indian Institute of Technology Guwahati
Guwahati, Assam, India

March 2022

TH-2731_146106001



T T 2,
%&\ﬁq?% INDIAN INSTITUTE OF TECHNOLOGY GUWAHATI
£ ;

b

Department of Biosciences and Bioengineering

A&'} Guwahati — 781039

&,
&, o)
% of Techn®

STATEMENT

I do hereby declare that the matter embodied in this thesis entitled “Exploring optical
sensors for hydrogen peroxide on silk and paper platforms using chemical dye,
peroxidase and gold nanoclusters as signal generating systems” is the result of
investigations carried out by me in the Department of Biosciences and Bioengineering,
Institute of Technology Guwahati, Assam, India, under the guidance of Prof. Pranab

Goswami.

In keeping with the general practice of reporting scientific observations, due
acknowledgements have been made wherever the work described is based on the findings of
other investigators.

Q@M/

March 2022

Phurpa Dema Thungon

TH-2731_146106001



T H oy
%ﬁ&\ﬁq?% INDIAN INSTITUTE OF TECHNOLOGY GUWAHATI
£ 2

b

Department of Biosciences and Bioengineering

=

m
<
el

A&'} Guwahati — 781039

&,
(Z o)
% of Techno"

CERTIFICATE

It is certified that the work described in this thesis, entitled “Exploring optical sensors for
hydrogen peroxide on silk and paper platforms using chemical dye, peroxidase and
gold nanoclusters as signal generating systems”, done by Ms. Phurpa Dema Thungon
(Roll No. 146106001) for the award of degree of Doctor of Philosophy is an authentic record
of the results obtained from the research work carried out under my supervision in the
Department of Biosciences and Bioengineering, Indian Institute of Technology Guwahati,

India.

The results embodied in this thesis have not been submitted to any other University or

Institute for the award of any degree.

)

Prof. Pranab Goswami

(Thesis Supervisor)

TH-2731_146106001



TH-2731_146106001



Acknowledgement

I take this opportunity with much pleasure to express my sincere gratitude to all those who have supported
me through the course of my journey towards producing this thesis. First, I am thankful to Indian
Institute of Technology Guwahati for giving me the opportunity to carry out Ph.D. in this esteemed
Institute. I would like to extend my deepest gratitude towards my thesis supervisor Prof. Pranab Goswami
for mentoring me to throughout this PhD journey and teaching me perseverance and patience in research
work, His constant encouragement, time, ideas, and the freedom to do research work has helped me to
propel my work in a fruitful direction. I would also like to thank him _for the well-equipped laboratory,
vast resources and dedicated work culture that has made working in his [aboratory a pleasant experience.

His optimism and down to earth and helpful nature make him one of the best teachers in my life.

I am thankful to my doctoral committee members, members Prof. R, Tamuli, Prof. A. Ramesh, and Prof.
V. V. Goud for critically evaluating my research work and for their valuable suggestions which helped me

produce better research work,

I would also like to thank my Oversee-Supervisor in University of Alberta, Canada, Prof. A. Meldrum
for giving me the wonderful opportunity to work in his laboratory under the SERB Oversees Doctoral
Fellowship (2019). I learnt so much in under his guidance about science < research, Mathematica,
Photoluminescence, Biking, Politics and Russian literature. I am thankful to our collaborator Sergei
Vagin from Technical University of Munich, Germany for providing me with his Rnowledge and help and
for synthesizing the fluorophore used in my thesis. I extend my sincere gratitude to the Science and
Engineering Research Board (SERB), Government of India for providing me with their prestigious SERB
Oversees Doctoral Fellowship (2019) for executing a part of my research in the University of Alberta,

Canada.

I would like to thank CIF especially Milan Mahadani from FETEM lab, BSBE, COE for providing the

access to various instruments without which this study would not be feasible.

Special thanks to my past and present lab members, Babina, Priyamvada, Ankgna di, Lightson, Priyankj,
Sharbani, Naveen, Santhosh bhaiya, Abdul, Vinay, Smita, Pooja, Malay, Nabajyoti, Kangkana,

TH-2731_146106001



Rupinder, and Mrinal bhaiya who have shared their struggles and supported me in all my endeavours. A
special thanks to my M. Tech juniors Torsha and Nishu who helped me in my research work,

I would also like to thank and appreciate my friends, Nama, Beth, Kaushiki, Ruchika, Shruti, Mariana,
Lijuan, Tanisha, Hui and Inés who always brightened my days and cheered me up when things got tough,

and for the wonderful memories we shared together during the PhD time.
I also express my profound debt to my family members, especially my late father Achi, and Ama as well as
my sisters LeKi, Sonam and Priyanjali for their unconditional love, encouragement, sacrifices, and faith

in my capabilities to fulfil this journey.

Most importantly, I would liRe to praise and thank Father God Almighty, who has granted me countless
blessing, knowledge, and opportunity, so I could be able to accomplish this thess.

Thwpa Dema Jhuurngor

TH-2731_146106001



Table of Contents

Abstract i
List of Abbreviations iv
List of Symbols viii
List of Figures X
List of Schemes Xvii
List of Tables Xviii
CHAPTER I
1. INTRODUCTION AND REVIEW OF LITERATURE 1
1.1. Introduction 2
1.2. Enzyme-based optical H.O2 sensors 5
1.2.1. Catalase for detection of H,O; 5
1.2.2. Peroxidase for detection of H20> 8
1.3. Nanomaterials for optical H.O, sensing 10
1.3.1. Peroxidase-like nanomaterials 12
1.3.2. Nanomaterials for colorimetric detection of H.O> 13
1.3.3. Metal nanoclusters as hydrogen peroxide sensing probe 14
1.3.3.1. Protein stabilized metal nanoclusters 17
1.4. Organic dye as peroxidative probes 18
1.4.1. Boronate based probes 18
1.4.2. Non-boronate based probes 19
1.5. Emerging trends in miniaturization and platform design 21
1.5.1. PDMS based microfluidics 22
1.5.2. Paper based microfluidics 24
1.5.3. Silk fibroin-based platforms 27
1.6. Significant Gaps in the Research 29
1.7. Objectives of the study 30
1.8. Structure of the thesis 31

TH-2731_146106001



CHAPTER I
2. FLUORESCENT ORGANIC DYE-BASED SENSING OF HYDROGEN
PEROXIDE AND ITS APPLICATION FOR ALCOHOL DETECTION
2.1. Introduction
2.2. Experimental section
2.2.1. Chemicals and reagents
2.2.2. Optical characterization
2.2.3. Preparation of functionalized fluorophore
2.2.4. Optical response of c-P4VB with acid and H,O»
2.2.5. Preparation of c-P4VB-infused paper
2.2.6. Hydrogen peroxide sensing with c-P4VB paper
2.2.7. Ethanol pPAD fluorescence biosensor
2.2.8. Real sample analysis
2.2.9. Statistical analysis of data
2.3. Results and Discussion
2.3.1. NMR analyses of products
2.3.2. Structure and basic optical properties of np-P4VB and c-
P4VB
2.3.3. Optical properties of c-P4VB in aqueous solution of H.0-
2.3.4. Properties of c-P4VB-infused paper
2.3.5. Hydrogen peroxide paper sensor performance
2.3.6. UPAD sensor ethanol
2.3.7. Real sample analysis

2.4. Conclusion

CHAPTER Il
3. PEROXIDASE BASED SENSING OF HYDROGEN PEROXIDE AND
ITS APPLICATION IN DEVELOPING A REAGENT-FREE
ALCOHOL BIOSENSOR
3.1. Introduction
3.2. Experimental section
3.2.1. Chemicals and reagents
3.2.2. Extraction of silk fibroin
3.2.3. Preparation of different SF films

TH-2731_146106001

33
34
35
35
35
35
36
36
37
37
38
38
38
38

43
48
49
51
52
53
55

56
57
58
58
58
59



3.2.4. Film characterization

3.2.5. Activity study of enzyme(s) immaobilized in SF films
3.2.6. Optimization of enzyme(s) in SF films

3.2.7. Stability study of enzyme(s) in SF films

3.2.8. Fabrication of microfluidic pattern on paper surface
3.2.9. Design of WPAD methanol sensor

3.2.10. Statistic analysis of data

3.3. Results and Discussion

3.3.1. Optical properties of enzymes immobilized SF films

3.3.2. Effect of SF on the colorimetric peroxidase reaction

3.3.3. Colorimetric detection of hydrogen peroxide using HRP SF film

3.3.4. Activity of AOx in SF film

3.3.5. Detection of methanol using bi-enzyme SF films

3.3.6. Development of UPAD methanol sensor

3.3.7. Performance of the uPAD methanol sensor with wave-designed
paper platform

3.4. Conclusion

CHAPTER IV

4. PROTEIN STABILIZED GOLD NANOCLUSTERS AS HYDROGEN
PEROXIDE SENSING PROBE

4.1. Introduction

4.2. Experimental section

4.2.1. Chemical and reagents

4.2.2. Synthesis and purification of catalase stabilized gold nanoclusters

(Cat-AuNCs)
4.2.3. Spectroscopic characterization of Cat-AuNCs
4.2 4. Circular dichroism (CD) studies
4.2.5. Electron microscopy studies
4.2.6. Zeta Potential studies
4.2.7. Catalase activity study
4.2.8. Analysis of Band gap and Quantum yield
4.2.9. Interaction studies of Cat-AuNCs with H,O>
4.2.10. Fluorometric detection of H,O>

TH-2731_146106001

59
60
60
61
61
61
62
63
63
63
64
66
70
71

75
76

78
79
80
80

81
81
81
82
82
82
82
83
84



4.2.11. Colorimetric detection of H>O:
4.2.12. Synthesis and purification of SF stabilized gold nanoclusters (SF-
AUNCs)
4.2.13. Statistical analysis of data
4.3. Results and Discussion
4.3.1. Synthesis and Characterization of Cat-AuNCs
4.3.2. Impact of protein secondary structure on the formation of AUNCs
4.3.3. Enzyme activity study of Cat-AuNCs
4.3.4. Interaction study of the Cat-AuNCs with H;0-
4.3.5. Cat-AuNCs as optical probe for detection of H,0-
4.3.5.1. Fluorescence-based detection of H,O>
4.3.5.2. Colorimetric-based detection of H.O-

4.4, Conclusion

CHAPTER V
5. CONCLUSIONS AND FUTURE DIRECTIONS OF RESEARCH

BIBLIOGRAPHY

LIST OF PUBLICATIONS AND AWARDS

FRONT PAGE OF THE PAPERS AND BOOK CHAPTER
PUBLISHED

COPYRIGHT PERMISSIONS

TH-2731_146106001

84

84
84
85
85
89
91
92
96
96
97
98

100

105
137

140
147



Abstract

The current investigation focuses on the development of optical sensors for the detection of hydrogen
peroxide (H:0.) using silk and paper as platforms and peroxidase, protein stabilized gold
nanoclusters and organic dye as signal generating systems. Based on the investigation we put forward
three independent proofs of concepts for optical detection of H,O, namely, (A) Development of a
paper-based sensor for optical detection of H2O; using an organic fluorophore, and its application for
developing a paper-microfluidic fluorescent-based alcohol biosensor. The fluorophore on interaction
with H,O, showed fluorescent emission shift from blue to red/orange and was embedded on a paper
disc to prepare a simple optical H20- sensor. Further, a microfluidic paper-based analytical device
(UPAD) was designed using the fluorophore-infused paper for sensing ethanol. (B) Development of
peroxidase-based colorimetric detection for H,O, and the application of this sensor to develop a silk-
paper hybrid platform-based colorimetric alcohol biosensor for on-site application. Here, peroxidase
was co-entrapped with alcohol oxidase (AOx) within the same silk fibroin (SF) film to develop a bi-
enzyme film, which showed good stability and activity. Lastly, (C) Fluorometric and colorimetric
detection of H,O; using protein stabilized gold nanoclusters (AuNCSs). This study used catalase (Cat)
to synthesize two types of Cat-Au NCs. The interactions of the NCs with H.O, were then investigated
and the concept was translated for detecting H,O». The performances of all the developed sensors
were examined by using different parameters such as limit of detection (LoD), dynamic range and
operational stability. We critically evaluated our works and forwarded our views on the future scopes

for translating these proofs of concept to commercially viable products.

(A) Development of a paper-based sensor for optical detection of H,O, using an organic fluorophore,

and its application for developing a paper-microfluidic fluorescent-based alcohol biosensor

Paper-based devices for the detection of H20; and ethanol were developed in this work. The method
was based on a fluorophore consisting of a short-chain conjugated molecular unit susceptible to the
protonation of its terminal pyridine groups (c-P4VB), with a carboxyl-functionalized sidechain that
acts as a binder and renders it water-soluble. c-P4VB in presence of H,O, showed fluorescent
emission shift from blue to red/orange. This fluorophore was embedded on paper and the resulting
fluorescent paper device also yielded large fluorescent emission changes when exposed to H2O; in

TH-2731_146106001



aqueous solutions. The limit of detection (LoD) of this simple paper- H.O> sensor was 16.7 mM with
a dynamic range up to 2.9 M H,0,. Next, using AOx-catalyzed rection that produces H.O, from
ethanol, we developed a two-zone cut-out pPAD, containing a reactor zone in which the analyte was
dropped and an adjacent sensor zone (c-P4VB paper) where a fluorescence color shift proportional
to the ethanol concentration occurred. The LoD of the microfluidic ethanol biosensor was 8.5 mM
or 0.05 v/v%. This biosensor was employed to detect the ethanol concentration in commercially

available vodkas using pixel intensity as the response signal captured through a smartphone camera.

(B) Development of peroxidase-based colorimetric detection for H.O, and its application in the

development of a silk-paper-based hybrid uPAD biosensor for colorimetric detection of alcohol

The commercial success of a paper-based microfluidic optical biosensing device with enzymes as
recognition elements may be achieved at a greater speed by improving the stability of the enzyme,
averting the coffee-ring effect on the detection film, and making it a stand-alone system without
embarking on any additional steps for dispensing the reagents. In this study, these critical issues were
addressed by introducing silk-fibroin (SF) film as immobilizing matrices for the enzymes and
chromogenic reagent (ABTS) and wave-design microfluidic channels in the chromatographic paper
for developing a hybrid microfluidic paper-based analytical device (UPAD) for methanol detection
following peroxidase (HRP) based reaction. Firstly, HRP was entrapped in non-dissolvable SF film.
This HRP SF film was tested as an H.O; biosensor which gave good sensitivity, LoD of 0.58+0.001
mM H,0; and a dynamic range of up to 300 mM, as well as showing good stability. Next, the activity
of the AOx as a biorecognition element for methanol could be wholly retained in a non-dissolvable
SF film (pore size < 3.5 microns) until 40 days of storage at room temperature (RT), and the reason
is attributed to the reduced oxygen permeability to the film, that protected the AOx from the
inhibitory effect of oxygen. Similarly, ABTS in the dissolvable SF film was protected from air
oxidation with sustained chemical integrity even up to two months of storage at RT. The detection
approach exploited purple color as a high contrast response signal generated from ABTS di-cation
formed from the reaction of SF protein with the ABTS radicals generated from the substrate-
dependent peroxidase reaction. The wave-designed microfluidic channels could significantly reduce
the coffee ring effect in the detection film by imparting turbulence behavior to the fluid and reducing
the evaporation flux of the reagents. Both AOx and HRP were co-entrapped to prepare the bi-enzyme
SF films which offered high sensitivity to the uPAD device with an LoD of 1+0.05 mM and a large
dynamic range of 1 mM-2 M for methanol discerned from a polynomial fitting. The stand-alone
hybrid pPAD biosensor for methanol developed through this investigation has great potential for

commercial applications.
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(C) Fluorometric and colorimetric detection of H.O. using catalase protein-stabilized gold
nanoclusters (Au NCs) as optical probes.

The research on protein-stabilized gold nanoclusters is gaining pace due to their high prospect of
replacing many protein-based enzymes for developing stable and low-cost catalysts for diverse
applications. Herein, catalase was successfully transmuted into an H>O; sensing probe by removing
the heme prosthetic group and inducting gold nanoclusters (AuNCSs) in the protein matrix. Two types
of catalase protein-stabilized AuNCs (Cat-AuNCs), red fluorescent (RF) and blue-fluorescent (BF)
Cat-AuNCs of different sizes, were prepared by using 1 mM and 5 mM Au®* solutions, respectively.
We postulated that the variations of the AUNCs sizes are due to the changes in the secondary structure
of the protein caused by the initial pH, where the $-sheet structures may play role in the synthesis of
smaller (1.5 nm) BF Cat-AuNCs. The BF Cat-AuNCs quantum dots were transformed into plasmonic
nanoparticles with an average size of 10 nm through an internal aggregation process of the clusters
upon their interactions with H2O,. The intensity of the plasmonic signal (Aszonm) Was increased with
the increasing concentration of H,0, offering a linear detection range of 20-200 mM (R?=0.99) and
an LoD of 1 mM for the peroxide. The visual identification of the plasmonic color change could also
be exploited to develop a qualitative method for H2O; detection. Additionally, a dynamic quenching-
based interaction of RF Cat-AuNCs with H,O, was extrapolated to develop a fluorescence-based
analytical method for H,O, that offered an LoD of 0.6 mM and a linear range of 1-50 mM (R? =
0.986). These Cat-AuNCs probes are highly promising for quantitative detections of H.O- in a broad

concentration range for diverse applications.

Finally, we critically evaluated our works and forwarded our views on the future scopes of translating

these proofs of concepts to commercially viable products.
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fluorescence microscope (365 nm excitation) are shown in (c) and (d) of crystals formed after

evaporation from ethanol at room temperature.

Figure 2.7. (a) Absorption spectra of 0.02 mM c-P4VB in ethanol, with the double Gaussian fit. This
sample contains 0.057 mM toluenesulfonic acid. The relative strength of each of the absorptions
(relative absorption) was found by taking the area under the peaks, and the results are shown as a
function of acid concentration for np-P4VB in (b) and c-P4VB in (c). The onset of protonation is
significantly delayed (i.e., it occurs at higher acid concentrations) for the c-P4VB due to the presence

of the carboxylic group.

Figure 2.8. Simulated structures of c-P4VB with a sodium counter-ion. (a) “twisted” cis with the ion
shared between the carboxyl tail and the pyridine site, (b) trans with the ion interacting with pyridine
site only, (c) trans with the ion interacting with carboxyl tail. (c) is the most stable form; (a) and (b)
are higher in free energy by 15 and 87 meV, respectively, in ethanol. These differences change
significantly in other solvents or with different counter-ions (e.g., H+) but the transform shown in
(c) is always the most stable. Blue represents nitrogen, red is oxygen, gray is carbon, white is

hydrogen, and sodium is violet.

Figure 2.9. (a) Normalized absorption (dashed lines) and fluorescence intensity (solid lines) spectra
for 0.02 mM c-P4VB in DMSO, ethanol (EtOH), methanol (MeOH) and water.

Figure 2.10. Fluorescence spectra for (a) np-P4VB and (b) c-P4VB at different concentration of

HCI (all intensities are normalized; 0.2 mM fluorophore in ethanol)

Figure 2.11. (a) Absorbance spectra for different concentrations (v/v %) of H,O, in agueous solutions
of 0.02 mM c-P4VB (b) Fluorescence spectra of agqueous H,O- solutions in 0.02 mM c-P4VB in
ethanol. In all cases, the reaction solution had a 1:1 volume ratio of ethanol and water. The control
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refers to pure ethanol solution with c-P4VB and 0% means that only pure water was used. The
aqueous H,0- solutions were prepared by dilution of commercial 30% aqueous H20, with MQ water.
All spectra are normalized for visual clarity.

Figure 2.12: (a) Photos of paper discs under UV lamp : (i) infused with c-P4VB solution, not washed:;
(i) infused with c-P4VB solution, washed with water; (iii) infused with np-P4VB (ethanol solution
of high dye concentration) and washed with methanol; (iv) infused with np-P4VB (ethanol solution
of low dye concentration) and washed with methanol; (v) infused with ¢c-P4VB solution and washed
according to our protocol with water and then methanol followed by sonication; (vi) in the middle —
a blank paper sample. (b) Normalized fluorescence intensity of c-P4VB paper at different storage

times and its reversibility characteristics with MeOH treatment

Figure 2.13. Photographs taken under a UV lamp (top) and corresponding fluorescence spectra of c-
P4VB treated with different analytes (bottom). The photographs were taken with a smartphone
camera with no filtering applied. (a) blank filter paper; (b) c-P4VB paper only and treated with: (c)
water; (d) Zinc nitrate (0.5 M); (e) acetic acid (1 M), (f) HCI (5 mM) and (g) H20- (10 v/v%).

Figure 2.14. (a) Photographs of c-P4VB paper treated with different concentrations of H.O, were
taken under a UV lamp using a smartphone camera without any filtering. (b) Normalized
fluorescence spectra corresponding to c-P4VB treated with various concentrations (v/v %) of H.O,.
(c) Calibration curve of the paper sensor for different H.O, concentrations in agueous solution. The
inset magnifies the low-concentration region from which LoD was calculated. The error bars

represent the calculated standard error from measurements on three separate disks.

Figure 2.15. (a) Image of the paper-based alcohol sensor with the dimensions of each zone; (b)
Photographs taken using a smart phone after the reaction with different concentrations of ethanol
(v/v %); (c) Calibration plot for the pixel intensity ratio (B / R) with a model fit, as described in the

text. The errors represent the standard deviations from three separate disks.

Figure 3.1: (a) Transmittance analysis of the different enzyme SF films. Inset images to show
transparency of (i) SF film, (ii) HRP SF film, (iii) AOx SF film and (iv) Bi-enzyme SF film. FESEM
images showing the thickness of (b) SF film, (c) HRP SF film, (d) AOx SF film and (e) bi-enzyme
SF film.
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Figure 3.2: (a) Absorbance spectra of H20: (25 mM) and with (111) and without (11) SF. Inset: photo
of ABTS reaction solution without SF (green) and with SF (purple); (b) Schematic representation of
the reaction of different oxidation states of ABTS when it interacts with HRP, H,O, and then SF.

Figure 3.3: (a) The response plot of non-dissolvable HRP SF films towards H2O>. Inset top panel
figures are the corresponding color images captured after the reaction with different concentrations
of the peroxide. Inset graph is the calibration plot for H,O,. (b) The enzyme activity in HRP SF films

under different temperatures on a time scale of 40 days. The error bars indicate standard error (n=3).

Figure 3.4: Activity in terms of rate for the AOx enzyme in free form and in SF (7 % w/v) film over

five days, stored under room temperature (25 °C) reacted with 25 mM of methanol.
Figure 3.5: Optimization studies of concentration of (a) SF, (b) AOx and (¢) HRP in silk film.

Figure 3.6: Residual activity versus incubation time for (a) dissolvable AOx SF films measured at
Aaosnm after 1 min and (b) non-dissolvable AOx SF films measured by mean pixel intensity of the
purple color at 4 °C (black), 25 °C (red) and 37 °C (green) after 30 min. FESEM images of (c)
dissolvable SF film; and (d) non-dissolvable SF film with their corresponding cumulative pore

volume versus pore diameter: (e) dissolvable SF film; and (f) non-dissolvable SF film.

Figure 3.7: Images of non-dissolvable AOx-SF films (a) without methanol in substrate solution and

(b) with 25 mM methanol in solution. The solution remains green while the film turns purple.

Figure 3.8: (a) The response curve for non-dissolvable bi-enzyme SF films towards methanol; Inset
top panel showing the images of the corresponding color developed over the film. Inset graph is the
calibration plot for the methanol sensing. (b) the stability of the bi-enzyme SF films under different

conditions. The error bars indicate standard error (n=3).

Figure 3.9: Images of ABTS of concentrations 10 mM and 20 mM: (a) entrapped in SF films and
(b) immobilized on paper. ABTS on paper show color changes much greater than the control.

Figure 3.10: Scheme of pattern designs for Spacer with (a) circular hydrophilic zone and (b)
hydrophilic channels within circular zone. The detection films of pPAD after reaction using 1 M
methanol with pattern designs for Spacer with (c) circular hydrophilic zone and (d) hydrophilic
micro-channels within circular detection zone; and (e) the schematic diagram of the movement of

fluid within the channels that is along the channel surface.
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Figure 3.11: (a) Performance of the uPAD methanol biosensor; inset is the photos of reacted uPAD
with increasing concentration of methanol. (b) Stability study of the pPAD. The error bars indicate

standard error (n=3).

Figure 4.1: Excitation (dashed lines) and emission (solid lines) spectra of Cat-AuNCs prepared by
using different Au®* concentrations. Inset: Sample pictures under UV light; i-Catalase, and Cat-
AUNCs prepared by using Au3+ concentrations (mM) of: ii-1 (RF Cat-AuNCs), iii-2, iv-3, v-4, vi-5
(BF Cat-AuNCs).

Figure 4.2: (a) Characteristics of RF Cat-AuNCs and BF Cat-AuNCs. (b) Band gap calculation using
absorbance study.

Figure 4.3: FETEM images of the AUNCs: (c) RF Cat-AuNCs and (d) BF Cat-AuNCs. Histogram
figures displayed size distributions of (€) RF Cat-AuCNs and (f) BF Cat-AuNCs.

Figure 4.4: Emission of spectra of catalase under different conditions when excited at (a) A29snm and

(b) )M37Onm-

Figure 4.5: (a) Excitation and emission spectra of SF, SF+NaOH and SF-AuNCs (inset: (i) SF, (ii)
SF+NaOH, (iii) SF-AuNCs under UV illumination); (b) TEM image of SF-AuNCs (inset: histogram

of the cluster sizes).

Figure 4.6: (a) Spectral characteristics of the native and different treated catalase proteins to probe
the presence of the heme group. (b) Catalase activity of the native and different treated catalase

proteins.

Figure 4.7: Fluorescence intensity profile of (a) RF Cat-AuNCs and (b) BF Cat-AuNCs with
different concentrations of H,O,. Corresponding emission intensity of As7onm (pink) and Asgonm (DIU€)
with the concentration of H,O, for (c) RF Cat-AuNCs and (d) BF Cat-AuNCs.

Figure 4.8: (a) Absorbance spectra of (a) RF Cat-AuNCs and (b) BF Cat-AuNCs (inset: Photograph
on color developed with nil (i), 10 mM (ii), and 100 mM (iii) H20,) after incubation at 25 °C for 5
hours with different concentrations of H.O,. Fluorescence decay of the (¢) RF Cat-AuNCs (emission
at Ae7onm) Without (black) and with (pink) 200 mM H20, and (d) BF Cat-AuNCs (emission Asgonm)
without (black) and with (light blue) 100 mM H0O: as a function of time. The excitation in both cases

was at A375nm.
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Figure 4.9: TEM images of RF Cat-AuNCs (a) without and (b) with 100 mM H-O; and BF Cat-
AUNC:s (c) without and (d) with 100 mM H;Ox.

Figure 4.10: (a) Response curve for H,0- using RF Cat-AuNCs as a fluorescence probe (Image: RF
Cat-AuNCs treated with increasing H>O, concentration under UV light). (b) Calibration plot for H.0>
sensing using RF Cat-AuNCs as fluorescence probe. (c) Response curve for H,O; using BF Cat-
AUNC:s as a colorimetric probe (Image: BF Cat-AuNCs treated with increasing H,O; concentration

under visible light). (d) Calibration plot for H,0O, sensing using BF Cat-AuNCs as colorimetric probe.
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Chapter 1

Introduction and Review of Literature

1.1. Introduction

Hydrogen peroxide (H20-) is a widely used oxidizing agent in the pharmaceutical, textile, food
manufacturing, paper, and environmental industries (Chen et al., 2012). It is also involved as reactive
oxygen species (ROS) in many biological processes such as immune cell activation, apoptosis, and
root growth (Laloi et al., 2004; Liu et al., 2015a). Furthermore, the accumulation of a high
concentration of H2O: is detrimental to human health, causing cellular damage in tissues, cell ageing,
diabetes, cardiovascular disorder and even cancer (Droge and Schipper, 2007; Giorgio et al., 2007S;
Rhee, 2006). H,O; is also a by-product of several biochemical reactions catalyzed by redox enzymes
(Equation 1.1) and hence, is an indirect analyte for the detection of various primary analytes such as
glucose (You and Pak, 2014), alcohols (Chinnadayyala et al., 2015; Thungon et al., 2017), cholesterol

(Saxena and Goswami, 2012), and bilirubin (Santhosh et al., 2016) in clinical sectors.

Substrate M; Product + H,0, (1.1)
Therefore, quantitative detection of H»O, has enormous importance in various industrial,
environmental, and clinical sectors. Many laboratory-based analytical methods following titrimetric,
chromatographic, spectroscopic, and electrochemical approaches are available to detect and quantify
H»0,. These methods are highly sensitive and provide precise results, however, they are not ideal for
point of care (PoC) and onsite applications due to the requirement of large and sophisticated
equipment, trained operators, and high cost (Meier et al., 2019). In this regard, biosensors and allied
rapid detection tests (RDTs) have emerged to facilitate the PoC and onsite detection of various
analytes. Biosensors are self-contained integrated devices that provide specific quantitative or semi-
guantitative analytical information using a biological recognition element that is in direct spatial
contact with a transducer. The biorecognition elements commonly employed for developing
biosensors are enzymes, antibodies, aptamers, DNA, and cells (Goswami, 2020). The
electrochemical and optical transduction principles are widely used to develop biosensors. Biosensor
research holds promise for developing portable devices for rapid, sensitive, selective, reproducible,
and economical detection of many analytes of clinical importance. In regards to the development of

H>0- biosensors, electrochemical and optical sensors are commonly used (Bai et al., 2016; Deng et
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al., 2014, Ding et al., 2018; Rezende et al., 2018). The electrochemical sensors function through
various electrical transducers (Yunus et al., 2011), among which potentiometric and amperometric
sensors have been intensively investigated due to their high sensitivity and scope for label-free
detection capabilities (Meier et al., 2019). In these electrochemical sensors, peroxide-degrading
enzymes such as peroxidase (e.g., horse radish peroxidase or HRP), laccase, and catalase (Cat) are
usually used as biorecognition elements for the detection of H,O (Tortorich et al., 2018). Many
nanomaterial-based electrochemical peroxide sensors are also reported (Kumar et al., 2009; Singh et
al., 2015). Different electron transfer strategies such as direct electron transfer and mediated
(indirect) electron transfer approaches, nanomaterials, and metal complexes are used to generate
response signals for H.O: in these electrochemical sensors, as depicted in Scheme 1.1. (Wu et al.,
2006; Li et al., 2004; Chen et al., 2012; Presnova et al., 2008). Various nanomaterial forms of
graphene (Mutyala and Mathiyarasu, 2016; Ping et al., 2011; Shamkhalichenar and Choi, 2020; Zhou
et al., 2009), metal nanoparticles (He et al., 2004; Dey and Raj, 2010) and metal complexes (Li et
al., 2004) have been applied to catalyze the oxidation or reduction of H,O, to construct non-
enzymatic sensors (Chen et al., 2013). There have been a couple of reports on the application of
Ferric hexacyanoferrate or Prussian blue (PB), denoted as an ‘artificial peroxidase’’ for developing
H,O, amperometric sensors (Li et al., 2004; Karyakin et al., 2000; Li et al., 2007; Zhai et al., 2009).
Some sporadic reports are also available on the application of different gold (Au) nanocrystals,
including Au nanocages (Zhang et al., 2011), Au nanospheres and nanorods (Won et al., 2011), and
nanoporous Au films (Zheng et al., 2012) for sensitive and selective detection of H,O,. Although
electrochemical sensors offer good performance in terms of selectivity and sensitivity, the
complexity of the immobilization process of the enzymes, assembling of mediators and
nanomaterials as well as the interference in the electrodes or leaching of enzymes from the electrode

render some disadvantages of these sensors (Chen et al., 2014).

Over the last years, the interest in optical transducer-based sensors has been steeply growing due to
their certain advantages that may fulfil some critical requirements, mainly low cost and simplicity,
for commercial success. The emergence of low-cost biocompatible materials such as papers, silk,
and poly- (dimethylsiloxane) (PDMS) as optical sensor platforms has dramatically boosted the
progress in this direction (Xu et al., 2011a; Koh et al., 2015; Comina et al., 2014). The optical sensors
on such platforms could also be developed for rudimentary applications with a yes/no format
following visual observation of the color as a response signal. Additionally, the response color signal
could be read using a smartphone as an analytical instrument for qualitative and quantitative detection

of the target analytes (Geng et al., 2017). The introduction of smartphone systems in these interfaces
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has further facilitated the application potential of optical sensors for remote sensing through data

transfer by various means, including the Internet of Things (loT).
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Scheme 1.1: The schematic diagram of different setups for electrochemical H2O sensor: (A) direct
enzyme oxidation, (B) Mediator based oxidation using enzyme and, (C) Direct oxidation by

nanomaterials.

Optical-based sensors function through the detection of light emitted from a reacted sample and can
be primarily based on the change of color (colorimetric) or fluorescence (fluorometric). In the case
of a fluorescence sensor, an external energy source is required for the excitation of the probe. These
fluorescence sensors frequently exhibit changes in emission intensity, but they can also function
through shifts in their emission profiles (Chang et al., 2018; Wu et al., 2005; Zhao et al., 2014). Other
than this, chemiluminescence sensors for H,O, have also been reported, in which a chemical
compound itself is excited in the presence of H,O (Lebiga et al., 2014; Navas Diaz et al., 1998).
Horseradish Peroxidase (HRP) has been used as the model enzyme for several optical detection
systems of H,O- due to its ability to oxidize chromogen while degrading H.O.. Over the last decade,
different nanomaterials have been reported that exhibited “peroxidase” like activity and were used

for H,O, detection. Additionally, many organic dyes were explored as chemical fluorophores and
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chromophores for sensing H»O; in biological samples. The optical sensors for H,O. are usually
designed by using enzyme-, nanomaterial, and organic dye- (chemical) as signal-transducing

elements, as depicted in Scheme 1.2. Each category will be explained in more detail in the following
section.
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Scheme 1.2: Illustration of different types of optical-based sensing systems for H,O,. The second
innermost pie chart shows the broad categories of optical sensors that are based on enzymatic or non-
enzymatic detection; the area of the pie chart also tentatively represents the amount of recent work done
in each category, which is mostly non-enzymatic based. The next pie describes the different methods of
detection, chemical and nanomaterials in case of non-enzymatic, and catalase and peroxidase enzyme

in case of enzymatic detection approaches. Finally, the outermost circle projected the applications of
H,O; sensors in various sectors.

1.2 Enzyme-based optical H,O; sensors

The enzymes commonly used for the detection of H,O- are Catalase and HRP. Of these two enzymes,

the latter has been more extensively used for the optical detection of H.O- because of its suitable
catalytic reaction that offers a stark color-change as a response signal in the assay.

1.2.1. Catalase for detection of H,0O,

Catalase is a heme-based enzyme used in industrial fields due to its efficient catalytic function for

the degradation of H,O, (Amorim et al., 2002). It is one of the very stable enzymes available in the

5
TH-2731_146106001



living systems and catalyzes the decomposition of H.O. into water and oxygen as per the following

reaction:
H,0; — H,0 + O, (1.2)

Catalase is a homo-tetrameric protein having a molecular weight ~250KDa and pl ~5.4 (Fig. 1.1a).
Each of the four enzyme subunits contains an Iron ion bound to the protoheme IX group (Porphyrin),
which acts as the prosthetic group. There are some reports on its strong binding with NADP

(Rapoport et al., 1994). At the molecular level, the reaction occurs as follows (Fig 1.1c¢) (Goodsell,

2004):
H.0; + Fe (lll)-Enzyme — H20 + O=Fe (IV)-Enzyme (+) 1.3)
H.O, + O=Fe (IV)-Enzyme (+) — H;0 + Fe (llI)-Enzyme + O, (1.4)

()

catalatic reaction

Cpd Il (Por-Fe'V-OH) Cpd | (Por*-Fe"V=0)

H,0,

peroxidatic reaction

‘OPh HOPh

Figure 1.1: Crystal structure of (a) Catalase from bovine liver without NADPH and (b) Horseradish
Peroxidase (From www.rcsb.org). (¢) Reaction mechanisms involved in the degradation of H.0,
catalyzed by peroxidases and catalases (Campomanes et al., 2015) Copyright 2015, reprinted with

permission from ACS Publications.

The catalase activity could be analyzed spectroscopically by monitoring the sample at Azaonm (A240),
the wavelength at which H.O, exhibits absorption (He et al., 2013). This enzyme activity could be
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visually distinguished from the analogue peroxidase enzymes by monitoring the formation of O,
bubbles in the reaction systems, as no such gas is released in the peroxidase catalysis. The reaction
of each enzyme has been described in more detail in the next section.

o
( z ) Syringe -——o;?
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Probe Flow cell
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(b)

: target analyte (antigen)

: capture antibody

= biotinylated detection antibody
U : HRP-conjugated streptavidin |

Figure 1.2: (a) Schematic diagram on probe design for catalase-based sensing setup for H,O, (Semwal
and Gupta, 2021) Copyright 2021, reprinted with permission from Elsevier; (b) top: Schematic
representation of the reaction employed for fluorescent assay for H.O,. Bottom: Schematic
representation of the IFE-enabled fluorescent immunoassay based on H;O. on the conventional
sandwich ELISA platform (Sun et al., 2018) Copyright 2018, reprinted with permission from ACS

Publications.

The active heme group in the enzyme has rendered catalase use in electrochemical methods for H.0>
detection (Periasamy et al., 2011; Varma and Mattiasson, 2005; Vatsyayan et al., 2010), while there
have been some reports on the use of catalase for the optical detection of H,O, as well (Laser, 1955;
Wu et al., 2003). In an interesting work, catalase was used with superoxide dismutase and methanol
to develop a unique fluorescence-based assay for H.O, (Rapoport et al., 1994). Recently, a surface

plasmon resonance (SPR) based fiber optic was fabricated for H,O, sensing using catalase. The
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optical fiber was cladded with gold and graphene oxide (GO), and catalase was immobilized via
EDC-NHS coupling to this construct (Semwal and Gupta, 2021). The high refractive index of GO
was used for optical sensing, where the interaction of GO nanosheets with water molecules released
from catalase catalyzed decomposition of H20; led to the change in effective refractive index (Fig
1.2a).

1.2.2. Peroxidase for detection of H2O;

Like catalase, peroxidases (Fig 1.1b) also degrade hydrogen peroxide, however, through a different
reaction mechanism as depicted in Fig 1.1c. The catalytic cycle begins with converting the resting
state to Compound I (Cpd I) for both the oxidoreductase enzymes. In Cat, Cpd | is reduced back to
the resting state by a second molecule of H,O; (catalytic reaction) (equation 1.3). In contrast,
peroxidase (e.g., HRP) preferentially recovers the resting state via the peroxidase reaction, in which
Cpd I sequentially reacts with two molecules of a one-electron donating substrate (e.g., phenol,
PhOH), passing through another intermediate named Compound Il (Cpd 1) (Fig 1.1c). The activity
of Cat can be monitored by measuring the formation of oxygen, and the peroxidase-like activity can
be determined via colorimetric assay specific for HRP using chromogens such as TMB (3,3°,5,5°-
Tetramethylbenzidine), ABTS (2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid), ortho
dianisidine and other suitable chromogens (Claiborne and Fridovich, 1979; Campomanes et al.,
2015). These chromogenic compounds are transformed via a free radical mechanism into oxidized

or polymerized products as shown in the reaction:
Electron Donor/ Dye + H,O; — Oxidized Electron Donor/ Dye + H,O (1.5)

This unique peroxidase activity has been exploited in developing optical H.O, biosensors using
chromogenic dyes as a colorimetric probe. Among the chromogens, ABTS is widely used to detect
hydrogen peroxide. During the peroxidase reaction, the colorless ABTS molecule is oxidized to the
green ABTS cation radical (ABTS™). Further oxidation of this radical will lead to the purple/ red
colored ABTS dication (ABTS?*) (Scheme 1.3) (Gramss, 2017). The last color change is due to the
formation of the chromogenic —N=N- azo group and its interaction with the adjacent molecular
structures (Solis-Oba et al., 2005). This additional oxidation of ABTS leading to the purple color was
reported to occur very slowly (75 hours) in the laccase-based reaction (Gramss, 2017). The generated
green ABTS™ shows spectrophotometric absorbance peaks at A = 417, 645, 728, and 810 nm in the
visible light spectrum while the dication, ABTS?* exhibits a single peak around A = 520-570 nm
(Kadnikova and Kosti¢, 2002). The ability of peroxidases to yield chromogenic products at low
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concentrations makes them well-suited enzymes for the preparation of enzyme-linked
immunosorbent assay (ELISA) kits, which are used to diagnose various diseases. They have also
been used to construct several types of biosensors to determine H.O; (Li et al., 2001; Bocanegra-
Rodriguez et al., 2020).
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Scheme 1.3. Oxidation of the heterocyclic ABTS molecule (shown as a dianion) to ABTS?* by two
consecutive electron abstractions (Gramss, 2017) Copyright 2017, this is an open access article
distributed under the Creative Commons Attribution License.

There have been several reports on the development of HRP-based optical H20- sensors using other
dyes. Amplex Red (10-acetyl-3,7-dihydroxyphenoxazine) is a popular colorless nonfluorescent
compound, which can be oxidized to resorufin in an H,O,/HRP-catalyzed reaction (Zhou et al.,
1997). In conjunction with HRP, this dye has also been used for H,O, quantification in living cells
(Chakraborty et al., 2016; Wang et al., 2017). Resurofin is a fluorescent pink compound, which can
be easily detected by photometry and fluorometry. Using this dye with HRP, highly sensitive
detection of H,O, with LoD as low as 5 pmol L in a simple set-up has been reported (Rezende et
al., 2018).

The peroxidases with iron (heme group) in their redox center are also electrochemically active
enzymes and are widely used to develop electrochemical biosensors. Several chemiluminescence
sensors using the luminol-HRP reaction have been reported. Luminol in the presence of HRP and
H-O; induces chemiluminescence, which is proportional to the concentration of H.O, (Alpeeva and

Sakharov, 2005; Navas Diaz et al., 1998; Bocanegra-Rodriguez et al., 2020). An unconventional
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colorimetric and fluorometric sensor was developed using HRP- catalyzed specific conversion of p-
phenylenediamine (PPD) into chromogenic oxidized PPD with H2O; as the oxidizing agent (Sun et
al., 2018). This reaction was accompanied by the fluorescence quenching effect on fluorescein. The
guenching of fluorescein was reported to be due to the inner filter effect, and this sensitive off-
fluorescent sensing system was used to monitor HRP activity in biological samples in real-time (Fig
1.2 b). Peroxidase, along with other oxidoreductase enzymes, has also been used in designing several
colorimetric biosensors for other analytes such as alcohol, glucose, and cholesterol (Vijayakumar et
al., 1996; Mangos and Haas, 1996; Jung et al., 2015; Thepchuay et al., 2020; Williams and Reese,
1950; Blum, 1993; Reddy et al., 1998; Taga et al., 1993; Krug et al., 1992). The absorbance spectrum
of HRP changes upon its interaction with H-O, due to the generation of several peroxidase
intermediate species in the reaction, as shown in Fig 1.3. These chemical events are the basis of

developing a few auto-indicating optical H.O, sensors (Sanz et al., 2007; De Marcos et al., 2014).
1.3. Nanomaterials for optical H,O, sensing

A plethora of reports available on the enzyme-like function of many nanomaterials including
magnetic nanoparticles, metal nanoparticles, carbon dots and metal nanoclusters, under physiological
conditions that are popularly known as “nanozymes” (Gao and Yan, 2016; Manea et al., 2004). These
nanozymes are comparable in size to natural enzymes and possess a high surface area to volume ratio
with many catalytically active sites on their surface and better stability than protein-based enzymes
(Kuah et al., 2016). Furthermore, these nanozymes could be synthesized through straightforward
routes at a low cost (Das and Goswami, 2020). These advantages have incited significant research
interest in nanozymes for their deployment in place of natural enzymes. Table 1.1 represents a few

prominent examples of various kinds of nanomaterials that exhibit peroxidase-like activity.

Table 1.1. Optical sensors for H,O, using different nanomaterial and their performance and sensing mechanism

H202 sensing | Mechanism Type of LoD Linear Range Ref
probe signal
11- Oxidation of Au- | Fluorometric 1uM 30 uM-1 mM (Shiang et al.,
mercaptounde | S bond by H20; 2009)
canoic acid- leading to
bound AuNCs | fluorescence

quenching
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Bio@AgNPs Colorimetric 73.5uM | Upto 1l mM (Xu et al., 2019)
nanohybrid
H>0; led etching
of AgNPs Fluorometric | 93.5 uM
DNA-AuNPs Aggregation of Colorimetric 1uM 0-3 uM (Lin et al., 2018)
AuNPs in
presence of Fe*
and H,0,
Carbon H20- induces Fluorometric 0.86 uM | 0-20 uM (Liu etal., 2019b)
dots/AgNPs etching of AgNPs
to NCs and
quenching of CD
Carbon C-Dots as Colorimetric | 0.2 uM 0.001-0.1 mM | (Shietal., 2011)
nanodots peroxidase mimic
Chitosan- peroxidase-like Colorimetric | 0.6 pM 1nM-20 mM | (Jiang et al., 2017)
AUNPs activity of AuNPs
Cr203-TiO,- Cr,03-TiO2 Colorimetric | 3nM 0.005-100 uM | (Jamil et al., 2021)
Modified nanocomposite as
Filter Paper peroxidase mimic
Peroxidase-mimic | Colorimetric 0.2nM 0.5-20 uM (Wang et al., 2011)
property of
BSA-AuUNCs AUNCs
Fluorescence Fluorometric | 0.3 uM 1-100 pM (Jinetal., 2011)
quenching due to
degradation of
Au-S bond by
H>0;
Per-AuNCs Fluorescence Fluorometric 30 nM 100 nM-100 (Wen et al., 2011)
quenching due to UM

enzyme activity
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Cat-AuNCs Fluorescence Fluorometric 25 nM 10-80 uM (Meng et al., 2018)

quenching due to

enzyme activity

1.3.1. Peroxidase-like nanomaterials

As described in section 1.2.2., “peroxidase” activity is related to the transformation of chromogenic
dyes into their oxidized or polymerized form (Shi et al., 2011). Several nanomaterials have been
reported to exhibit peroxidase-like activity and are termed “peroxidase mimics” (Chang et al., 2016;
Cui etal., 2011; Deng et al., 2016; Gao et al., 2007; Ghosh et al., 2008; Hayat et al., 2015; Hu et al.,
2013; Jiang et al., 2017, 2014; Liu et al., 2016; Liu et al., 2019c; Mu et al., 2012; Ragavan et al.,
2018; Wei and Wang, 2008; Zeng et al., 2016; Zhao et al., 2014). However, a fraction of this literature
used the terminology even when the nanomaterial probes do not involve in the oxidation of a

chromogen and the activity is registered merely due to the change in fluorescence intensity.

Ferromagnetic nanoparticles have been reported to show peroxidase activity and have been employed
for developing several colorimetric H.O, sensors (Gao et al., 2007). ABTS was usually used as
chromogen, and these H,O; sensors were further developed for sensing glucose via the oxidase-
peroxidase reaction (Yu et al., 2009; Wei and Wang, 2008). Carbon-based nanomaterials, such as
carbon nanotubes (CNTS) (Cui et al., 2011; Song et al., 2010), graphene (Guo et al., 2011b, 2011a),
graphite-like carbon nitrides (g-CsN4) (Lin et al., 2014; Tian et al., 2013), and graphene quantum
dots (GQDs) (Lin et al., 2015; Zheng et al., 2013), carbon nanodots or carbon quantum dots (Long
et al., 2016; Shi et al., 2011; Wang et al., 2018a; Wu et al., 2013; Das et al., 2021a, 2021c) are
reported to possess the intrinsic peroxidase-like activity and have been applied to various
applications. The peroxidase mimic activity of carbon nanomaterials such as single-walled carbon
nanotubes (SWCNTSs) was first reported by Song et al. (Song et al., 2010). Another study revealed
that the peroxidase activity of helical CNTs was affected by Fe content, and with the concentration

of Fe, the catalytic activity increased (Cui et al., 2011).

Metal-based nanomaterials including gold nanoparticles (AuNPs) (Long et al., 2011; Ni et al., 2014;
Shah et al., 2015; Wang et al., 2012b; Zeng et al., 2012; Jiang et al., 2017) and gold nanoclusters
(AUNCs) (Jiang et al., 2014; Wang et al., 2015a), silver nanoparticles (AgNPs) (Jiang et al., 2012;
Karim et al., 2018), platinum nanomaterial (Cai et al., 2013; Gao et al., 2013; Jin et al., 2017), copper
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nanoparticles (CuNPs) (Wang et al., 2015b) and copper nanoclusters (CuNCs) (Hu et al., 2013) have
shown great intrinsic peroxidase-like activity and applied to various applications. The first report of
AuNPs having peroxidase-like activity was reported by Jv et al. in 2010 (Jv et al., 2010). They found
that the positively charged AuNPs could catalyze the oxidation of substrate TMB in the presence of
H->O> to generate a blue color. A further systematic study of the origin of the peroxidase-like activity
of AuNPs was reported by Wang and co-workers (Wang et al., 2012b). The authors examined the
effects of surface modification, and the results revealed that the activities could be adjusted by
transforming the affinities between the nanoparticles and substrates. CuNCs were found to mimic
peroxidase and could catalyze the oxidation of substrate TMB in H,O- to generate a blue color, and
the CuNCs had a comparable affinity to TMB compared to HRP (Hu et al., 2013). Furthermore,
nickel nanosheets with peroxidase activity were synthesized. The clusters developed a sensitive H,O>
colorimetric sensor with LoD of 8 nM using TMB as the chromogen (Fig 1.3a) (Chen et al., 2018).
Bovine serum albumin (BSA) stabilized AuNCs were also reported to show peroxidase activity and
it was employed to develop an optical sensor for xanthine by using TMB as the chromogen (Wang
et al., 2011). A study of BSA-AuNCs with photoinduced electron transfer (PET) quenchers found
that these quenchers quench the fluorescence of the clusters and regulate their intrinsic peroxidase-
like activity (Chen et al., 2020).

1.3.2. Nanomaterials for colorimetric detection of H,0O,

Many metal nanoparticles exhibit distinct plasmonic absorption characteristics following their
interaction with different analytes. This phenomenon has also been exploited for sensing HO-.
Acacia gum-stabilized silver nanoparticles (AgNPs) were used as a highly sensitive and cost-
effective localized surface plasmon resonance (LSPR) colorimetric sensor to determine reactive
oxygen species, such as H20.. In the presence of H,0O, the yellow color of acacia gum-stabilized
AgNPs changed to transparent, and a remarkable change in the LSPR absorbance change also
occurred (Alzahrani, 2017). The change in the solution color was due to the aggregation of AgNPs
induced by the H,O> solution. Peng et al. developed a unique reaction mechanism to detect H,O»,
where hydrogen peroxide oxidizes gold acid to produce gold nanoparticles. The formation of gold
nanoparticles results in the development of red color in the reaction solution (Fig 1.3b) (Peng et al.,
2014).
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(a)

HRP HRP-AuUNCs

Figure 1.3: (a) Schematic illustration of the colorimetric detection of H,O, based on the peroxidase-
like activity of 2D metal-organic framework (MOF) Nanosheets (Chen et al., 2018) Copyright 2018,
reprinted with permission from Elsevier; (b) Photograph showing the generation of AuNPs solutions
with different colors depending on the concentration of H,O, and intensities after 10 min (Peng et al.,
2014) Copyright 2014, this is an open access article distributed under the Creative Commons Attribution
License; (c) Schematic of the formation and the H,O, Directed Quenching of HRP-AuNCs (Wen et al.,
2011) Copyright 2011, reprinted with permission from ACS Publications.

1.3.3. Metal nanoclusters as hydrogen peroxide sensing probe

When the sizes of the metal nanoparticles and bulk metals are reduced to the sizes of the Fermi
wavelength, the continuous-band structures of the metals transformed into discrete energy levels
occurring in the phenomenon of quantum confinement. The smaller sizes of the metals with quantum
confinement phenomena are categorized as metal nanoclusters (NCs) (Zheng et al., 2007). Under this
situation, the properties of nanoparticles like conductivity and surface plasmonic effect disappeared.
However, these clusters still interact with light through electronic transitions between the energy

levels and show bright luminescence, similar to organic dye molecules (Zhang and Wang, 2014).
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These few-atom nanoclusters with molecule-like properties offer the ‘‘missing link’’ between metal

atoms and nanoparticles (Zheng et al., 2004).

The stability and confinement of the metal NCs can be explained by the Jellium model and the “magic
number” rule. Jellium model originated from the nuclear-shell model and was modified as a spherical
jellium model and used for emission energy or the energy level spacing between adjacent levels of
nanoclusters. According to the Jellium model, if there are ‘N’ number of atoms in a cluster, the size
of nanoclusters is related to the emission energy via the simple relation, E¢/ N*3, where Ex is the Fermi
energy of the bulk metal. This energy scaling law was used as a model to describe the size-dependent
electronic structure and relative electronic transitions of small clusters. Thus, as the number of atoms
increases, the emission energy decreases (Review: Thungon et al., 2020). In Figure 1.4, it is shown
that with the increase in the size of AUNCSs, the energy changes which leads to different fluorescence
emissions. The smallest clusters (< 2 nm) show blue fluorescence whereas the larger ones are green

and further increase in size (~3 nm) emit red fluorescence.

Wavelength nm
{E} 30y 400 500 GO0 TO0 SO0P04 {b}

T T - T T L] T
Blue Green Bed IR

Intensity (Arbitary Unit)

4.0 A5 3.0 .5 2.0 1.5

Energy eV

Figure 1.4: (a) Excitation (dashed) and emission (solid) spectra of different AUNCs. Excitation and
emission maxima shift to longer wavelength with increasing initial Au concentration, suggesting that
increasing nanocluster size leads to lower energy emission. (b) Emission from the three shortest
wavelength emitting AuNCs solutions (from left to right) under long-wavelength UV lamp irradiation
(366 nm) (Zheng et al., 2004) Copyright 2004, reprinted with permission from American Physical
Society.

While preparing Sodium clusters, a periodic pattern of intense peaks was observed for clusters
containing the number of atoms N =2, 8, 18, 20...which had greater stability than other clusters. The

number of atoms is called “magic” number (Zheng et al., 2007). Similarly, during the preparation of
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metal NCs, according to mass spectrometry, it was found that certain masses of clusters were
produced in relatively large quantities. These ‘‘magic’’ sizes corresponded to the closing of atomic
shells or the electronic (Wilcoxon and Abrams, 2006). These clusters have a complete and regular
outer geometry such as hexagonal or spherical and are described as full-shell or “magic number”
clusters. Successive packing of the metal atoms into layers or shells around a single atom provides
good stability as the structures are densely packed and provide maximum number of metal-metal
bonds (Il and Finke, 1999). The relationship between the total numbers of metal atoms in case of a

hexagonal full-shell, y, per nth shell is given by:
y =10 n2 +2 (16)

(where n>0). Therefore, the full-shell metal clusters may contain 13 atoms (1+12) if there is one
shell, 55 (13+42) if there are two shells, and 147 (55+92) if three shells and so on (Schmid, 1990).

Their high-yield photoluminescence, good photostability with high emission rates and large strokes
shift as well as low-toxicity have rendered their application in biosensing and bioimaging as well as
therapy and diagnosis. There are many metal NCs which have been synthesized composed of gold
(Au), silver (Ag), copper (Cu) and even mixed metals using either top-down or bottom-up approaches
(Sun and Sakka, 2014). Ligands are required to stabilize these nanoclusters that help avoid their
aggregation into nanoparticles. Several ligands such as thiol groups, proteins, and oligonucleotides,
have been explored and interestingly, the fluorescence properties of the metal nanoclusters are also
dependent on these ligands. Metal NCs are considered a new class of fluorescent labels showing size-

dependent fluorescence, which can be explored for developing fluorescent-based sensing systems.

Metal NCs have been reported to offer good sensitivity toward H,O- in developing fluorescence-
based sensors (Hu et al., 2013; Li et al., 2014; Wen et al., 2011). In 2009, a quantitative H.O sensor
was developed using 11-mercaptoundecanoic acid bound (MUA)-AUNCs. In the presence of H,Oo,
11-MUA units bound to the cluster surface through Au—S bonds get easily oxidized to form an
organic disulfide product, resulting in reduced luminescence (Shiang et al., 2009). Further
combination of the luminescent MUA-AUNCs with glucose oxidase enabled the sensitive
determination of glucose. A label-free detection system for H,O, and glucose was developed using
polyethyleneimine (PEI)-capped copper nanoclusters as a fluorescence probe in an aqueous solution
(Ling et al., 2014). Blue-emitting AuNCs stabilized by hemoglobin (Hb-AuNCs) were used as

fluorescence-enhancing—quenching (on-off) sensors for the direct detection of low levels of glucose
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in serum samples via the H,O; sensing. In the presence of glucose (substrate) and GOx (catalyst),
H>0- is produced which enhances the fluorescence intensity of Hb-AuNPs (Molaabasi et al., 2015).

1.3.3.1. Protein stabilized metal nanoclusters

In nature, organisms undergo a biomineralization process in which proteins sequester inorganic ions
or minerals to decrease their harmful effects. Inspired by these natural events, researchers exploited
proteins and peptides as hosts to synthesize metal NCs. BSA s the first protein to be used as a
template to prepare 25 gold atoms AuNCs (Xie et al., 2009). Proteins as a ligand for synthesizing
NCs function as both stabilizing and reducing agents. This “green” synthesis of these NCs paved the
path for many studies on using other proteins as a ligand for synthesizing fluorescent metal NCs
(Shang et al., 2011). Several proteins such as BSA (Xie et al., 2009), HRP (Wen et al., 2011), catalase
(Meng et al., 2018), and lysozyme (Wei et al., 2010) have been used as ligands to synthesize AUNCs.

Aurophilic
attraction

Reduction
to

Aus clusters g

Reduction

Formation
of
Auzs clusters

7 Denatured
~ Protein AusNCs AuzsNCs
~ (high pH)

Scheme 1.4: Growth mechanism for the synthesis of protein stabilized AuNCs.

Protein-stabilized AuNCs offer many advantages over other AuUNC systems, including green
synthesis, biocompatibility, high water solubility, and the ease of chemical conjugation with other
molecules or substrates (Xu et al., 2014). The growth of AUNCs within the protein matrix has been
reported in many studies, and the basic steps have been illustrated in Scheme 1.4. Firstly, the protein
binds with Au* through the coordination of Au®* and tyrosine/ histidine residues. Next, the Au®* ions
are reduced with the carboxyl group of acidic amino acids into Au* to form protein-Au® complexes.
This reduction continues at lower pH (usually <pH 8). At that event, the Au* ions aggregate through

aurophilic attraction to form smaller clusters (with 8 Au atoms, AusNCs). Upon elevating the pH, the
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protein becomes denatured, resulting in larger space within the structures that leads to the
stabilization of larger NC (with 25 atoms, AuzsNCs) (Chen and Tseng, 2012). The formation of
intermediate Aug clusters in the conversion of protein-Au* complexes to Aus clusters has been
reported in some studies (Chen and Tseng, 2012; Chaudhari et al., 2011; Le Guével et al., 2011).

These NCs were also sensitive to H.O, and were used to develop optical detection methods for H.0>
(Shang et al., 2011). A new strategy has been reported to construct enzyme functionalized fluorescent
AUNCs to detect H,O,. Bifunctional fluorescent AUNCs were synthesised in situ using HRP as a
scaffold (Fig 1.3c) (Wen et al., 2011). The enzyme remains active in the clusters and enables the
catalytic reaction of HRP- Au NCs and H;O, resulting in the fluorescence quenching that can be
applied to H,O; detection with high sensitivity (LoD: 30 nM). Another ratio-metric H,O; detection
system was prepared using BSA-AuNCs encapsulated with insensitive FluoSpheres (FSs) within
polymeric capsules (Biswas et al., 2017). However, the sensing mechanism, which is mostly due to
the quenching of the fluorescence with the concentration of H,O,, has not been adequately

investigated in these reports.
1.4. Organic dyes as hydrogen peroxide sensing probes

Organic dyes are chemical compounds which have been widely studied for detection of H,O- because
they do not succumb to stability issues and the chemistry of their mechanism is well understood.
Most of these organic dyes are fluorophores whose fluorescence is either quenched or enhanced in
the presence of H.O,. These dyes can be broadly divided into boronate-based and non-boronate

based.
1.4.1. Boronate-based probes

The chemical reaction of H.O, with boronate-groups was reported in 1930 (Ainley and Challenger,
1930) and the first probes inspired by this reaction were reported in 2003 (Lo and Chu, 2003). Since
then there have been over 20 boronate-linked probes reported, which have been used for measuring
and imaging H»O- in living systems (Lin et al., 2013; Lippert etal., 2011; Miller et al., 2005; Rezende
et al., 2018; Zamojé et al., 2016). Boronate-linked probes are organic compounds consisting of an
electrophilic boron center linked to different functional groups which are aliphatic, phenolic/aromatic
or fluorogenic. Under mild alkaline conditions, H,O, reacts with boronate groups, converting the
probes to their corresponding hydroxyl derivatives or phenolic products (in aromatic-containing
probes)(Kuivila, 1955). This often releases the functional groups that are easy to monitor by

absorbance, fluorescence, or fluorescence resonance energy transfer (FRET) (Rezende et al., 2018;
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Chen et al., 2011). Furthermore, the chemical modifications can render these probes to be water-
soluble and better signal transducers. A phenyl boronic acid-functionalized quinone-cyanine probe
was designed for dual (colorimetric and fluorometric) detection of H.O> in living cells
(Narayanaswamy et al., 2016). In presence of H,O,, the fluorescence was turned on as well as the
color of the solution changed from yellow to red.

Additionally, two H20,-selective fluorescent probes, termed MI-H202 and ER-H202, were reported
based on a boronic acid/ester deprotection. In both the probes, upon reaction with H.O,, the boronic
acid group is removed, and the fluorescent moiety is exposed turning the probe on (Fig 1.5a,b)(Xiao
et al., 2016). The development of boronate-based probes has mainly been focused on synthetic
chemistry and not on redox biology or sensor development. Hence, the biological properties and the
suitability of boronates for H.O detection in vivo have not been adequately evaluated (Rezende et
al., 2018).

1.4.2. Non-boronate-based probes

There have been reports of other chemical probes for the detection of H,O, which do not have
boronate-groups. Most of the reactions involve the oxidation of the probes by H.O, which leads to
either enhanced emission or quenching. These probes mostly include organic dye based on
fluorescein derivatives (Rezende et al., 2018; Maeda et al., 2004; Schiferling et al., 2011; Zamoj¢ et
al., 2016). The “switch on” detection mechanism involves the elimination of a functional group,
such as benzil or sulfonyl by H20,, to regenerate the green fluorescence of fluorescein (Rezende et
al., 2018; Maeda et al., 2004).

Different metal complexes such as europium(l11) (Wolfbeis et al., 2002; Wu et al., 2005; Zamojé et
al., 2016; Kozhevnikov et al., 2005), Iron complex-based probes (Hitomi et al., 2014, 2013, 2011;
Zhang et al., 2008) as well as selenium based (Schéferling et al., 2011) probes have also shown high
sensitivity towards H.O,. A fluorescent probe for H.O, called MBFh1, was prepared with an iron
complex as a reaction site for H,O, and a 3,7-dihydroxyphenoxazine derivative as the fluorescent
reporter unit. The iron complex reacts quickly with H,O, to form oxidants, and then these oxidants
in turn convert the closely appended non-fluorescent 3,7-dihydroxyphenoxazine moiety to resorufin
(fluorescent) in an intramolecular fashion (Fig 1.5c). This fast response to H,O, was employed to
detect the enzymatic evolution of H,O.. An organic fluorescent probe, which the authors called HP
green, based on the yellow fluorophore, 4-amino-1,8-napththalimide coupled to p-anisidine (as a

redox-active group) was developed for the determination of H.O,. The mechanism of HP green

19
TH-2731_146106001



action relies on photoinduced electron transfer (PET) in which the fluorescence is quenched by PET
process that occurs between the p-anisidine redox moiety and the naphthalimide luminophore. The
p-anisidine group is oxidized by H,O,, suppressing the PET and increasing the fluorescence intensity
and a microtiter plate-based setup was used for fluorescent detection of H,O, using this probe
(Burmistrova et al., 2014). Furthermore, the addition of HRP enhanced the oxidation of HP green
which improves the detection limit of H,O, (Schéferling et al., 2011). Though there have been many
organic dyes (including organometallic compounds) for H20. detection, the sensing mechanism for
most fluorophores is based on fluorescence quenching (switch off) or enhancing (switch on) which
may suffer from photobleaching problems. Thus, there is still room for synthesizing novel chemicals

that show fluorescence shift rather than just quenching for more sensitive detection of H,O..
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Figure 1.5: The chemical structures of (a) MI-H202 and (b) ER-H202 and corresponding response
mechanism for H,O; sensing in mitochondria and endoplasmic reticulum during apoptosis (Xiao et al.,
2016) Copyright 2014, this is an open access article distributed under the Creative Commons Attribution
License; (c) Scheme of the formation of resorufin by the reaction of MBFh1 with enzymatically
generated H»O; to prepare a fluorescent sensor (Hitomi et al., 2011) Copyright 2011, reprinted with

permission from ACS Publications.

Distyrylbenzenes (DSB) are a class of fluorescent-conjugated organic molecules that can be
functionalized by different substituents or functional groups in the desired position (Fig 1.6a). P2VB
(1,4-bis(B-pyridyl-2-vinyl)benzene) is a DSB derivative with pyridine groups that tend to interact
with the surrounding electronic structure (Fig 1.6b). P4VB (1,4-bis(4-pyridyl-2-vinyl)benzene) has
nitrogen atoms on the more accessible fourth ring position, but it appears to associate more readily.
However, this compound had limited solubility in an organic solvent. A relatively bulky and

unreactive neopentyl side group are added onto the P4VB base structure to synthesize a new
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fluorophore bis(4-pyridyl) dineopentoxyl-p-phenylenedivinylene (np-P4VB) which showed
increasing solubility (Fig 1.6c). The fluorophore which exhibited high solubility in organic solvents,
displayed fluorescence color-shift properties (Lane et al., 2018). When the highly accessible nitrogen
atoms on the pyridine rings are protonated, a fluorescence emission shift from blue to orange
occurred from the extensive electron delocalization in the lowest unoccupied molecular orbital
(Wang et al., 2019). This fluorophore was immobilized onto paper for the detection of CO,. The
exposure of CO, to water led to the formation of carbonic acid, which generates the signal through
protonation of the fluorophore (Wang et al., 2020a). Another quinoline-based fluorophore was
prepared which showed color shifting optical properties in presence of a wide pH range (2-12) (Wang

et al., 2020b). Such color-shifting fluorophores can be explored for H,O, sensing.
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Figure 1.6: Chemical structures of a) DSB (PPV), b) P2VB, and c) np-P4VB. The key change between
DSB and P2VB is the pyridine ring on each end. The difference between the P2VB and P4VB structures
is the position of the nitrogen in the pyridine rings. The np-P4VB synthesized here is similar to P4VB
but with the addition of branched neopentyloxy groups on the central benzene ring (Lane et al., 2018)
Copyright 2018, this is an open access article distributed under the Creative Commons Attribution

License.
1.5. Emerging trends in miniaturization and platform design

Various miniaturization techniques and advanced materials for platform designing are growingly
used in the field of diagnostics and detection stepping towards technological fronts on translating the
proof of concept to a marketable product. In this area microfluidics and micro-sensors have emerged
as potential strategies for effective manipulation, treatment, and separation of sample contaminants

for rapid and specific detection of analytes (Review: Thungon et al., 2017).

Microfluidics is the study of fluids in channels with a size that varies from a few units to hundreds
of micrometres. The fabrication of Lab-on-chip (LoC) or Lab-on-a-disc (LabCD) systems, by
miniaturizing different functionalities that are typically required in a whole biochemical laboratory
into a chip or a compact disc, is possible using microfluidics. There are several advantages of these
systems including high sensitivity, a requirement of low volumes of samples and reagents, faster
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analysis as well as provision for standardisation and automation of the processes (Ibarlucea et al.,
2011). These miniaturization-based concepts can help overcome many limitations of the
conventional sensors such as long reaction and analysis time, and low portability of the systems.
There are various materials which have been used for developing and designing these microfluidic
platforms. The selection of material to develop the sensor platform is critical and should possess
suitable chemical and mechanical properties to withstand different biological and chemical entities
of the samples. Additionally, the material should also be biocompatible to accommodate various
labile biological recognition elements, particularly, enzymes or microbes (Review: Kaushik et al.,
2020). Another important parameter for choosing the right materials, especially for the development
of disposable sensors is its biodegradability. With the increase in the amount of non-biodegradable
wastage generated by using synthetic polymers, the scientific community must shift towards “green”
and environmentally friendly technologies. The different substrate materials for the development of

sensor platforms are discussed in the following section.
1.5.1. PDMS-based microfluidics

The development of polymeric materials has had a tremendous impact on the realization LoC
concept. Poly- carbonate (PC), poly (methyl methacrylate) (PMMA) and poly- (dimethylsiloxane)
(PDMS) are among the most widely applied materials for the fabrication of LoC, which provide high
versatility and reduction of both time and cost of the fabrication process (Ibarlucea et al., 2011).
Among them, PDMS is the most widely used material due to its several advantages. It is a cheap
material, polymerising at low temperatures. PDMS is also optically transparent in a very wide
wavelength range (from UV to NIR) which is beneficial for development of optical detection
methods (Makamba et al., 2003). It is also compatible with biological materials because of its non-
toxicity, non-permeability to water and permeability to gases. Moreover, it has great physical
properties such as flexibility and elasticity, with Young’s modulus of 2.5 MPa when it is fabricated

with a 10:1 ratio of base: curing agent (Makamba et al., 2003).

Photonic LoCs or, PhLoC use light as an interrogation mechanism and they are immune to
electromagnetic interferences and/or enable multiplexed detection in a single system (Crespi et al.,
2010). A hollow prism configuration made of PDMS, where the inner wall surface was modified
with hydroxyl groups was reported. The hydroxyl groups were further silanised using a silane
containing an aldehyde end-group and HRP was covalently attached via the interaction with the
silane functionalized PDMS inner surface to prepare a PhLoC system for colorimetric sensor for
H20- (Ibarlucea et al., 2011).
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Figure 1.7: (a) Template for diffusion and chaotic mixers. The pillars are guides for silicone tubing
integration and the external frame contains the PDMS during curing. (b) Detail of the chaotic mixer
design. (c) Detail of the chaotic bitmap edited refinements. (d) Printed template. (¢) 100 um deep
diffusion mixer showing the mixture of 1 mM fluorescein with 1 mM rhodamine B at 60 uL mint, (f)
100 um deep chaotic mixer imaged in the same conditions as in (). (g) Idem to (f) operated at 30 pL
min~2. (h) Idem to (g) but for a 500 um deep channel. (i) Detail of the 500 um deep chaotic mixer 3D
structure. (Comina et al., 2014) ) Copyright 2014, reprinted with permission from Royal Society of
Chemistry.

Another PhLoC was developed by using PDMS on glass surface. A 3D printed templated was
prepared by using Miicraft®14, an MS 3D printer (2299 US$) with 450 ppi (~56 um) lateral, and 50
um vertical resolution (Comina et al., 2014), thereby, replacing the clean room resources. Different
printed templates were prepared using an optimized process and conditions. To create a mixer within

the channels, different depths of channels and flow speeds were explored. It was the pillars with a
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rough texture that was added within the channels that led to more chaotic movement of the fluid
within the channels leading to better mixing (Fig 1.7). This optimized template was used to prepare
a colorimetric LoC glucose biosensor by co-immobilizing it with HRP. Furthermore, PDMS has been
coated onto paper to develop an electrochemical H.O- sensor (Tortorich etal., 2018; Lee et al., 2018).

1.5.2. Paper-based microfluidics

The cellulose-based materials such as chromatography paper and filter paper have emerged as an
attractive substrate for developing various optical sensing platforms (Martinez et al., 2010).
Microfluidic channels could be easily created on these substrates to produce chip-based designs of
the sensors for handing extremely low sample volume and multiplex analysis (Nishat et al., 2021).
Microfluidic paper-based analytical devices (WPAD) have garnered extreme popularity in recent
years as they qualify ASSURED (accurate, sensitive, specific, user-friendly, rapid, robust, equipment
free, and deliverable to end users) criteria prescribed by WHO (Peeling et al., 2006). In general, paper
as a sensor substrate has many advantages. Paper is also biocompatible and can be modified with
various functional groups to covalently bind to proteins (Song et al., 2019), DNA (Seed, 1982) and
other biomolecules (Mahadeva et al., 2015). The scope for rapid analysis has transformed paper-
based platforms into easy and attractive analytical tools with possibilities for miniaturization and
mass production (L6pez-Marzo and Merkogi, 2016). Furthermore, the simple fabrication approaches,
sometimes using just paper cutting, to create channels also make paper microfluidics a very attractive
technology. The basic principle in creating channels on paper is by creating hydrophobic zones on
the hydrophilic paper. This has been achieved using wax printing, photolithography as well as laser
printing (Nishat et al., 2021). Table 1.2 enlists the different fabrication techniques for uPAD design.

Table 1.2: Comparison of different fabrication techniques for paper-based microfluidic devices.

Technique Equipment Advantages Disadvantages Ref
required
Paper Cutting Scissors, Simple, no | Size and design | (Jamil et al., 2021)(Liu et
punchers, or | chemicals limitations, al., 2019a)(Nie et al.,
laser cutter required require a platform | 2013)(Lebiga et al., 2015)
such as a polymer
or tape.
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hot plates, and
modified

cartridges ink

and low-cost
process, possible

to mass produce

treatment of paper

Wax printing Solid ink (wax) | Simple and | Edges not sharp as | (Ragavan et al.,
printer and hot | rapid, high | wax spread. | 2018)(Strong et al.,
plate resolution, mass | Unavailability of | 2019)(Sechi et al., 2013)
production wax printer.
possible and no
organic solvent
required
Photo- Photomask, UV | High resolution | Complex and | (Kakoti et al.,
lithography light source expensive 2015)(Martinez et al,,
fabrication 2008)
process.
Laser Printing | Laser printerand | Low cost, | Difficult to | (Rafatmah and
hot plate minimal modify ink Hemmateenejad,
equipment 2019)(Ghosh et al., 2019)
required
Inkjet Printing Inkjet  printer, | Simple, rapid, | Require solvent | (Chakma et al.,

2016)(Yamada et al., 2015)

Screen Printing

Screen

Low cost

New screens

required

(Dungchai et al., 2011)

Several paper-based electrochemical H.O, sensors have been reported using silver nanoparticles
(Sharma et al., 2020) and multi-walled carbon nanotubes (MWCNTS) (Shamkhalichenar and Choi,
2017; Sanchez-Calvo et al., 2020). Recently, MnO; nanostructures were coated on tea bag filter paper

to develop a bendable and self-standing electrochemical H»O, sensor (Priyanga et al., 2021).

Furthermore, colorimetric (Xu et al., 2011a) and fluorometric (Chang et al., 2018) based paper

sensors for H,O, have also been reported.

A PPAD-based colorimetric assay for detection of H.O, was reported using a starch-iodide-gelatin

composite system. Here, the detection principle used the fact that H.O- oxidizes the potassium iodide

to iodine which reacts with starch, changing the white paper strip to blue. The addition of gelatin not

only made the color darker and amplified the intensity but also acted as an immobilization matrix for
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enzyme, GOX to prepare a colorimetric glucose biosensor (Liu et al., 2019a). Chitosan was reported
to possess peroxidase activity and a colorimetric uPAD was prepared using chitosan for H.O. sensing
with TMB as the chromogen (Ragavan et al., 2018). Wax printing was used to fabricate the uPAD.

P
K,Fe(CN), "B Fe*
K;Fe(CN), 2
K Fe(CN)
PB Fe?* PB ®
2 @
H,0 H,0,

Figure 1.8: (a) Blank and (b) sample BPE sensor indicating PB formation around BPE. (c) Schematic
representation of the fundamental mechanism of using KsFe(CN)s/FeSOs in reporting cell of P-BPE
sensor (Rafatmah and Hemmateenejad, 2019) Copyright 2019, reprinted with permission from Springer

Nature.

A unique disposable paper-based colorimetric-electrochemical biosensor for H.O, was reported. It
consists of a bipolar electrode (BPE) and a driving electrode (DE) which were constructed on paper
strips using laser printing for the microfluidic design, and pencil graphite for the electrodes (Fig 1.8a)
(Rafatmah and Hemmateenejad, 2019). The detection principle of this BPE is based on the reduction
of H,O; on the electrode (left side) when an external potential is applied, which in turn causes the
oxidation of K4Fe(CN)s in the presence of Fe(ll) ions and subsequently form Prussian Blue (PB)
particles in the reporting cell (right side) (Fig 1.8 b,c). The PB has a deep blue color which is
distinguishable from the initial light blue color, and this allowed the colorimetric detection of H.0..

This setup was then used to fabricate a glucose biosensor and the color change was captured using a
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smartphone. Moreover, paper used base/ foundation platforms with PDMS (Tortorich et al., 2018;
Lee et al., 2018), and plastic (Lebiga et al., 2015) to fabricate optical H.O, sensors.

Though paper-based devices offer many advantages, a few disadvantages have also been
encountered. The major disadvantage is the coffee ring effect which may interfere with the optical
signal of the constructed sensors. The coffee ring effect has been attributed to two factors: 1) pinning
of the contact line on the deposition of a drop of fluid on a solid surface and 2) the drying of the
fluids via evaporation. Briefly, once a drop is deposited on a solid surface, the edge of the drop is
pinned at the contact line. As the drying due to evaporation takes place, liquid first evaporates from
the edges. To replenish the loss, fluid from the interior flows outward due to capillary force (Fig 1.9)
(Li et al., 2016). The resulting outward flow carries the dispersed material in the fluid to the edge
creating the coffee ring effect (Deegan et al., 1997). Capillary wicking is an intrinsic property of
paper which is considered a critical factor for the distribution of any solute over an area (Cao et al.,
2020). Several chemical treatments with surfactants (Sempels et al., 2013; Trofimchuk et al., 2020)
as well as the configuration of the solutes (Yunker et al., 2011) have been implemented to reduce
this effect (Cao et al., 2020).
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Figure 1.9. Obvious capillary outflow at low evaporation temperature (T = 30 °C) (a) Image with
streamlines of capillary flow, (b) scheme of the transport of the suspended particles to drop edge leading
to the formation of ring stains during the evaporation of the fluid (Li et al., 2016) Copyright 2016, this

is an open access article distributed under the terms of the Creative Commons CC BY license.

1.5.3. Silk fibroin-based platforms

The stability of the biomolecules such as enzymes and microbes on the sensor surface is extremely
important for real-world application of biosensors as the functionality of the whole sensor is largely
dependent on the activity of the immobilized biomolecule. The silk fibroin (SF), a fibrous protein

found in the cocoons of Bombyx mori (B. mori) silkworm, is a versatile biomaterial due to its high
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intrinsic stability to temperature and moisture changes. Its biocompatibility renders its application in
biosensing and other areas (Kaushik et al., 2020; Drachuk et al., 2013). Moreover, it could be
transformed into different types of scaffolds, such as fiber, film, or hydrogels (Saxena and Goswami,
2010). By tuning the secondary structure of SF, these formats can also be tuned further (Vepari and
Kaplan, 2007; Kaushik et al., 2020). Among the different formats, SF films are considered versatile
because enzymes and other bio recognition elements could be easily immobilized in them by using
direct entrapment methods. Enzymes are mixed in SF solution, and the mixture is cast on surfaces
and air-dried. The solubility and the hydrophobicity (8-sheet structure) of these films can be tuned
by annealing with water or methanol. The thickness of the film could be monitored by adjusting the
concentration of the SF solution, casting volume, and drying rate (Rockwood et al., 2011). Miyairi
et al. first reported the SF film as a support for enzyme immobilization. f-Glucosidase was entrapped
in the SF film, and its activity was monitored. The immobilized enzyme showed 80 % retained
activity after heat treatment up to 60 °C and protease treatment (Miyairi et al., 1978). Since then,
several other enzymes, such as HRP (Lu et al., 2009a; Lu et al., 2010), GOx (Lu et al., 2009b; You
and Pak, 2014) have been entrapped in SF films with testified reports of their stability and activity.

As mentioned earlier, HRP is an important enzyme for the preparation of H,O: biosensors. HRP has
low stability in solution which is thus, a disadvantage for its use in developing HRP-based biosensors.
There have been several reports of the enzyme being immobilized and stabilized in SF films via bulk-
entrapment (Review: Kaushik et al., 2020). A study conducted by Lu et al., 2010, demonstrated that
after HRP was immobilized in SF films, its activity and storage stability increased. This unique
behaviour was also presented for GOx entrapped in SF films (Lu et al., 2009b). The authors
postulated that the denatured enzymes renatured to their native state over time within the SF film
structure. During the film preparation, spontaneous denaturation takes place, which may become
reversible under some suitable conditions. The micro-environment within SF films contains about 10
wt % water, as well as the presence of hydrophobic and hydrophilic pockets, allowing the mobility
of the enzyme molecules for refolding/renaturation as shown in Scheme 1.5. HRP in SF films was
reported to have the residual activity 24%, 22%, and 17% after 5 months, when stored at 4 °C, room
temperature (25 °C), and 37 °C, respectively (Lu et al., 2009a). HRP, along with lysozyme, was
entrapped in SF films with increased S-sheet structure and crystallinity and their release pattern was
studied. The results suggested that the SF films with a controllable level of crystallinity would be a
reliable support for drug release (Hofmann et al., 2006). Another study reported that the interaction
between heme in HRP and electrode depended on the morphology of the SF films being used as

immobilizing matrix (Wu et al., 2006). HRP was integrated into a silk solution and cast on diffractive
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molds to prepare patterned SF films, which could be used for the development of optical peroxide
sensors (Lawrence et al., 2008a). Glycerol-modified SF films further increased this stability. HRP in
30% glycerol SF film retained more than 90% of the initial activity at even 37 °C over 2 months (Lu
etal., 2010). Enzymes HRP and catalase were entrapped into the diffractive optical elements (DOES)
functionalized with SF membranes (SF DOES). The enzymes entrapped in SF DOEs showed better
stability and activity than those entrapped in glass DOEs, and thus appeared as a promising platform

for developing optical biosensors (Zhou et al., 2017).

+ M_.&vt‘?}“ﬂ.
N,

Enzyme SF Enzyme + SF solution Enzyme entrapped in SF film Renaturation of enzyme
solution solution within SF film

. Hydrophobic Hydrophilic .
” Native enzyme f Denatured enzyme residues residues Ml p-sheets = Random coil @ Water molecules

Scheme 1.5: Schematic illustration of postulated mechanism of enzyme activity change in SF films.
The interaction between enzyme and hydrophobic region (5-sheet structure) and constrained mobility
stabilized the enzyme in SF films. Enzyme activity increased overtime due to the enzyme’s reversible
denaturation during the film preparation and the renaturation takes place upon interaction with the silk

material.

Diffusion of substrate through an immobilizing membrane or platform is crucial for the function of
the sensors. This can be improved in SF films by increasing their porosity. PEG was used as a
dissolvable matrix to prepare PEG-SF film. Once the membrane was made non-dissolvable, PEG
was removed from the film by simply dissolution with water to get the porous SF membrane. GOx
was then entrapped in this film, where the substrate diffusion was improved (Demura and Asakura,
1991).

1.6. Significant Gaps in the Research

A plethora of reports is available on developing various methods for detecting H.O, through optical
transduction principles, as observed from the above literature survey. However, only meagre number
of these reports have focussed on developing the sensor platforms for real-world applications. A
systematic study on the application of emerging microfabrication techniques and biocompatible
materials for developing such H;O. sensors is yet to be pursued even though these techniques and
materials' intervention in the constructions are known to improve the cost-economy and various
performance factors of a sensor. Microfluidics has already been validated as a potential

microfabrication technique for developing lab-on-chip sensors. In unison, introducing paper-based
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materials in lab-on-chip sensor platforms has great potential to create disposable and low-cost
sensing devices. We have also noticed a significant gap in integrating the H>O> detection with the
detection of various analytes of clinical importance, such as alcohols on the portable sensor
platforms, even though many enzymatic oxidations of these substrates also release the peroxide.
While developing enzymatic sensors, it is also imperative to ensure the stability of the enzymes on
these sensor platforms. So, appropriate material and immobilization techniques need to be explored
while preparing enzymatic lab-on-chip-based biosensor devices. Most importantly, we find that there
is enough scope to explore suitable H,O; detection strategies through optical transduction principles
particularly, by exploiting chemical chromogen and fluorophore, protein stabilized AuNCs, and
conventional peroxidase reactions on sensor platforms. We made an effort to bridge these gaps by

formulating the objectives outlined below.
1.7. Objectives of the study

Considering the importance of the detection of hydrogen peroxide and the gaps in developing
portable sensors, the overall objective defined for this thesis is the development of optical signal-
based hydrogen peroxide sensor. Efforts have been made to reach this objective by exploring the
characteristic properties of an organic dye, peroxidase enzyme, and protein-stabilized gold
nanoclusters for the development of stable and sensitive H,O. sensing platforms with an endeavour

to develop lab-on-chip sensor devices.

The following sub-objectives are thus considered for this study:

1. Organic dye-based H,O, detection: Study the optical properties of a novel water-soluble
organic dye in presence of H,O, immobilize the organic dye onto paper substrate and explore
the prepared reagent-less system for the peroxide and alcohol sensing applications.

2. Peroxidase-based H,O- detection: Immobilization of peroxidase (HRP) into silk fibroin films,
its interaction study with ABTS and SF, and explore the findings for reagent-less sensor for
alcohol by coupling this reaction with alcohol oxidase enzyme in the sensor platform.

3. Protein stabilized gold nanoclusters based H,O, detection: Synthesis and characterization of
AUNCs stabilized in catalase, developing sensitive fluorometric as well as colorimetric based

methods for H,O- sensing.
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1.8. Structure of the thesis
This thesis has been subdivided into five chapters as briefly described below.
Chapter I: Introduction and Review of Literature

This chapter will cover the recent detection methods and sensors for hydrogen peroxide (H.0) and
their applications. Overview of different optical methods exploiting enzymatic, nanomaterials and
organic dye-based systems employed to detect H,O; has been presented. Various emerging materials
such as paper, proteins (silk fibroin) and polymers which have been used for designing miniaturized

sensors are also discussed.

Chapter I1: Fluorescent organic dye-based sensing of hydrogen peroxide and its application

for alcohol detection

In this chapter, a new organic dye, carboxy-functionalized P4VB (c-P4VB) with a short-chain
conjugated molecular unit susceptible to the protonation of its terminal pyridine groups, causing a
large shift in the emission colour from blue to orange or red was synthesized. This dye was soluble
in water and sensitive to H,O2 due to its weak acidic nature. It was successfully immobilized onto
paper discs to develop a disposable paper-based H,O, sensor. Next, the application of this paper
sensor was used to develop a fluorescent, two-zone, cut-out paper microfluidic device for alcohol

detection.

Chapter I11: Peroxidase-based sensing of hydrogen peroxide and its application in developing

a reagent-free alcohol biosensor

This chapter first describes a simple colorimetric sensor for H.O, by entrapping peroxidase in non-
dissolvable SF film and using ABTS as the chromogen. Next, a multimeric enzyme, alcohol oxidase
(AOx) was co-entrapped with peroxidase in SF films to prepare a simple colorimetric sensor for
alcohol. Finally, we developed a reagent-free colorimetric alcohol sensor by entrapping ABTS as
well in SF film. A two-layer hybrid pPAD with ABTS SF film and the bi-enzyme SF film within
paper microfluidic platform was designed. A detail characterization of performance parameters and

their stability were studied.
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Chapter IV: Protein stabilized gold nanoclusters as hydrogen peroxide sensing probe

In this chapter, the synthesis and characterization and application for H.O, sensing of the two AuNCs
stabilized within catalase protein (Cat), red fluorescent (RF) and blue fluorescent (BF) have been
described. Through spectrometry and circular dichroism studies, we postulated that the initial pH
during the synthesis may play an important role in increasing the s-sheet secondary and the synthesis
of blue-fluorescent clusters. Next both the Cat-AuNCs were monitored under different concentrations
of H;0,. The fluorescence intensity of RF Cat-Au NCs decreased with the H.O, concentration, and
this method was used to develop fluorescent ratiometric sensing of H,O. In case of BF Cat-Au NCs,
with the interaction of H,O,, the AUNCs were transformed into AuNPs, and this novel phenomenon
was used to develop a colorimetric sensing method for H>O, without using any chromogen or dye.

Furthermore, the sensing mechanism was explored using TEM and time resolve spectroscopy.
Chapter V: Conclusions and future directions of research

Finally, this chapter describes the overall conclusion of the thesis, comparing the performances of
the different optical sensing methods developed. A critical evaluation of the work with the scope for

future work has also been included.
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CHAPTER 11

FLUORESCENT ORGANIC DYE-BASED
SENSING OF HYDROGEN PEROXIDE AND ITS
APPLICATION FOR ALCOHOL DETECTION
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CHAPTER 11

Fluorescent organic dye-based sensing of hydrogen
peroxide and its application for alcohol detection

2.1. Introduction

A novel organic fluorophore called bis(4-pyridyl) dineopentoxyl-p-phenylenedivinylene or np-
P4VB was recently reported which has the unique ability to fluoresce or even lase at almost any
wavelength in the visible spectrum (Lane et al., 2018; Wang et al., 2019). It possesses an excellent
fluorescence sensing capacity because of the nitrogen atoms on the accessible fourth ring position of
its terminal pyridine groups (Fig 2.6a). The sensing mechanism is based on the protonation of these
pyridines, leading to a blue-to-orange color shift (red shift) as a function of pH. The major challenge
of using this fluorophore on solid platform is its low aqueous solubility that dissolute this dye during
the sample treatment process at the time of detection. In this chapter, the np-P4VB was modified and
functionalized with carboxylic group (-COOH) (denoted by c-P4VB) (Fig 2.6b) by our collaborators
at the Technical University of Munich. The carboxyl functionalization in principle allows a reaction
site for organic molecules for chemical binding or physisorption processes as well as making the
fluorophore soluble in aqueous solutions rendering better applications on solid substrates such as
paper (Wang et al., 2018b). We explored the weak acid property of H,O- to fabricate a simple, cost-
effective fluorescence paper sensor for detection of H»O,. We investigated the basic optical
properties of c-P4VB and then incorporated it into a cellulose paper to prepare a simple paper-based
fluorescence probe for detection of H.O», and we finally demonstrate an alcohol sensor based on

enzyme-catalyzed production of H;O..

The detection of ethanol is important for forensic sectors, and for the clinical, chemical,
pharmaceutical and fermentation industries. Simple, inexpensive ethanol sensors are also needed to
verify the alcohol content of commercial liquors and to help ensure their authenticity. With ethanol
possibly becoming a legislated biofuel in many countries, a simple and rapid system for detection of
ethanol in solution may become increasingly important (Thungon et al., 2017). Alcohol oxidase

(AOX) is an oxido-reductase enzyme that catalyses the oxidation of alcohols using molecular oxygen
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(O2) into their corresponding aldehydes (equation 2.1), along with the production of hydrogen
peroxide (H205).

AO
RCH,0H + 0, — RCHO + H,0, 2.1)

Most paper-based alcohol sensors work on the electrochemical method (Bihar et al., 2016; Cinti et
al., 2017); only few use colorimetric techniques (Thepchuay et al., 2020), and fluorescent techniques
(Gotor et al., 2019; Duan et al., 2021). This is the first report of a fluorescent uPAD alcohol sensor
based on AOx enzyme.

2.2. Experimental section
2.2.1. Chemicals and reagents

Alcohol oxidase (AOx) (EC 1.1.3.13 from Pichia pastoris) [1000 U mL?] and Whatman Grade 1
Filter paper were purchased from Sigma Aldrich (USA). Hydrogen peroxide (~50 w/v%) and ethanol
(99.9%) was purchased from Himedia Laboratories Pvt. Ltd. (Mumbai, India). All ethanol working
standard solutions were prepared daily in MilliQ water (18.2 MQ.cm). All solvents and reagents used
in the synthesis were purchased from commercial sources and were applied without additional

purification unless stated otherwise.
2.2.2. Optical characterization

The solution-based fluorescence spectroscopy was excited with the combined Azsinm and Azeanm lines
of an Ar* ion laser (~1.25 kW/m?), while the paper-based setup generally used a Asosnm pulsed diode
laser at lower power densities, which minimized the weak fluorescence inherent to paper under UV
excitation. The fluorescence was collected directly with an optical fiber (numerical aperture = 0.5),
passed through a Asoonm OF Ausonm long pass filter, and measured with an intensity-calibrated miniature
spectrometer from Ocean Optics (Model:USB2000+). Fluorescence microscopy was performed with
a Nikon TE2000e inverted epifluorescence microscope. UV-vis spectroscopy was performed using

a model Cary-50 single beam spectrophotometer from Varian.
2.2.3. Preparation of functionalized fluorophore c-P4VB

The c-P4VB fluorophore was synthesized at Technical University of Munich, Germany, according
to the following protocol. Briefly, 6-(4-methoxyphenoxy)hexanoic acid was prepared via the
Williamson ether synthesis approach under optimized reaction conditions starting from 4-
methoxyphenol and 6-bromohexanoic acid. This was subsequently bromomethylated with

paraformaldehyde and HBr in acetic acid using a standard protocol. Thus obtained 6-(2,5-bis-

35
TH-2731_146106001



(bromomethyl)-4-methoxyphenoxy)hexanoic acid was reacted with excess triethyl phosphite at
150°C to yield ethyl 6-(2,5-bis-((diethoxyphosphoryl)-methyl)-4-methoxyphenoxy)hexanoate,
which ~ was  further  converted to  sodium  6-(4-methoxy-2,5-bis((E)-2-(pyridin-4-
yl)vinyl)phenoxy)hexanoate (c-P4VB) by reaction with 4-pyridincarboxaldehyde (Horner-
Wadsworth-Emmons reaction conditions), producing a fine yellow to orange powder after
purification. The details of the synthesis process have been described in our published work
(Thungon et al., 2022). The c-P4VB was then dissolved in DMSO, EtOH or MeOH (0.2 mM) for
optical investigations. For comparative study purposes, np-P4VB was also synthesized using
previously-described methods (Wang et al., 2019). *H NMR spectra were measured on Bruker AV-
111 300 MHz and Bruker AV-111 HD 500 MHz spectrometers.

2.2.4. Optical response of ¢c-P4VB with acid and H20>

Different concentrations of H,O (0.1 mL) and HCI (0.1 mL) were added to 0.9 mL of c-P4VB (0.2

mM) solution prepared in EtOH and the fluorescence response was measured.
2.2.5. Preparation of c-P4VB-infused paper

Paper disks (0.5 inch diameter) made from Whatman No. 1 filter paper were prepared by using a
puncher or simple cutting. A reaction solution was prepared, consisting of 0.1 mL of 0.5 mM c-P4VB
(in EtOH) added to 0.9 mL of pH 8 potassium phosphate buffer (50 mM). A slightly basic pH was
chosen to prevent protonation and to improve the fluorophore solubility compared to buffers with
lower pH. The solubility of the fluorophore in the buffer solution depends on buffer concentration,
with a lower solubility at higher buffer concentration (e.g., above 500 mM it becomes nearly
insoluble). 10 paper disks were incubated in this reaction solution for 1 hour. Next, they were rinsed
separately in water twice and then methanol. Finally, the treated disks were sonicated for 30 minutes
in methanol to remove the excess fluorophore. After the sonication, the disks were placed in a fume

hood to dry for 15 minutes. A schematic diagram of the entire process is shown in Scheme 2.1.
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Scheme 2.1: Steps involved in preparing c-P4VB infused paper.

2.2.6. Hydrogen peroxide sensing with c-P4VB-paper

To test the response of c-P4VB-paper, the paper disks were dipped into 2 ml of different
concentrations of H,O; solution, and the fluorescence emission changes were measured immediately.
To test whether the stabilizers (which are sometimes acidic) in commercial H,O; solutions interfered
with the response, H20, was distilled using a rotary vacuum evaporator and the optical experiments
were confirmed with this “clean” hydrogen peroxide. The final concentration of the distilled solution

was measured using enzyme assay.
2.2.7. Ethanol pPAD fluorescence biosensor

A UPAD ethanol sensor was prepared using two paper zones connected by a microfluidic channel.
The first paper disk was the micro-reaction zone (R) (0.25 inch in diameter) with immobilized
alcohol oxidase (AOXx) that catalyzes the oxidation of primary alcohol to the corresponding aldehyde
and H20,. 10 pL of AOx (20 U mL™ in water) was dropped onto R zone and allowed to dry under a
laminar flow hood for 1 hour. The second disk was the sensor zone (S) (0.5 inch in diameter) infused
with c-P4VB. The entire set-up was prepared on scotch tape to attach the two zones with the linking
channel (Fig 2.8). Next, 10 pL of ethanol prepared in MilliQ was dropped on the R zone and allowed
to incubate for 5 minutes to complete the reaction of AOx to produce H»0,, following which 20 pL
of MilliQ was dropped on the same zone to carry the reaction products into the S zone. After 5
minutes photographs of the treated S zone were taken using a smart phone. The signal was captured

by choosing a group of 5000 pixels near the input channel where the signal was strongest, splitting
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the image into the three-color channels (RGB), and dividing the average intensity in the blue channel
by that in the red. Error bars represent the standard deviation of three separate measurements.

2.2.8. Real sample analysis

Two commercially available Vodka brands, Smirnoff (SM) and Magic Moments (MM), were
procured from a local liquor store in India. Samples were taken from each bottle and were diluted by
adding 10 pL of each liquor samples to 990 pL of MQ water. 10 pL of the diluted samples were
dropped onto the R zone and incubated for 5 minutes to allow the enzymatic reaction sufficient time.
Next, 20 pL of MilliQ was dropped on the R zone to carry the products to the S zone. After another
5 minutes, images of the S zone were taken under UV light using a smartphone. The pixel intensity
of the S zones was then analyzed as described in ethanol biosensor experimental section. The pH of
the samples was measured using Mettler Toledo Benchtop pH meter. A further confirmation of the
alcohol content was done using an enzyme oxidase assay (Mangos and Haas, 1996). ABTS was used
as chromogen for the peroxidase reaction using peroxidase enzyme (62.5 U mL?). The reaction
solution consisted of 930 uL ABTS solution (2 mM in 100 mM phosphate buffer, pH 7.5), 3 pL
peroxidase (62.5 U mL™) and 30 uL AOx (0.2 U mL?). 30 pL of varying concentration of ethanol
and consumer vodkas (either SM and MM) were added to the reaction solution and the final solution
was incubated for 10 minutes in room temperature. The alcohol concentration was measured from
the absorbance at Asosnm, Which was performed with a Cary 300 Bio UV-vis spectrophotometer. The

blank for this assay was prepared by using MilliQ instead of ethanol solution.
2.2.9. Statistical analysis of data

The statistical analysis of the data was performed in OriginPro 9.0. A minimum of triplicate analyses
was performed for all the samples. The mean with the standard deviation is represented as error bars
in the data. The limit of detection (LoD) was calculated using the formula 30/m, where o is the
standard deviation of the mean grey pixel intensity of the blank sample and m represents the slope of

the calibration curve.

2.3. Results and Discussion

2.3.1. NMR analyses of products

2.3.1.1. NMR analysis of 6-(4-methoxyphenoxy)-1-hexanoic acid

The NMR spectrum of the yielded 1.6 g (83%) of 6-(4-methoxyphenoxy)-1-hexanoic acid is shown

in Fig 2.1. along with its chemical structure.
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'H NMR (300 MHz, CDCls), § (ppm): 6.83 (s, 4H), 3.91 (t, 3J = 6.4 Hz, 2H), 3.77 (s, 3H), 2.40 (t, 3J
= 7.4 Hz, 2H), 1.84-1.64 (M, 4H), 1.58-1.46 (m, 2H).

O\O/\/\/YO

OH

|

0 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -0
f1 (ppm)

Figure 2.1: 'H NMR (300 MHz, CDCls) spectrum of 6-(4-methoxyphenoxy)-1-hexanoic acid
2.3.1.2. NMR analysis of 6-(2,5-bis-(bromomethyl)-4-methoxyphenoxy)-1-hexanoic acid

The NMR spectrum of the yielded 2.8 g (66%) of 6-(2,5-bis-(bromomethyl)-4-methoxyphenoxy)-1-

hexanoic acid is shown in Fig 2.2. along with its chemical structure.

'H NMR (300 MHz, CDCls), 8 (ppm): 6.79, 6.77 (2s, 2H), 4.44, 4.43 (2s, 4H), 3.91 (t, 3J = 6.3 Hz,
2H), 3.77 (s, 3H), 2.25 (t, 3] = 7.3 Hz, 2H), 1.81-1.69 (m, 2H), 1.68-1.55 (m, 2H), 1.54-1.41 (m, 2H).

(Addition of a droplet of methanol maybe necessary to achieve a complete dissolution of the sample).
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Figure 2.2: *H NMR (300 MHz, CDClI3) spectrum of 6-(2,5-bis-(bromomethyl)-4-methoxyphenoxy)-
1-hexanoic acid

2.3.1.3. NMR analysis of Ethyl 6-(2,5-bis((diethoxyphosphoryl)-methyl)-4-methoxyphenoxy)

hexanoate

The NMR spectrum of the vyielded 116 g (87%) of liquid ethyl 6-(2,5-
bis((diethoxyphosphoryl)methyl)-4-methoxyphenoxy) hexanoate is show in Fig 2.3. along with its
chemical structure.

IH NMR (300 MHz, CDCls), § (ppm): 6.92-6.87 (m, 2H), 4.12 (q, 3J = 7.1 Hz, 2H), 4.06-3.95 (m,
8H), 3.91 (t, 3J = 6.4 Hz, 2H), 3.78 (s, 3H), 3.27-3.13 (m, 4H), 2.32 (t, 3J = 7.5 Hz, 2H), 1.84-1.62
(m, 4H), 1.54-1.41 (m, 2H), 1.28-1.18 (m, 15H).
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Figure 2.3: *H NMR (300 MHz, CDCl3) spectrum of ethyl 6-(2,5-bis((diethoxyphosphoryl)-methyl)-

4-methoxyphenoxy)hexanoate

2.3.1.4 NMR analysis of Sodium 6-(4-methoxy-2,5-bis((E)-2-(pyridin-4-yl)vinyl)phenoxy)
hexanoate (c-P4VB)

The yielded 155 mg (40%) of c-P4VB typically with ca. 98% purity according to *H NMR (Fig. 2.4).
The nuclear magnetic resonance spectroscopy (Fig. 2.4) was consistent with the molecular structure
shown in Fig. 2.6(b).

'H NMR (500 MHz, methanol-d4, 20 mg/ml), & (ppm): 8.49-8.43 (m, 4H), 7.77-7.69 (m, 2H), 7.56-
7.51 (m, 4H), 7.30-7.18 (m, 4H), 4.10 (q, J = 6.5 Hz, 2H), 3.94 (s, 3H), 2.24 (t, 3J = 7.4 Hz, 2H),
1.91 (p, ®J = 6.7 Hz, 2H), 1.81-1.68 (m, 2H), 1.67-1.54 (m, 2H).
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Figure 2.4: '"H NMR (300 MHz, methanol-d4) spectrum of sodium 6-(4-methoxy-2,5-bis((E)-2-
(pyridin-4-yl)vinyl)phenoxy)hexanoate (c-P4VB)

Furthermore, the chemical shifts of the protons in the aromatic region are sensitive to the
concentration and to the water content in deuterated methanol. Due to the unsymmetrical substitution
pattern at the central benzene ring of c-P4VB, the signals of positionally-equivalent protons in two
pyridine groups as well as in two vinylene groups are spectrally not equivalent, giving rise to a
somewhat more complicated pattern as compared for example with np-P4VB (Lane et al., 2018).
This becomes clear when spectra measured on spectrometers with different field strength are

compared (Fig. 2.5).
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Figure 2.5: Signals of protons of c-P4VB in the aromatic region at 500 MHz (top, more concentrated)

and 300 MHz (bottom, less concentrated), referenced to the signal of deuterated methanol.
2.3.2. Structure and basic optical properties of np-P4VB and c-P4VB

The modified fluorophore c-P4VB was derived from the non-functional np-P4VB form; therefore it
is necessary to understand the differences as well as similarities between the two fluorophores’
optical properties. The basic structure of P4VB is illustrated in Fig. 2.6, showing the 3-ring
conjugated backbone with the sterically accessible nitrogen atoms on the pyridine end-groups. When
the pyridine groups are protonated, the fluorescence undergoes a large redshift from teal-blue to
orange (Wang et al., 2020a). In contrast to the np-P4VB with its bulky neopentyloxy side-groups
(Fig. 2.6 a), the carboxy-functionalized form (c-P4VB) has a methoxy side-group and an oxy-
hexanoate group at the central benzene ring that presents an additional reactive site (Fig. 2.6 b). While
the np-P4VB formed prismatic solid crystals with a greenish-yellow fluorescence, the c-P4VB
showed a similar greenish-yellow emission but instead formed much smaller aggregates of fibrous

or needle-like crystals in the solid form (Fig. 2.6 c,d).

A comparison of the protonation equilibria in np-P4VB and c-P4VB was performed first. The
fluorophores were protonated with a strong acid (toluenesulfonic acid) in ethanol, producing the
overall blue-to-orange color shift in the fluorescence and corresponding changes in the absorption
maxima. The absorption spectra in ethanol for both P4VB molecular types show a double-peaked
structure consistent with the S; and S, excited states (Table 2.1). The absorbance curves were

modeled as a combination of double-Gaussians and the un-protonated and doubly protonated peaks
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were found by fitting the un-protonated starting spectra and the fully saturated (i.e., fully protonated)
spectra, respectively. The means and standard deviations for these cases were then fixed for every
subsequent measurement. The mono-protonated absorption peaks were found by modeling the
spectrum that was shifted halfway between the un-protonated and doubly-protonated states by
including one additional pair of Gaussian peaks to best fit the spectrum, which were then also fixed
for every subsequent measurement. Only the relative intensities were allowed to vary. The peak
positions for all three contributions and their ratios at different acid concentrations are summarized
in Table 2.1 and Fig. 2.7, respectively. The results suggest that the first protonation constant is
approximately an order of magnitude higher than the second protonation constant of the P4VB
fluorophores. Thus, first one of the pyridines is protonated and then, at higher acid concentration, the
second one becomes protonated. There is also a clear delay in the protonation of c-P4VB as compared
to that in np-P4VB (Fig 2.7 ¢).

(a) Np. (b) (<C)iOONa

\

N & 7\ °
Y\ \ /=
IS \ 7 \/N

A
Np  Np = neopentyl \

Figure 2.6. Molecular structure of (a) np-P4VB and (b) c-P4VB. Corresponding images under
fluorescence microscope (Asssnm €Xcitation) are shown in (c) and (d) of crystals formed after evaporation

from ethanol at room temperature.
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Table 2.1: Measured S; and S, absorption peak wavelengths for np-P4VB and the functionalized
counterpart c-P4VB. Wavelength units are in nm. In brackets are given the positions of the absorption

peaks, as computed from DFT.

np-P4VB c-P4VB

state S1 Sz S1 Sz
unprotonated 327.0 401.9 326.5[306] 400.7 [392]
singly

335.0 437.9 332.0[332] 431.9[439]
protonated
doubly

362.7 461.4 359.2 459.1
protonated

(a)
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o 0.5F ] f\flly protonated

M data
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Figure 2.7. (a) Absorption spectra of 0.02 mM c-P4VB in ethanol, with the double Gaussian fit. This
sample contains 0.057 mM toluenesulfonic acid. The relative strength of each of the absorptions
(relative absorption) was found by taking the area under the peaks, and the results are shown as a
function of acid concentration for np-P4VB in (b) and c-P4VB in (c). The onset of protonation is
significantly delayed (i.e., it occurs at higher acid concentrations) for the c-P4VB due to the presence

of the carboxylic group.
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Figure 2.8. Simulated structures of c-P4VB with a sodium counter-ion. (a) “twisted” cis with the ion
shared between the carboxyl tail and the pyridine site, (b) trans with the ion interacting with pyridine
site only, (c) trans with the ion interacting with carboxyl tail. (c) is the most stable form; (a) and (b) are
higher in free energy by 15 and 87 meV, respectively, in ethanol. These differences change significantly
in other solvents or with different counter-ions (e.g., H*) but the trans form shown in (c) is always the
most stable. Blue represents nitrogen, red is oxygen, gray is carbon, white is hydrogen, and the sodium

is violet.

A quantum chemical analysis was performed on the c-P4VB to understand its electronic structure
and solvent interactions relevant to its sensing performance. The calculations were based on density
functional theory (DFT), performed using the Gaussian software package with the CAM-B3LYP
exchange-correlation functional and a 6-31++G(d,p) Gaussian basis set, accounting for solvent
effects with the implicit polarizable continuum solvation model. These DFT calculations were
performed at University of Mons, Belgium. The absorption spectra were simulated in ethanol using
time-dependent DFT for the optimized ground and first excited state structures. Similar to the np-
P4VB, the vinylene groups in the conjugated backbone of c-P4VB can form cis and trans isomers
(Fig 2.8 a, b) (Wang et al., 2020a), but a third stable structure was identified where the counter-ion
interacts with the carboxylate group (Fig 2.8 c). The cis isomer allows a sharing of the counter-ion
between the carboxyl tail and the pyridine site, which may stabilize it and affect the prevalence of
the trans isomer (Fig 2.8 a). For c-P4VB with a sodium counter-ion, the trans form is more stable
by about 15 meV in ethanol, in agreement with the NMR results (see Fig 2.5) which indicated only
a trans component at room temperature. Additionally, there was little experimental evidence for the
cis-related absorption peaks at Azg2nm and Azs3nm as calculated by DFT. The un-protonated absorption
maxima in implicit ethanol were calculated to occur at Azosnm and Azgznm fOr the most stable situation
in which the Na* counter-ion is bound to the carboxylate group, which are reasonably close to the

values of As2enm and Asoonm ObServed experimentally (Fig. 2.9, c-P4VB in ethanol).
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Figure 2.9. (a) Normalized absorption (dashed lines) and fluorescence intensity (solid lines) spectra for
0.02 mM c-P4VB in DMSO, ethanol (EtOH), methanol (MeOH) and water.
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Figure 2.10. Fluorescence spectra for (a) np-P4VB and (b) c-P4VB at different concentration of HCI

Relevant to the sensing behavior of the c-P4VB, the molecular properties for the three configurations
were investigated with a proton replacing the sodium counter-ion. In this case, as well, a single proton
prefers to neutralize the COO site directly (Fig 2.8 c), with the second most favorable option
represented by a twisting of the alkyl chain toward a cis-oriented pyridine, such that the two sites
(pyridine and the hexanoate arm) effectively share the proton (Fig 2.8 a). Thus, the DFT results

conclude that a single counter-ion (Na* or H*) interacting with c-P4VB prefers first to neutralize the

TH-2731_146106001
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COO  site, and when that site is saturated, then excess counter-ions can bind to the pyridine. Thus,
the protonation of the pyridines will be “delayed” in c-P4VB until the carboxylic group has been
neutralized which is observed in the absorbance (Fig 2.7 c¢) as well as fluorescence spectra (Fig 2.10
b), in which the singly protonated state of c-P4VB reaches maximum intensity at higher acid

concentration than it does for np-P4VB (Fig 2.10 a).
2.3.3. Optical properties of c-P4VB in aqueous solutions of H20-

The as-synthesized c-P4VB is soluble in water up to 2 mg mL™, which is advantageous for
developing sensors for aqueous analytes. Next, the absorption and fluorescence response of c-P4VB
solutions to aqueous H>O, was examined. Various concentrations of H,O, prepared in fresh MilliQ
was added to 0.02 mM c-P4VB dissolved in ethanol for absorbance and fluorescence study, to form
a (1:1) solution by volume. The addition of small concentration of H,O; (0.2 v/v%) caused the Asoonm
protonation-related absorption peak to appear, while the fluorescence red-shifted (Fig 2.11),
consistent with the protonation of the pyridine groups also appeared. H,O; is widely known to behave
as a weak acid yet yields suitable protonation of c-P4VB at reasonably low concentrations, presenting

an opportunity to seize on the acidic nature of H,O; as an alternative to the usual oxidation methods.
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Figure 2.11. (a) Absorbance spectra for different concentrations (v/v%) of H.O- in aqueous solutions
of 0.02 mM c-P4VB (b) Fluorescence spectra of aqueous H20; solutions in 0.02 mM c-P4VB in ethanol.
In all cases the reaction solution had a 1:1 volume ratio of ethanol and water. The control refers to pure
ethanol solution with c-P4VB and 0% means that only pure water was used. The aqueous H20;
solutions were prepared by dilution of commercial 30% aqueous H,0, with MQ water. All spectra are

normalized for visual clarity.
2.3.4. Properties of c-P4VB-infused paper

To create a disposable microsensor, c-P4VB was immobilized into Whatman no. 1 filter paper
(Scheme 2.1). The dye could not be removed even after 30 minutes of sonication. In contrast to c-
P4VB, np-P4VB was effectively removed by a single methanol wash (Fig 2.12 a), indicating its
much poorer affinity towards cellulose. Indeed, cellulose is known to show excellent adsorption or
hydrogen bonding to materials that contain carboxylic groups (Khazraji and Robert, 2013), ensuring
minimal leaching of adsorbed c-P4VB upon exposure to aqueous solutions. The as prepared c-P4VB
papers sensors can be used immediately after preparation but must be stored in dark and low humidity
conditions; we found that Petri plates, enclosed with parafilm and foil were sufficient. The
fluorescence of c-P4VB paper was monitored for 20 days and found to show red peak rise (Assonm-
Aesonm), Which could be due to humidity (Fig 2.12 b). However, this change was completely reversible

after treatment with methanol (Fig 2.12 b), which is like the washing process.
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Figure 2.12: (a) Photos of paper discs under UV lamp : (i) infused with c-P4VB solution, not washed,;
(i) infused with c-P4VB solution, washed with water; (iii) infused with np-P4VB (ethanol solution of
high dye concentration) and washed with methanol; (iv) infused with np-P4VB (ethanol solution of low
dye concentration) and washed with methanol; (v) infused with c-P4VB solution and washed according

to our protocol with water and then methanol followed by sonication; (vi) in the middle — a blank paper
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sample. (b) Normalized fluorescence intensity of c-P4VB paper at different storage times and its

reversibility characteristics with MeOH treatment.

The c-P4VB-infused paper disks emitted teal blue fluorescence under UV light and responded to
different analytes by turning green when treated with zinc nitrate, pinkish with acetic acid, yellow-
orange with HCI, and reddish when treated with H.O (Fig 2.13). This indicates at least some level
of distinction in the fluorescence response of H,O, as compared to other possible interferents. The
reddish fluorescence for H,O, could be due to the aggregation of the protonated dye molecules
originating from the formation of contact ion pairs between the weak acids and the fluorophore (e.g.
through hydrogen bonding), which does not occur in case of strong acids. This aggregation can
slowly lead to precipitation of c-P4VB from aqueous solutions. Aggregation seems to be an
important factor explaining the sensitivity of c-P4VB to hydrogen peroxide since intermolecular
interactions are known to cause an extended red emission in aggregates of conjugated polymers or
dyes. Even through the fluorescence spectra, there is a redder shift in case of c-P4VB paper treated

wit H20, as compared to other acids (Fig 2.13).

(@ (b) (d (e () (9

1.0 - M (a) paper
,é" 77 (b) c-P4VB paper
2 0.8 B (c) water
,2 (d) Zn nitrate
= 0.6 M (e) acetic acid
O (f) HCI
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Figure 2.13. Photographs taken under a UV lamp (top) and the corresponding fluorescence spectra of
c-P4V/B treated with different analytes (bottom). The photographs were taken with a smartphone camera
with no filtering applied. (a) blank filter paper; (b) c-P4VB paper only and treated with: (c) water; (d)
Zinc nitrate (0.5 M); (e) acetic acid (1 M), (f) HCI (5 mM) and (g) H20; (10 v/v%).
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2.3.5. Hydrogen peroxide paper sensor performance

To verify the response of the paper sensor, different c-P4VB paper disks were dropped into 2 mL of
different concentrations of aqueous H.O: solutions, and the fluorescence change was observed on
each separate disk. The change in the fluorescence can be clearly seen on the paper sensors under the
UV lamp (Fig 2.14 a). A ratiometric signal given by S = leos/l470, Where lgos and lazo are the measured
fluorescence intensities at Agosnm and Aazonm, respectively, was used to extract the sensitivity of the
sensor. The detection shows an initially low sensitivity (as indicated by the slope) but which rapidly
increases with the concentration of H,O, (Fig 2.14 b). This response delay may be associated with
competition in the carboxyl side group, as discussed previously. At higher H,O, concentrations
(above ~0.4 v/v%) the fluorescence ratiometric signal yielded a higher sensitivity as the pyridine
groups become increasingly protonated increasing the red peak to emerge (Fig 2.14 ¢).

A ratiometric equation in which the two wavelengths shift at low concentration (Fig 2.14 ¢ inset) was

chosen to model the data, given by
y=,—+d (2.2)

where a, b, and d are fitting parameters and x is the concentration. The lower H-O, concentration
data and the resulting fits according to the equation are shown in Fig 2.14c inset. The limit of
detection LoD for H2O- in the paper sensor was estimated as three times the standard deviation from
3 measurements of the blank divided by the slope of the working fitted curve at low concentration.
The LoD for H2O- in these paper-sensors was 0.057 v/v% or 16.7 mM with a dynamic range up to
10 viv% or 2.9 M H,0,. At higher concentrations where the slope of the signal increases, the ability
to detect changes in the H,O, concentration was roughly an order of magnitude better due to the

increased sensitivity in this range.
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Figure 2.14. (a) Photographs of c-P4VB paper treated with different concentrations of H,O,, taken
under a UV lamp using a smartphone camera without any filtering. (b) Normalized fluorescence spectra
corresponding to c-P4VB treated with various concentrations (v/v%) of H.O,. (c) Calibration curve of
the paper sensor for different H,O, concentrations in aqueous solution. The inset magnifies the low-
concentration region from which LoD was calculated. The error bars represent the calculated standard
error from measurements on three separate disks.

2.3.6. UPAD sensor for ethanol

After characterizing the behavior of c-P4VB upon exposure to aqueous H,O, and demonstrating that
the paper sensors can detect relevant concentrations of H20, we proceeded to develop a microfluidic
paper-based ethanol biosensor. A UPAD system was prepared by linking two paper disks, a reaction
(R) disk with AOx immobilized into it through adsorption, and a sensor (S) disk infused with c-
P4VB by a paper channel as described in the experimental section (Fig 2.15 a). 10 pL of aqueous
samples with various concentrations of ethanol were dropped onto the R zone and allowed to incubate
for 5 minutes; then 20 pL of MilliQ was then dropped onto the same disk to move the reaction
produced H,0; to the S zone. After 5 minutes incubation, the S zone was photographed under a UV

lamp (Asssnm), Using a smartphone (Fig 2.15 b). In order to generate the best signal, area in the sensor
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zone near the input channel was selected for sensing. For the calibration parameter, red (R), green
(G) and blue (B) intensity of the selected area was obtained using ImageJ software. The RGB
intensities were converted to hue values for numerical analysis using the Preucil equation (Preucil,
1953; Khoo and Ong, 2014) (equation 2.3).

V3%(G—B)

hrgp = atan 2+(R-G—B)

(2.3)

The hue value(hrgp) Which is the degree (°) of the color in the hue space, represents the main property
of a colour, which is here directly related to the dominant wavelength of c-P4VB paper fluorescence
emission. Converting the measured RGB signals into hue values appeared to be more precise and
less prone to error while intrinsically correcting unexpected light intensity variations like fluctuation
of the LED, unequal coating of a strip, or daylight pollution (Gotor et al., 2019). This method does
not require a spectrometer, which would add considerable cost; a hand-held UV lamp and a

smartphone are the only physical accessories.

The first step was to calibrate the response to prepared ethanol solutions. The signal changed
monotonically with the concentration of ethanol up to 2 v/v%, consistent with the AOx-catalyzed
conversion of ethanol to H.O,. The data fit closely to a linear plot (Fig 2.15 ¢ inset) with R?=0.99.
Blanks using this sensing device without enzyme loading did not show any response to ethanol. As
before, the LoD (for ethanol) was estimated as three times the standard deviation from separate paper
sensors divided by the slope of the working curve at low concentration. The data thus yielded an LoD
of 0.05 v/v% or 8.5 mM from the standard deviation of three different paper sensors. When using
ethanol concentrations above 2% the response of the sensor became erratic, likely because the
abundant H,O- produced in the reaction zone denatured the enzyme, which can lead to a decreased
enzyme activity (Cicek et al., 2014). AOx was found to be functional for two weeks under 4 °C, after

which sensor performance began to degrade.
2.3.7. Real sample analysis

We finally demonstrate a “real world” sensing application in two alcoholic beverages using our
simple paper-based alcohol biosensor. Two vodka brands commercially available in India, Smirnoff
(SM) and Magic Moments (MM) were chosen for this study. Both liquors have a stated 42.8%
ethanol content written on the bottle. The samples were diluted by a factor of 100 and were analyzed
by placing 10 pL onto the reaction zone and following the same procedure described in ethanol
sensing. In addition, we performed a separate check of the ethanol concentration in these beverages

using the enzyme assay method (Mangos and Haas, 1996) (Table 2.2). We also measured the pH of
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MM and SM using a Mettler Toledo benchtop pH meter and obtained values of 7.18 and 7.26,
respectively, indicating that acid-related interferences are absent from the measurements. While there
is some minor scatter in the data, we find that the simple paper-based ethanol sensor developed here
performed well given its simplicity, yielding ethanol contents of 43.27% and 42.49% for SM and
MM respectively.
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] Linking channel
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Figure 2.15. (a) Image of the paper-based alcohol sensor with the dimensions of each zone; (b)
Photographs taken using a smart phone after the reaction with different concentrations of ethanol (v/v
%); (c) Calibration plot for the hue measured of S zone with different concentration of ethanol-treated
on the R zone as described in the text. The errors represent the standard deviations from three separate
disks.

Table 2.2: Measurement of ethanol concentration in two commercial liquors. The errors represent one

standard deviation from three repeats of each measurement.

Sample Measured  (v/v Reported Enzymatic

%) (V/Iv%) analysis (v/v%)
SM 43.27+0.9 42.8 41.9+0.5
MM 4249+ 0.4 42.8 41.7 +0.3

This may be the first inexpensive fluorescence UPAD sensor that works in real-world alcohol sensing

applications. Interestingly, it is founded on the acidic rather than on the oxidizing nature of the
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hydrogen peroxide reaction product. However, there is a major limitation that needs to be
acknowledged. The signal of the sensor is prone to interference from acids that may be present in
some consumer liquors or other samples of interest. For acidic samples, the same paper-based ethanol
sensor technique would require extra steps; for example, calibrating the sensor at a similar pH to that
of the analyte or first neutralizing the acidic species in the liquor. Another potential option would be
to remove any excess H* in the sample using an anion exchange resin, which has been reported to
remove organic acids in biological and alcohol solutions (Cren et al., 2009; Cui et al., 2016).

Nevertheless, this work is a step toward the development of low-cost H,O- and alcohol sensors.
2.4. Conclusion

In this chapter, we reported the synthesis of a functionalized fluorescence-change fluorophore, c-
P4VB, designed to be soluble in aqueous solutions as well as sticky to cellulose. Protonation of the
pyridine groups causes the fluorescence to shift from blue to orange or red, enabling stable ratio-
based analysis approaches. Firstly, the basic photophysics of the new fluorophore was investigated
by fluorescence and absorption spectroscopy and by DFT simulations, which indicated that c-P4VB
should, in practice, be a good fluorescence-based sensor for H.O,, while also showing excellent
aqueous solubility and good binding to paper. Next, we infused c-P4VB into a cellulose paper disc
to prepare a simple paper-based fluorescence probe for direct detection of H,O,. The sensor
responded well to H,O,: by simply dipping the c-P4VB infused paper into H2O- solution, and a
fluorescence color change is quickly observed. This is useful because it enables many potential types
of reactions that produce H20- to be used for analyzing the quantity of the reactant analyte in a paper-
based sensing strategy. To demonstrate this concept, we built an ethanol biosensor by connecting a
reaction paper infused with AOx through a thin paper channel to a fluorescent sensor zone (c-P4VB
infused paper). AOXx serves to convert ethanol to acetaldehyde and H>O: in the reaction zone, which
was then detected via fluorescence changes in the sensor zone that can be easily captured with a
standard smartphone camera. Trial devices showed that good results can readily be obtained for
commercial liquors, presenting a simple paper-based check against the stated ethanol content. To the
best of our knowledge, this is the first report of a paper-based fluorescent ethanol detection technique.
The major draw-back of this H.O, sensor is, however, the low selectivity. Since the detection
mechanism is based on protonation of the pyridine groups in the fluorophore, an acid or acidic
environment could give unwanted signals. The selectivity for any analyte is seen in enzyme catalyses,
here, particularly peroxidase for H.O, sensing. Thus, in the next chapter, we will explore the enzyme

peroxidase for H,O, sensing as well as its application in preparing a functional alcohol biosensor.
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CHAPTER III

PEROXIDASE-BASED SENSING OF HYDROGEN
PEROXIDE AND ITS APPLICATION IN THE
DEVELOPING A REAGENT-FREE ALCOHOL
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Chapter II1

Peroxidase-based sensing of hydrogen peroxide and
its application in developing a reagent-free alcohol
biosensor

3.1. Introduction

Enzymes are considered excellent biorecognition elements for developing biosensors due to their
extreme substrate selectivity, non-toxic nature, and high catalytic activity at room temperature and
physiological pH (Nelson and Cox, 2009). However, the major drawback that impedes their
applications for developing biosensors of commercial interest is the low stability of the proteinaceous
enzymes (Mateo et al., 2007; Zdarta et al., 2018). The functional activity of enzymes is known to
maintain by their native protein structure, which is highly sensitive to temperature, pH, and solvents
(Luetal., 2009a). To alleviate the drawback, enzymes are usually immobilized on a suitable support
material that helps maintain their stability and reduces the overall cost and complexity of the
developed enzyme-based devices (Datta et al., 2013).

As mentioned earlier, horse radish peroxidase (HRP) is widely used for developing H,O; biosensor.
However, low stability of this peroxidase is a major hurdle for its real-world biosensor applications.
Nevertheless, the emergence of silk fibroin (SF) films as bulk-entrapment matrix for the enzyme has
brought hope in this direction (Kaushik et al., 2020). HRP in SF films was reported to have a residual
activity of 24%, 22%, and 17% of the initial activity after 5 months of storing at 4 °C, 25 °C, and 37
°C, respectively (Lu et al., 2009a). There has also been an earlier report of HRP being co-immobilized
with other enzymes such as lysozyme (Hofmann et al., 2006) and catalase in SF membranes for drug
release and sensing applications (Zhou et al., 2017). However, the stability of the highly labile
multimeric enzymes such as alcohol oxidase (AOXx) has not yet been studied in SF films.

AOXx (Alcohol: O, Oxidoreductase; EC 1.1.3.13; Mw ~600 kDa.) is an octameric enzyme receiving
significant research interest over the last few years due to its bright prospect as a catalyst for alcohol
oxidation for various technological ventures, particularly in the emerging fields of biosensors,
biofuel, and biofuel cell (Goswami et al., 2013; Thungon et al., 2017). Alcohol sensors have great
importance in various industrial and legislative sectors such as fermentation, cosmetics, drugs and
pharmaceuticals, forensic analysis, traffic regulations, and agricultural and environmental analysis
(Azevedo et al., 2005). Furthermore, alcohol as an alternative fuel source may also boost the demand
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for portable and sensitive alcohol sensors in the near future. The alcohol sensors currently available
in the market are based on chemical, electrochemical, and infrared (IR) principles that are mostly
less selective, expensive, and technically complex devices (Thungon et al., 2017). However, the low
stability and labile nature of AOx pose a great challenge of using this enzyme for developing
commercial alcohol biosensors.

In this chapter, we first explored HRP as a biorecognition element for developing optical H.O,
biosensor. Following this, the concept was translated to develop a methanol biosensor by combining
this peroxidase with AOx enzyme on the sensor surface. An effort was made to transform the sensing
strategy into colorimetric lab-on-chip type biosensors with stand-alone operational mode. The main
challenges encountered in achieving this goal are: 1) immobilization of enzymes, 2) immaobilization
of the reagent (ABTS), and finally, 3) assembling all the immobilized materials into a single system
to make an independent device. To address the first two challenges, both bi-enzyme systems (AOXx
and HRP) and ABTS were entrapped in SF films separately. To address the final challenge, we

explored paper microfluidics to prepare a hybrid uPAD for fabricating the methanol biosensor.
3.2. Experimental section
3.2.1. Chemicals and reagents

Silkworm cocoons of Bomyx mori were obtained from a local sericulture farm, Guwahati, Assam,
India. Peroxidase from horseradish (HRP) [250 U mL ], alcohol oxidase (AOx) (EC 1.1.3.13 from
Pichia pastoris) [1000 U mL1], 2, 2'-azino-bis [3-ethylbenzothiazoline-6-sulfonic acid] (ABTS), and
Whatman Grade 1 Filter paper were purchased from Sigma Aldrich (USA). Hydrogen peroxide (~50
w/v%), methanol (99.9%) and Fast Green FCF was purchased from Himedia Laboratories Pvt. Ltd.
(Mumbai, India). Alkyl ketene dimer 1840 (AKD) was purchased from Flourish Paper and Chemicals
Limited (Mumbai, India). The enzyme solutions were prepared in 100 mM of phosphate buffer pH
7.5. All H,O, and methanol working standard solutions were prepared daily in MQ (18.2 MQ.cm).

All other chemicals were of analytical grade and used without further purification.

3.2.2. Extraction of silk fibroin

Silk fibroin (SF) was extracted from cocoons of Bombyx mori following a reported method
(Rockwood et al., 2011). Briefly, the cocoons were cut and boiled for 30 min, in 0.02 M of sodium
carbonate solution. The degummed fibres were washed with ultrapure water to remove sericin and
then dried in laminar hood overnight. The dried SF fibers were dissolved in 9.3 M of LiBr solution

for 4 hours at 60 °C. The solution was then dialyzed against deionized water for 3 days to remove
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the LiBr using a dialysis tube (MWCO 1000 Da, GE). The dialyzed solution was centrifuged (9000
rpm, 20 min, 4 °C) to remove insoluble particulates. The final concentration of silk fibroin aqueous
solution obtained was ~10% (w/v). This concentration was determined by weighing the residual solid
of a known volume of solution after drying at 60 °C. The SF solution was stored at 4 °C and could
be used for one month before it turned into gel.

3.2.3. Preparation of different SF films

Four different types of SF films were prepared; three were enzyme entrapped SF films, while the

fourth one was used to entrap ABTS.

(1) HRP entrapped SF films (HRP-SF films) where the film was prepared by mixing 5 pL of HRP
(0.5 mg mL?) with 35 pL of SF (7% w/v) solution.

(2) AOx entrapped SF films (AOx-SF films) where 10 pL of AOx (1 mg mL*) was mixed in 35 pL
of SF (7 % wi/v) solution.

(3) AOX-HRP (bi-enzyme) SF films, where 10 pL of AOx (1 mg mL?) and 5 pL of HRP (0.5 mg
mLt) were mixed with 35 uL SF (7% wi/v) solution.

To prepare a single film, a total volume of 50 pL of enzyme-SF solution (volume adjusted with 100
mM phosphate buffer pH 7.5 where required) was pipetted onto a petri plate and allowed to dry

overnight in the laminar hood to form SF films of dissolvable nature.

Next, all three dissolvable enzymes immobilized SF films were made non-dissolvable, by water
annealed as described in (Rockwood et al., 2011). Briefly, the bottom of a vacuum desiccator was
filled with water and the dried dissolvable films were placed in it. A vacuum was applied through
the vacuum port and the films were left in this condition for 24 hours. After which the films were
taken out and dried for 2 hours in the laminar hood to remove the water droplets and then stored
under 4 °C till further use.

(4) Dissolvable ABTS SF film (chromogen film) was the fourth type of film, prepared using 15 L
of ABTS (10 mM) mixed with 35 pL of SF (7% w/v) solution. Then 50 pL of ABTS SF solution
was drop cast on a petri plate and kept overnight in a laminar hood for drying. These films were then

stored at 4 °C and before further use.
3.2.4. Film characterization

Field Emission Scanning Electron Microscope (FESEM) (Sigma 300, ZEISS) was used to investigate
the morphology and thickness of the different SF films at an operating voltage of 3 kV. Each film
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was cut and placed vertically on the carbon tape to get the cross-sectional views of the film. All the
film samples were gold coated for 120 s at 5 mA before analysis in FESEM.

The transparency of the SF films was analyzed by UV-vis spectrophotometer (Cary 300 Bio, Varian)
using 1 cm path length quartz cuvette at 25 °C. The prepared films were evenly placed inside the
cuvette with an adhesive tape and the transmittance was recorded over Asoponm tO0 Agoonm. The
transmittance with just the adhesive tape was considered as the blank and all the readings were
calculated by considering the blank value as 100% transmittance. The transmittance denoted how
much light passes through a substance, 100% being completely transparent and 0% for opaque
substance (Zheng et al., 2015).

3.2.5. Activity study of the enzyme(s) immobilized in SF films

The activity of the dissolvable HRP-SF films was analyzed using ABTS based reaction. The ABTS
solution was prepared by using 2 mM of ABTS in 100 mM phosphate buffer (pH 7.5). The substrate
solution was prepared by mixing 740 pyL ABTS solution with 50 pyL of HO. of varying
concentrations. The activity of the dissolvable AOx-SF films was analyzed by the peroxidase-
coupled assay. Here, the substrate solution was prepared by mixing 740 uL ABTS solution with 50
uL of methanol of varying concentrations and 10 pL of HRP (0.5 mg mL™). The activity of both
types of dissolvable films was analyzed by dropping the film in the substrate solution and then
measuring the absorbance at Asgsnm Using UV-vis spectrometer. For dissolvable bi-enzyme (AOx-
HRP) SF films, similar method was followed, except the substrate solution did not separately contain
HRP solution.

For activity study of the non-dissolvable HRP-SF films, the substrate H,O, was used without adding
HRP separately in the reaction mixture. In case of non-dissolvable AOx-SF films and bi-enzyme SF
films, the activities were studied by adding the substrate methanol in the reaction medium with and
without HRP, respectively. The films were incubated in substrate solution containing different
concentrations of methanol. Following the reaction, the films were removed from the solution using
forceps and the color developed on these films was captured by using a smartphone. The activity was
analyzed based on the change in the color intensity of the films by measuring total grey pixel intensity
using ImagelJ software. The intensity of the blank film, 1o, was subtracted from the intensity of the
reacted film, I;, to get the A mean pixel intensity for that film. This method was followed for activity

analysis of the final uPAD biosensor.
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3.2.6. Optimization of enzyme(s) in silk fibroin films

A range of concentration of SF solution (1-8 % w/v) prepared in MQ was mixed with 0.1 mg mL™*
of AOx to prepare dissolvable AOx-SF films. The activity of AOx in each SF films was examined.
Next, the optimized SF solution was mixed with a range of concentrations of AOx (0.01-1.5 mg mL"
1) prepared in 100 mM phosphate buffer (pH 7.5), and their activity was analyzed. Finally, a range
of concentrations of HRP (0.01-1 mg mL™) was mixed with the optimized AOx and SF concentration

to prepare the bi-enzyme SF film. The activities of the as prepared films were then analyzed.
3.2.7. Stability study of the enzyme(s) in SF films

The HRP SF, AOx-SF and bi-enzyme SF films were kept at different temperatures and their activities
were analyzed over several days. The activities of the dissolvable films were calculated
spectroscopically using UV-vis spectrometer in the substrate solutions, whereas for the non-
dissolvable films, it was calculated by measuring the mean gray pixel intensity of the color developed

on the film using ImageJ software as described in section 3.2.7.
3.2.8. Fabrication of microfluidic pattern on paper surface

Microfluidic designs were created by using Adobe illustrator (version 2020) based on which, AKD
wax printing on chromatographic paper No.1 was performed to create hydrophilic and hydrophobic
zone (Chakma et al., 2016). Briefly, the cartridge of the HP deskjet-100 printer was modified by
replacing the hydrophobic foam with hydrophilic chromatography paper. The ink cartridge was filled
with 1% (w/v) AKD solution in n-heptane. The printed-paper was heated on a hot plate at 100 °C for
5 minutes and then allowed to cure for 30 minutes at 60 °C prior use. The coffee ring effect on the
microfluidic paper for each design was analyzed by using the dye Fast Green FCF (0.5 mg mL™).
Briefly, 5 pL of the ink was dropped on the designed zones and allowed to dry the ink in the paper
for 5 minutes under room temperature. The color image on the paper was then captured by using a

smart phone. The mean green pixel intensity of the color was measured by using ImagelJ software.
3.2.9. Design of pPAD methanol sensor

Hybrid pPAD was designed by using two zones of paper strips (1.4 cm x 1.2 cm) using AKD wax
printing as described above. Scheme 3.1 displays the different sections of the hybrid uPAD construct.

The top paper strip acted as sample application zone (S) that helps to remove particles from the
samples. The lower paper strip with wave design was used as spacer between the SF films (Fig 3.1).

The two paper strips were superimposed to each other with the dissolvable ABTS-SF film in between,
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while the non-dissolvable bi-enzyme SF detection (D) film was placed to the Spacer strip from the
rear side. The whole assembly was fixed as a single unit using adhesive tape keeping the S zone
exposed for dropping the sample. The steps involved in the fabrication of the uPAD, and its use are
described in Scheme 3.2. Different concentrations of methanol sample were dropped on the S zone
and the color developed on D film was captured and analyzed.

é patterning paper
. 4
Chr film f_ABTS f
romogen film +——— ;
Q g Entrapment SF solution
Spacer wave-designed paper
patterning L

AOXP f

Bi-enzyme Entrapment e
— .
- Detection Film ~ water annealing SF solution

Scheme 3.1: Schematic diagram of different sections of the hybrid uPAD construct.

Wave-designed Spacer Bi-enzyme detection film Bi-enzyme de_tectlon film
placed on Spacer stuck using tape
Place the Sample strip Place Chromogen film lG“m Over
over Spacer over Spacer

s
L

N /AN

Fix the assembly with Methanol solution Images taken via Smart phone
hanged tape dropped on Sample zone

Scheme 3.2: Schematic diagram of the steps involved in the fabrication of the hybrid pPAD and its use

as reagent-free methanol biosensor.
3.2.10. Statistical analysis of data

Minimum triplicate analyses were carried out for all the samples. OriginPro 9.0 was used to perform
the statistical analysis of the data. The error bars represent the standard deviations of the data. The
limit of detection (LoD) was calculated using the formula 3o/m, where o is the standard deviation of

the mean grey pixel intensity of the blank sample and m represents the slope of the calibration curve.
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3.3. Results and Discussion

3.3.1 Optical properties of the enzyme immobilized SF films

The transparency of SF films was significantly reduced upon immobilization of enzymes in it. The
transmittance (%) for the enzyme-free film, HRP immobilized film, AOx immobilized film, and the
bi-enzyme film was 80 %, 4 %, 4 % and 1 %, respectively (Fig 3.1a). With increasing the
immobilized enzyme concentrations, the films developed whitish texture. The feature appeared
suitable for developing colorimetric sensors due to high color contrast from the background surface.
The average film thickness marginally increased with the immobilization of enzymes as discerned
from the FESEM image. The thickness (micron) of the SF film, HRP SF film, AOx SF film and bi-
enzyme SF film were 32.6 um, 34.4 um, 35.5 um, and 37.9 um, respectively (Fig 3.1b,c,d,e). The
generated SF films were smooth with a diameter of 0.8 cm.
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M SF film
Il HRP SF film
60 W AOx SF film

M AOx HRP SF film

40

Transmittance (%)

(iii) (iv)

N
o

300 400 500 600 700
Wavelength (nm)

Figure 3.1: (a) Transmittance analysis of the different enzyme SF films. Inset images to show
transparency of (i) SF film, (ii) HRP SF film, (iii) AOx SF film and (iv) Bi-enzyme SF film. FESEM
images showing the thickness of (b) SF film, (¢) HRP SF film, (d) AOx SF film and (e) bi-enzyme SF
film.

3.3.2 Effect of SF on the colorimetric peroxidase reaction

The activity of the HRP entrapped in dissolvable SF films was analyzed by using ABTS solution
with H2O- as the substrate. Initially, the absorbance at A4os nm increased in presence of the substrate,
H>O.. Interestingly, with increasing reaction time, the solution gradually turned into purple instead
of the usual dark green color, which is formed by the ABTS radicals. Spectral analysis showed that

addition of SF solution to the reaction system (ABTS* + H,O, + HRP) lowers the typical peak
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intensity of ABTS radical at A4os nm With @ concomitant generation of a new peak at ~ Asgo nm (Fig
3.2a) turning the final solution into purple one (Fig 3.2a inset). The results demonstrated the key role
of SF in transmuting the spectral and linked color characteristics in the reaction system. The radical
scavenging property of the silk fibroin protein may be attributed to the observed fact (Akerstro'm et
al., 2007; Bungthong et al., 2021). The absorbance peak for ABTS at ~ Aseo nm IS due to the ABTS
dication or azodication (ABTS?*) formed from the ABTS™* radical (Solis-Oba et al., 2005) generating
the purple color due to the formation of the chromogenic -N=N- azo group and its interaction with
the adjacent molecular structures (Solis-Oba et al., 2005; Liu et al., 2015b). The fact that ABTS (I)
in presence of the catalytic reaction of HRP and H,O; transforms into ABTS radical (1), which is
responsible for Asosnm peak, is well known. We postulate that this radical is further oxidised to ABTS
dication (I11) by SF rising at the Assonm peak (Fig 3.2b). This rapid peak change along with the
formation of dark purple color has significant advantage for developing SF-based colorimetric
peroxide sensors because of the clear color change and the formation of two reciprocally generated

peaks (7&405 nm VS. As60 nm)-
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Figure 3.2: (a) Absorbance spectra of H>0, (25 mM) and with (111) and without (I1) SF. Inset: photo of
ABTS reaction solution without SF (green) and with SF (purple); (b) Schematic representation of the
reaction of different oxidation states of ABTS when it interacts with HRP, H,O, and then SF.

3.3.3. Colorimetric detection of hydrogen peroxide using HRP SF film

The non-dissolvable HRP SF film when treated with ABTS solution (2 mM) with varying H.O,, gave
purple color whose intensity increased with increasing H»O, concentration. This simple system was
used to develop an H,O- biosensor. The advantages of the biosensors comprised easy detection of
the target as the response color change could be visually detected and the response time was less than
1 minute (Fig 3.3a upper inset). For quantitative detection of the target, the picture of the treated HRP

SF film was captured using a smartphone and the mean pixel intensities of the color developed were
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used to generate a calibration plot (Fig 3.3a). The plot generated from the lower H,O, concentration
range gave a polynomial fitting with the equation, y=ax?+bx+c, with an R? value of 0.995 (Fig 3.3a
inset graph). The derivation of this plot when x = 0, gives the slope for calculation of the detection
limit through the formula, LoD=3*sigma/slope. Here sigma=1.95, which is the standard deviation of
the mean pixel intensity of the blanks (n=3), which includes the error of the sensor without H.O>
reaction. The biosensor offered an LoD of 0.58+0.001 mM and a dynamic range of up to 300 mM of
H20,. Due to the high turnover number of HRP (32.7+0.4 s**) with ABTS as the chromogen (Zhang
etal., 2016), the reaction was not only fast (< 1 minute), the saturation of the color was also achieved
at a low H>O- concentration.

Next, we checked the activity of the enzyme in non-dissolvable HRP SF film at different
temperatures to understand the stability of the constructed colorimetric sensor (Fig 3.5 b). The
enzyme activity in the film on day 0 was the activity obtained immediately after the preparation
(water annealing process). For better comparison, the residual activity at day 0 has been normalized
to 1. For HRP SF films stored at 4 °C, the residual activity of the enzyme was increased by 18 % by
the end of 10" day and further increased by 40 % by the end of 20 days. In case of 25 °C storage too,
the activity increased by 32 % by the end of 20 days. This unusual phenomenon of increased enzyme
activity for HRP has been reported earlier (Lu et al., 2009b). The results suggested that the enzymes
are partially denatured during the film preparation process but over time they renature in the micro-
environments within the films with limited water content (Lu et al., 2010). In case of 4 °C and 25 °C,
the residual activity after 40 days of incubation was 90 % and 82 % of the initial activity, respectively.
At 37 °C storage condition, the enzyme retained 20 % activity after 40 days. Therefore, we can say
that the HRP is quite stable when entrapped in SF films.

The success of HRP SF films as colorimetric H20: biosensor sparked the idea of using them in
combination with AOx to develop an alcohol biosensor. AOx is a well-known enzyme for its specific
catalysis of alcohol to its aldehyde releasing H2O> as a by-product. However, the major drawback of
this enzyme lies in its labile nature and low stability under even ambient conditions (Thungon et al.,
2017). Thus, in the next section, we will explore SF film for the stabilization of AOx and then

implement the concept to develop a reagent-free alcohol biosensor.
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Figure 3.3: (a) The response plot of non-dissolvable HRP SF films towards H,O,. Inset top panel figures

are the corresponding color images captured after the reaction with different concentrations of the

peroxide. Inset graph is the calibration plot for H,O,. (b) The enzyme activity in HRP SF films under

different temperatures for 40 days. The error bars indicate standard error (n=3).

3.3.4. Activity of AOx in SF film

Herein, we examined the activity of AOx in SF film. Unlike the free AOX, the entrapped AOX

retained the entire activity at least up to 5™ day of its preparation at RT (Fig 3.4). Under similar

conditions, the free enzyme loses ~ 65 % of its activity following the incubation period. Interestingly,

there was a significant increase in activity of the immobilized enzyme with the increasing

concentration of SF up to its level of 5% (w/v) in the film (Fig 3.5a). The result implies that the SF

not only stabilizes the enzyme but also facilitates the enzyme-substrate interaction by creating a

congenial microenvironment in the soluble state for diffusion of the substrate. We however used 7%

(w/v) SF for preparing the films to facilitate the handling of the delicate film. The optimum

concentrations of AOx and HRP in the dissolvable films for maximum activity were identified as 0.5

mg mL* for each; the optimization experiments were performed following one variable at a time

approach (Fig 3.5b,c).
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Figure 3.4: Activity in terms of rate for the AOx enzyme in free form and in SF (7 % wi/v) film over

five days time, stored under room temperature (25 °C) reacted with 25 mM of methanol.
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Figure 3.5: Optimization studies of concentration of (a) SF, (b) AOx and (c) HRP in silk film.

These optimized concentrations of the enzymes were then used for development of HRP-SF, AOx-
SF, and bi-enzyme SF films to be discussed in the next section. The Kinetics of the entrapped AOx
in mono-enzyme, as well as bi-enzyme SF films were examined immediately (after setting for 24 h,
considered 0 day) after preparation and compared the results with the free AOX. The Ky, (mM) of the
enzyme in free AOx solution, AOx SF film and bi-enzyme SF films were 1.48 + 0.2 (20 x 10%), 8.41
+0.8 (15.2 x 10%), and 2.47 + 0.1 (18.8 x 107%), respectively with the corresponding rate of reaction
(abs min) shown in the parentheses. The higher K, values and lower reaction rate of the enzyme
entrapped in SF films as compared to native AOx may be related to the immobilization effect on the
substrate diffusion and interaction with the enzyme binding sites (Chung et al., 2009). The K, value
of AOx in bi-enzyme SF was lower and the rate of reaction was better than that of AOx SF films.
The reason may be ascribed to the development of an altered microenvironment with the inclusion

of HRP in the film that is congenial for substrate diffusion and AOx catalysis.
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Interestingly, though the activity of the immobilized enzyme in AOx-SF dissolvable film was less in
the starting period of its preparation as discussed above, over time it was significantly increased until
day 10 of incubation at both 4 and 25 °C. Whereas, at 37 °C the activity rapidly declined after day
10 following a brief lag period of activity (Fig 3.6a). The increase in activity following 10 days of
incubation at 4 °C and 25 °C were 45% and 15%, respectively. The increased activity at 4 °C was
sustained and stabilized to 25% following 40 days of incubation. However, at 25 °C the activity was
marginally reduced and attained original activity (98%) after 40 days (Fig 3.6a). This unusual
phenomenon of increased enzyme activity was also seen with HRP entrapped in SF film in section
3.3.3 as well. In a previous study, the activity of GOx entrapped in SF film was reported to follow a
similar pattern (Lu et al., 2009b). The results suggested that the enzymes are partially denatured
during the film preparation process but over time they renature in the micro-environments within the
films with limited water content (Lu et al., 2010).
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Figure 3.6: Residual activity versus incubation time for (a) dissolvable AOx SF films measured at Asos

nm after 1 min and (b) non-dissolvable AOx SF films measured by mean pixel intensity of the purple
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color at 4 °C (black), 25 °C (red) and 37 °C (green) after 30 min. FESEM images of (c) dissolvable SF
film; and (d) non-dissolvable SF film with their corresponding cumulative pore volume versus pore
diameter: (e) dissolvable SF film; and (f) non-dissolvable SF film.

Next, the stability of the enzyme was studied in non-dissolvable AOx-SF films (Fig 3.6b).
Interestingly, the color of the reaction solution turned in to green, while the film turned purple (Fig
3.7), which confirmed our results discussed above that the SF protein plays a critical role in
transforming the ABTS radical to its dication form (Fig 3.2). Thus, in the rest of the studies the purple
color developed in the film was measured in terms of pixel intensity to analyze the immobilized
enzyme activity. The reaction time for these non-dissolvable films was fixed for 30 minutes due to
the slow reaction (color development), which is caused by the slow interaction between the product
(H20) in the film and HRP and ABTS in solution (Lawrence et al., 2008b). The increase in AOx
activity in the non-dissolvable SF films over storage time was ~12 % more than the dissolvable film
and the increase was observed for all the incubating temperatures after 5-10 days of incubation (Fig
3.6a,b). The corresponding increase in activity was 85%, 76%, and 28% for the films stored at 4 °C,
25 °C and 37 °C after 10 days. Following 40 days of storage, the activity retained in the films was
142%, 110%, and 25% for 4 °C and 25 °C and 37 °C, respectively.

(a) (b)

|

1B~
g ®

Figure 3.7: Images of non-dissolvable AOx-SF films (a) without methanol in substrate solution and (b)

with 25 mM methanol in solution. The solution remains green while the film turns purple.

The multimeric (octamer) FAD-based AOx is known to undergo rapid denaturation even under room
temperature and neutral pH conditions (Lopez-Gallego et al., 2007; Kumar and Goswami, 2008).
However, recently, our lab could achieve unprecedented high stability (half-life of 372 days) of the
enzyme by keeping it in anoxic storage condition and confirmed that the prolonged interaction of
dioxygen, which is the natural co-substrate for the enzyme, inhibits its activity without affecting the
structural integrality of the enzyme protein (Das et al., 2022). Another study revealed that oxygen

permeability is low in water-annealed films (Lawrence et al., 2010). The lowering of oxygen content
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also reduces metabolic activity and delayed the decay of perishable foods (Marelli et al., 2016).
Porosity of the membrane also plays an important role in its oxygen permeability (Kaneko et al.,
2020). We analyzed the porosity of the prepared SF films by FESEM (Fig 3.6c¢,d). The pore volume
distribution study through imaging (Li et al., 2015), is an useful approach to describe the porosity.
As expected, the dissolvable films exhibited large pores (Fig 3.6c), while the non-dissolvable films
exhibited smaller pores (Fig 3.6d). In the dissolvable films, 90% of the total pore volume includes
pores with diameter up to 7 um (Fig 3.6e); whereas, in non-dissolvable SF film, 90% of total pore
volume includes pores with diameter up to 3.5 um with 50% reduction in the pore size (Fig 3.6f).
The high enzyme stability we achieved in the non-dissolvable SF film could be explained based on
the above facts that the low dimension of pores limited oxygen permeability to the films thereby

prolonged the stability of the enzyme the film matrices.

There have been few reports on the stabilization of AOx in different systems under refrigerated
conditions (4 °C). AOx was co-immobilized with catalase in a photoreticulated poly(vinyl alcohol)
membrane to prepare conductometry biosensor that offered 95 % retention of its activity even after
4 months (Hnaien et al., 2010). In another study, AOx was covalently immobilized on a modified
electrode containing functionalized conducting polymer and multiwall carbon nanotubes
(MWCNTSs) and showed excellent stability with only 2 % activity loss after 30 days of storage time
(Soylemez et al., 2014). The author’s lab reported AOx based electrochemical biosensor which
showed high retention of activity after 30 days of storage time when the enzyme was immobilized
within a nano matrix containing nafion, polyethylenimine, MWCNTSs (Das and Goswami, 2013) and
also in a sol—gel chitosan film (Chinnadayyala et al., 2014). The most recent study by the author’s
lab showed exceptionally high stability of AOx with a half-life of 372 days, when the enzyme was
stored in an anoxic environment. However, this is the first report where highest stability of the AOx

could be achieved under non-refrigerated storage conditions (25 °C).

3.3.5. Detection of methanol using bi-enzyme SF films

The bi-enzyme SF film was first examined for detection of methanol and was rendered to non-
dissolvable form by water annealing process. We found that the color formation in the bi-enzyme
entrapped film was faster (max. 15 min) than the one containing only AOx (30 min). The congenial
catabolic cooperation between these two redox enzymes due to their closed conjunction under
entrapped conditions accelerated the reactions and linked color formation in the bi-enzyme system.
The purple color of the films increased with the increasing methanol concentration following the

reaction time of 15 minutes (Fig 3.8a and inset). The A mean grey pixel intensity of the images of

70
TH-2731_146106001



the films was calculated over a range of methanol concentration and discerned the LoD of 2+0.2 mM
with a dynamic range of 2-600 mM for the fabricated bi-enzyme SF-membrane.

The stability of the bi-enzyme system in SF film was studied at the three temperatures (4 °C, 25 °C
and 37 °C). Unlike the previous trends for HRP and AOx SF films (Fig 3.3b and Fig 3.6a, b), the
initial increase pattern of the activity was not observed for the films (Fig 3.8b). The reason may be
attributed to the less denaturation of the AOXx in the bi-enzyme film than in the one with mono-
enzyme film at the initial preparation time. The activity of the enzyme in non-dissolvable films in
terms of A mean gray pixel intensity was 70 and 90 (with 250 mM methanol) for mono and bi-
enzyme film, respectively. The activity of AOXx in bi-enzyme was thus better than the mono-enzyme
film. The activity retention of bi-enzyme SF films was 90+2 % of its initial activity following 40

days of incubation at 4 °C.
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Figure 3.8: (a) The response curve for non-dissolvable bi-enzyme SF films towards methanol; Inset top
panel showing the images of the corresponding color developed over the film. Inset graph is the
calibration plot for the methanol sensing. (b) the stability of the bi-enzyme SF films under different

conditions. The error bars indicate standard error (n=3).

3.3.6. Development of uPAD methanol sensor

For fabrication of the uPAD device, we immobilized ABTS in SF-film instead of in chromatographic
paper because ABTS gives significant background color noise in paper due to its aerobic oxidation
as revealed from our study (Fig 3.9). We chose dissolvable SF films to entrap ABTS to facilitate
quick diffusion of the chromogen from the film to the sample flow through the Spacer strip to the bi-
enzyme detection film where the reaction will take place (Scheme 3.1). The maximum concentration
of the entrapped ABTS that did not succumb to aerobic oxidation led color change for prolong storage
(at least 2 months) was 10 mM. The pPAD device was fabricated by using two-microfluidic paper

strip with hydrophilic circular zones-one for sample application (S) and the other for Spacer, and two
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SF film circular zones — one with entrapped ABTS while the other with immobilized enzymes
(AOx+HRP). Detailed dimensions and assembly are shown in Fig 3.10a. To test this sensor, 1 M of
methanol was dropped on the S zone and the color change was observed in the D film. Interestingly,
the reaction time required for developing color in the uPAD device was 5 minutes, which is
significantly lesser than the one obtained by using just the bi-enzyme SF film in solution as
mentioned in the previous section. This decrease in the reaction time could be due to low diffusional
reaction barrier among the sample, reagent (ABTS), and enzyme-entrapped films, which are
physically in close contact for fast chemical communications. The D film however showed strong
coffee ring effect, which made the signal unsuitable for quantitative data analysis (Fig 3.10c). To
reduce the coffee ring effect on SF film, we introduced the wave designed paper spacer through
which the reagents (methanol sample and dissolved ABTS-SF) flow to the bi-enzyme detection film

uniformly across the whole detection film.

C 10 20

1O
e D

Figure 3.9: Images of ABTS of concentration 10 mM and 20 mM: (a) entrapped in SF films and (b)

immobilized on paper. ABTS on paper show color change much greater than the control.

The coffee ring effect has been attributed to two factors: 1) pinning of the contact line on the
deposition of a drop of fluid on a solid surface and 2) the drying of the fluids via evaporation. Briefly,
once a drop is deposited on a solid surface, the edge of the drop is pinned at the contact line. As the
drying due to evaporation takes place, liquid first evaporates from the edges. To replenish the loss,
fluid from the interior flows outward due to capillary force. The resulting outward flow through
capillary wicking carries the dispersed material in the fluid to the edge creating the coffee ring effect
in paper (Deegan et al., 1997; Cao et al., 2020). The movement of liquid through a porous medium

like paper could be described by using Darcy’s equation (Whitaker, 1986):
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where Q is the volumetric flow rate (m?/s), of the fluid through a porous medium (here paper) through

(3.1)

the cross-sectional area A (m?), x (m?) is the permeability of the fluid and p (Pa.s) its dynamic
viscosity, and 4P (Pa) is the change in pressure over a given distance D (m). The equation (3.1) could
be written as:

Q=ad (3.2)

where @ = 'LA—DP, which remains constant for a particular chromatographic paper of a defined size.

If the surface area is reduced, then the value of ‘Q’ would be reduced accordingly, hence the
evaporation flux, J (m/s) will also reduce proportionally, which in turn levied less capillary driving
force to the fluid flow and at the same time, the particle movement will be restricted into the
subdivided finite boundaries. The analysis could also be viewed through 2-dimensional shape taking
into account the thickness (x) of the paper, in which case

A=xL (3.3
Where L is the width of the paper zone (Fig 3.10e). Smaller the L, lower will be the evaporation flux
of the fluid over the paper as could be discerned from the equation (3.2). Thus, segmenting the
circular paper zone is likely to reduce the coffee ring effect.

Guided by the above principle, we created wave-like designs, using AKD wax-printing technique,
within the Spacer zone in the uPAD device which was in close contact with the bi-enzyme detection
film (Fig 3.10b). The wave design was selected to create more barriers on the edges that will create
turbulence flow of the fluid further slowing the flow as well as mixing the components in the fluids.
Hydrophobic wave channels each 0.15 mm thickness, keeping apart by hydrophilic space (L mm)
between the channels, were created in the zone. With varying L, the coffee ring effect was checked
and as the L was reduced, the dye uniformly dispersed over the zone and the pixel intensity increased
(Table 3.1). Hence, the L of 1 mm was selected to design the spacer zone for the hybrid uPAD which
showed a much better signal on the D film as compared to design without the wave pattern when
reacted with 1 M of methanol (Fig 3.10d).
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Figure 3.10: Scheme of pattern designs for Spacer with (a) circular hydrophilic zone and (b) hydrophilic
channels within circular zone. The detection films of UWPAD after reaction using 1 M methanol with
pattern designs for Spacer with (c) circular hydrophilic zone and (d) hydrophilic micro-channels within

circular detection zone; and (e) the schematic diagram of the movement of fluid within the channels that

is along the channel surface.
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Table 3.1: Different microfluidic circular designs in Spacer with varying width, L, and their respective

mean green pixel intensity.

Hydrophilic spacing

Design between waves, L No. of waves Mean green pixel intensity
(mm)
8
1 ) 0 40+1
(Diameter)
2 3 3 68+2
3 1 7 91+1

3.3.7. Performance of the uPAD methanol sensor with wave-designed paper platform

The purple color developed on the D zone could be identified by even naked eyes in a 5 min reaction
time (Fig 3.11a inset). The mean pixel intensities of the color were captured, and a calibration plot
was generated. The plot of lower methanol concentration gave a polynomial fitting with the equation,
y=ax?+bx+c, where a=-0.06, b= 3.7, ¢=5.8. The derivation of this plot when x = 0, gives the slope
for calculation of the detection limit through the formula, LoD=3*sigma/slope. Here sigma is the
standard deviation of the mean pixel intensity of the blanks (n=10), which includes the error of the
sensor without methanol reaction. The calculated LoD was 1+0.05 mM, with a dynamic range of 1

mM-2 M for the uPAD methanol biosensor.

The stability of the hybrid WPAD biosensor was analyzed by measuring the mean pixel intensity in
the D zone. The activity retention at the end of 40 days of storage at 4 °C was 83+£5% (Fig 3.11b).
The half life activity calculated for 4 °C and 25 °C storage conditions were 113 days and 44 days,
respectively. Additionally, we find that the ABTS entrapped in the SF films did not succumb to
oxidation at least for 2 months of storage contrary to the common phenomena of its increased air
oxidation developed the green color over time (Matilainen et al., 2012):(Scott et al., 1993). The SF

film with low oxygen permeability limited the interaction between the entrapped ABTS and ambient
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oxygen, hence halting the oxidation. The overall performance of all the non-dissolvable SF films
with entrapped enzyme(s) has been presented in Table 3.2.
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Figure 3.11: (a) Performance of the uPAD methanol biosensor; inset are the photos of reacted uPAD
with increasing concentration of methanol. (b) Stability study of the uPAD. The error bars indicate

standard error (n=3).

Table 3.2: Different non-dissolvable enzyme(s) SF films and their sensing performance.

) Stability
.- Dynamic range o )
) Reaction time LoD (% activity retention after
Type of SF film ] (mM) and
(minutes) (mM) 40 days)
analyte
25°C 4°C
HRP-SF film >1 0.58+0.001 | 0.58-300 82 90
HzOz HZOZ
AOX-SF film 30 5+0.8 5-250 MeOH 11043 14242
MeOH
Bi-enzyme SF | 15 240.2 2-600 MeOH 5745 90+2
film MeOH
Hybrid uPAD 5 1+0.05 1-200 MeOH 55+7 835
MeOH

3.4. Conclusion

In this chapter, we explored the enzyme based H.O- detection for the development of a novel optical
MPAD biosensor device for detection of methanol using AOX as a biorecognition element coupled
with HRP-ABTS based peroxidase reaction. The unique feature of the devise comprises improved

shelf-life of the enzymes, sharp color change as response signal for methanol and reduced coffee-
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ring effect on the detection film. The shelf life of the highly labile AOx could be markedly improved
by immobilizing it along with HRP in a non-dissolvable biocompatible SF-film with pore sizes less
than 3.5 pum that prevent free diffusion of atmospheric oxygen through the film and thus protected
the redox enzyme from the inhibitory effect of its co-substrate. This invention has also opened up a
new avenue to explore the non-dissolvable SF-film for stabilizing other redox enzymes for various
applications. This unprecedented, improved shelf-life under room temperature of this AOx enzyme
of enormous clinical and industrial importance will greatly boost its prospect for real-world
applications. Contrary to the typical green color developed during the ABTS-based peroxidase
reaction, purple was formed in the presence of SF. The formation of intense purple color appeared
as an additional advantage to the optical device. We also addressed the challenge of using ABTS on
the solid platform for developing a sensor device. The challenge is posed by the low stability of the
dye in an aerobic environment and its leaching susceptibility from the immobilized support system.
Using even dissolvable SF-film, the dye could be entrapped in the film matrix during its preparative
step, which prolonged its activity over a long time (2 months) by averting its aerobic oxidation. The
next important feature of the developed WPAD device is the void of the coffee ring effect in the
detection zone performed by introducing a wave-designed microfluidic channels in the spacer paper.
The smaller waved micro-channels facilitated uniform distribution of the dye particles and samples
across the paper spacer zone that in turn enabled uniform contact of these reactants with the enzyme
particles for homogeneous color distribution over the detection film. The coffee ring free detection
film abetted error-free capture of pixel signal for quantitative detection of methanol. The stand-alone
MPAD biosensor device for detecting methanol developed through this investigation is a step forward
for its practical application. The application of the biosensor may be extended to ethanol detection
as well, as the enzyme AOx is reactive to this alcohol with a bit high Km value (1 mM). The pPAD
biosensor was sensitive to ethanol as well with LoD of 0.87 mM. Coupling this biosensor with a
smartphone device to visualize the results in digital form and introducing the scope to transmit the

data remotely through loT technology may significantly accelerate its commercial application.

Though extremely sensitive and selective, biological enzymes are still prone to denaturation and thus
activity loss. There have been in recent times reports of several nanomaterials showing enzyme like
activity called “nanozymes”. Therefore, in the next chapter we aim to develop H.O, optical sensors

by exploring protein stabilized nanoclusters as signal generating system.
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CHAPTER IV

PROTEIN STABILIZED GOLD NANOCLUSTERS
AS HYDROGEN PEROXIDE SENSING PROBE
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Chapter IV

Protein stabilized gold nanoclusters as hydrogen
peroxide Sensing Probe

4.1. Introduction

The peroxidase-mimic is an emerging topic in the field of catalysis owing to its great prospects in
analytical sciences and tailored technological fronts including sensors and chemical processes
(Review: Das and Goswami, 2020). The major driving forces that propel this research are the high
demand for stable and low-cost catalysts for degrading H.O.. Conventionally, various chemical and
biological catalytic reactions are exploited and among which peroxidase-based enzymatic reactions
are widely used (Ali et al., 2011; Mazzei et al., 2007; Okawa et al., 2015; Qian et al., 1997; Rocchitta
et al., 2016; Solanki et al., 2011; Thepchuay et al., 2020; Xu et al., 2011b; Zhao and Jiang, 2010). As
discussed in the previous chapter, enzyme-based catalysis though, possess advantage of very high
selectivity over the other catalysts, the labile nature of the enzymes and their high production cost
prompted to explore novel peroxidase mimics (Shamkhalichenar and Choi, 2017). Over the last few
years, many nanozymes have emerged as attractive peroxidase mimic due to their low production
cost and uncomplicated synthesis routes (Wei and Wang, 2013; Das et al., 2021b; André et al., 2013).
However, the practical applications of these nanozymes are yet to be adequately achieved due to
several hurdles, among which, the lack of suitable stabilizing matrix for their convenient
immobilization on solid platforms for repeated use and void of clear knowledge on their mechanism
of action for designing the catalytic process rationally are prominent (Das et al., 2021b). In this
direction, protein stabilized metal nanoclusters bring hope to resolve these issues to develop more
stable H,O, sensing platforms for various analytical applications including designing peroxide
sensors (Shamkhalichenar and Choi, 2020).

Metal nanoclusters (NCs) are small nanoparticles (size<3 nm), possess intrinsic photoluminescence
behaviours, and explored for various applications (Thungon et al., 2020; Chakraborty and Pradeep,
2017; Tao et al., 2015). Among them, gold nanoclusters (AuNCs) have been widely investigated
because of their biocompatibility, easy preparation procedure and high photostability (Zhang et al.,
2019; Zheng et al., 2017). Various ligands are used to stabilize the AuNCs. Protein is one of the most

preferred ligands due to their unique structures, intrinsic fluorescence behaviour, multiple functional
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groups on the surface, high aqueous solubility and their distinctive biological functions (Chevrier et
al., 2012;Guo et al., 2020). The reactivity of such protein stabilized metal-NCs does not directly
depend on the function of the amino acids of the protein but rather the intrinsic optical nature of the
NCs itself (Wen et al., 2011). This approach enables to maintain the catalytic activity of the
nanoclusters even when the protein is denatured. Additionally, the NCs could be conveniently
coupled to various solid platforms through different functional groups present on the surface of the
stabilizing protein molecules for developing immobilized NC systems for diverse applications.
Furthermore, by varying the molar ratio of protein/Au®* (gold precursor), and pH of the reaction
during synthesis, different AUNCs sizes and fluorescence emission characteristics could be prepared
(Thungon et al., 2020; Kawasaki et al., 2011).

In this chapter, we focus our attention on catalase protein as stabilizing matrix for AUNCs to generate
H,O, sensing activity because catalase protein structure is tolerant to high concentration of H;0O..
Catalase is evolved through an evolutionary process to degrade the oxidant, with extremely high
turnover rate (~4 x 10’ st M), Notably, the detrimental effect of H,O on the protein structures is
already known (Veal et al., 2007). In this work, the catalytic function of catalase was rescinded by
removing the heme prosthetic group from the protein matrix during the synthesis of AuNCs. The
characteristics of the AUNCs formed in the protein matrix were then investigated following different
spectroscopic and microscopic techniques and identified two types NCs with distinct sizes and
photophysical properties, emitting red and blue fluorescence, respectively. This investigation shed
new lights on the cause of formation of the AUNCs pertaining to the protein secondary structure and
reaction conditions and their interactions with the substrate hydrogen peroxide. Interestingly, the
blue-fluorescent AuNCs could be transformed into plasmonic nanoparticles following their
interactions with the H,O, and the phenomenon could be effortlessly translated to develop
colorimetric method for detecting the peroxide. The critical findings achieved were then extrapolated
to develop two analytical platforms for detection of H2O-, one fluorometric while the other one is

SPR based colorimetric methods.
4.2. Experimental section
4.2.1. Chemicals and reagents

Catalase (EC No. 1.11.1.6) from bovine serum was purchased from Sigma-Aldrich. Hydrogen
peroxide (~50 w/v%), aurichlorohydric acid (HAuCI4.3H,0) and Sodium hydroxide (NaOH) were
purchased from HIMEDIA (India). Ethanol, sodium dihydrogen phosphate (NaH2PO4) and disodium
hydrogen phosphate (Na;HPO.) were purchased from Merck (India). Carbon coated copper TEM
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grids for morphology study were purchased from TED Pella, Inc, USA. All the chemicals were of
reagent grades and used without any further purification. All solutions were prepared using nanopure
water, MQ (18.2 MQ.cm), Millipore Co., (USA).

4.2.2. Synthesis and purification of catalase stabilized fluorescent gold nanoclusters (Cat-AuNCs)

For the synthesis, all the glassware was washed with aquaregia and the solvent for all samples was
MQ. Cat-AuNCs were synthesized using a reported protocol (Lu et al., 2014) with some partial
modification. One mL of HAuCI, solution was properly mixed with 1 mL catalase solution (16 mg
mL* or 67 uM) using water as reaction medium and incubated for 2 minutes. Following which, 100
pL NaOH (1M) was added to the solution to maintain the pH above 11. The solutions were then
incubated at 60°C for 4 h. The color of the reaction solutions was changed from greenish yellow to
brownish yellow indicating the formation of AUNCs. The AuNCs solutions were then purified by
dialysis against MQ water using a dialysis tube with molecular weight cut-off of 1 kDa. The dialysis
was performed for 24 h with water changed every 8 hours. The final solutions were stored at 4°C for
further use. The as prepared Cat-AuNCs were characterised by UV-visible absorption spectroscopy,
fluorescence spectroscopy and Transmission Electron Microscopy (TEM). Further, the secondary

structures of catalase in the Cat-AuNCs were analyzed by Circular dichroism (CD) spectrometry.
4.2.3. Spectroscopic characterization of Cat-AuNCs

Absorbance analyses were done on a spectrophotometer (Cary 400 Scan UV-Visible
Spectrophotometer) using 1 cm path length quartz cuvette at a scan rate of 100 nm min-*. The protein
concentration of both Catalase and Cat-AuNCs were kept at 7.62 mg mL™*. Fluorescence
measurements were performed using fluorescence spectrometer (HORIBA scientific Fluorimax-4
instrument) at 25 °C and scan rate of 50 nm min*. Both emission and excitation slit width were kept

at 5 nm during the measurement.
4.2.4. Circular dichroism (CD) studies

CD spectra of Catalase and Cat-AuNCs were performed using a spectropolarimeter (J-815, Jasco,
Japan.) calibrated with 0.06 % (w/v) aqueous solution of (x)-10-camphor sulfonic acid with the
protein concentration kept at 0.5 mg mL™ for each sample. The spectra were recorded in the range
of A2aonm—A10nm, iN 0.1 cm path length suprasil quartz cuvette, at a scan rate of 100 nm min-, 1 nm
bandwidth, with a time constant of 2 s, and an average of 3 scans. The temperature of the cell was
maintained at 25 °C by using a peltier temperature control unit. The spectrum was corrected for

baseline and smoothed by Savitsky—Golay filter using Jasco spectral analysis software. The
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secondary structure analysis was performed using online server DICROWEB structure estimation
program, which utilizes CONTIN program to evaluate the structure.

4.2.5. Electron microscopy studies

Morphology and size of the Cat-AuNCs were analyzed by using Field Emission Transmission
Electron Microscope (FETEM) (JOEL, Model: 2100F) operated at an accelerating voltage of 200
kV. Samples for TEM analysis were prepared by evaporating a drop of 200 times diluted solution of
the AUNCs on a TEM grid.

4.2.6. Zeta Potential studies

Zeta surface potentials of the Catalase, RF Cat-AuNCs and BF Cat-Au NCs were determined using
a zetasizer instrument (Malvern ZEN 3600 Zetasizer). Catalase, RF Au NCs and BF Au NCs each
with protein concentration of 1 mg mL* was prepared in MilliQ filtered through 0.22-micron syringe
filter. The sample solutions were charged into specially designed folded capillary cell with gold
plated copper electrode (Model: DTS1070, Malvern Instruments Limited, UK). Data were acquired
at 25 °C, repeated 20 times and averaged.

4.2.7. Catalase activity study

Catalases degrade H:O; to release Oz and H:O. The reaction can be monitored by measuring
absorbance at Azonm for H2O. The absorbance decreases with time due to the catalytic degradation
of H,0- in the reaction solution. 100 pL of pure catalase (100U mL?) in water was mixed with 1 pM
H>0,, and the absorbance at A240nm Was monitored over 3 minutes using spectrophotometer (Cary 400
Scan UV-Visible Spectrophotometer). Similar procedure was followed for analyzing the catalase
activities in Cat-AuNCs (equivalent of 100U mL* catalase) and alkali treated catalase after adjusting
the pH (optimum pH value of 7) by dialysing against water.

4.2.8. Analysis of Band gap and Quantum yield

The band gaps of the two Cat-AuNCs were obtained using Tauc method which assumes that the

energy-dependent absorption coefficient a can be expressed by the following equation (Makuta et
al., 2018):

1
(a *x hv)Y = B(hv — Ej) (4.1)
where h is the Planck constant, v is the photon’s frequency, B is a constant and Eq is the band gap

energy. The y factor depends on the nature of the electron transition and is equal to 1/2 or 2 for the
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direct and indirect transition band gaps, respectively. In the present case, we assume that the
transition is direct with y=1/2 and plot the graph of hv vs (a * hv)?, where o is the absorbance value
divided by the path length of the cuvette (1 cm here), and v is C/A, C= Speed of light and A=

wavelength.

The region of the plot showing a linear and steep increase of light absorption with increasing energy
has been a known characteristic of semiconductor materials. The x-axis intersection point of the

linear fit of this Tauc plot gives an estimate of the band gap energy.

To calculate the quantum yield (&) of AuNCs, Rhodamine was used as the reference and the

following formula used was:

@ = Qp () * (50 * @3 *nR) (4.2)
Where, Qg is the quantum yield of rhodamine, Ix and Ir are the fluorescence intensity integral of the
test sample and rhodamine, respectively, ODg and ODy are the maximum absorbance of rhodamine
and test sample, #x and #r are the refractive index of the solvent in which test sample and rhodamine
are dissolved. The values, Qr=0.94, Ir=1.88*10%, ODr=1.134, #r=1.36 (Rhodamine was dissolved in
ethanol) for Rhodamine were used to calculate the @.

4.2.9. Interaction studies of Cat-AuNCs with H,0;

100 pL of H,0, solutions in MQ water was mixed with 100 pL of Cat-AuNCs solutions and
incubated for 10 mins at 25 °C before fluorescence measurements were performed. The volume of

the solution was made up to 1 mL by adding 800 puL. MQ to the reaction solution.

Fluorescence lifetime was measured using the time correlated single-photon counting (TCSPC)
method on an Edinburgh Instrument Life-Spec II instrument (UK). A Aszsnm laser diode was used as
the excitation source. The fluorescence decays of Cat-AuNCs with and without 100 mM H,0, were
analyzed by reconvolution method using the FAST software provided by Edinburgh Instruments.
The goodness of fit was determined by the reduced chi-square (%) values and weighted residuals,

which were between the ranges of + 4.

The morphology change after the interaction was observed using Field Emission Transmission
Electron Microscope (FETEM) (JOEL, Model: 2100F) operated at an accelerating voltage of 200
kV. For the analysis, the samples were prepared by evaporating a drop of 200 times dilute solution
of the Cat-AuNCs reacted with 100 mM H>O, on a carbon coated copper TEM grid.
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4.2.10. Fluorometric detection of H,0O>

Aliquots (0.5 mL) containing Cat-AuNCs (protein concentration 7.6 mg mL™) as the fluorescence
probe and 0.5 mL of different concentration of H,O, were mixed and incubated at room temperature
(25 °C) for 10 minutes and then the fluorescence intensities were monitored by exciting at Aszonm. The
fluorescence response towards different H,O, concentration was independently tested. The response
curve was generated by plotting lieo/ls70 vS. H202 concentration, where lsgo and lszo are fluorescence

intensity at Assonm and Agzonm, respectively in absence (control) and presence of H2O..
4.2.11. Colorimetric detection of H20>

Aliguots (0.7 mL) of Cat-AuNCs and 0.3 mL of different concentration of H.O, were mixed and
incubated for 30 minutes at 60 °C and the absorbance were monitored from A4oonm-Azoonm USING
spectrophotometer (Cary 400 Scan UV-Visible Spectrophotometer) at 25 °C. The absorbance at
As20nm towards different H,0- concentration was independently recorded and the response curve was

generated by plotting absorbance at Aszonm VS H202 concentration.
4.2.12. Synthesis and purification of SF stabilized gold nanoclusters (SF-AUNCSs)

For the synthesis, all the glassware was washed with aqua regia and the solvent for all samples was
MQ. Silk fibroin (SF) from Bomryx mori was extracted following a reported method (Rockwood et
al., 2011). 2mL of SF solution (5 % w/v) in MQ was transferred into a glass tube. Next, 400 ul of
1M NaOH was added to SF solution to bring the pH of the solution above 11. This SF+NaOH solution
was also used as control for the characterization study. After 2 minutes of incubation, 2mL of HAuCl,
solution (2.5 mM) was added to the SF+NaOH solution and stirred for 5 min. The final reaction
solution was incubated at 60 °C for 3 hours. The SF-AuNCs solution thus prepared was then purified
by dialysis method using a dialysis tube with molecular weight cut-off of 1 kDa for 24 h with the
water changed every 8 hours. The final solution was stored at 4°C and was stable for 2 months. The
prepared SF-AUNCs were characterised by UV-visible absorption spectroscopy, fluorescence
spectroscopy and Transmission Electron Microscopy (TEM). Further, the secondary structures of SF

in the SF-Au NCs were analyzed by CD spectrometry as described in earlier sections.
4.2.13. Statistical analysis of data

The statistical analysis of the data was performed in OriginPro 9.0. A minimum of triplicate analyses
was performed for all the samples. The mean with the standard deviation is represented as error bars
in the data. The LoD was calculated using the formula 36/m, where o is the standard deviation of

the blank signals and m represents the slope of the calibration curve.
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3. Results and Discussion
4.3.1. Synthesis and Characterization of Cat-AuNCs

The AuNCs were synthesized inside catalase protein following a simple two-step process involving
treatment of catalase (16 mg mL? or 67 uM) with different concentrations of HAuUCl, (Au®)
solutions first, followed by alkali treatment as mentioned in section 2.2. Fluorescence spectra were
then recorded for the synthesised AuNCs after exciting the samples in a wavelength range of 300 to
450 nm. All the AuNCs samples showed an excitation peak around Aszonm (Fig 4.1 dashed). The
fluorescent color of the AUNCs (under UV-illuminator) was gradually transformed from red into blue
with the increasing Au®* concentrations from 1 mM to 5 mM (Fig 4.1 inset). The AuNCs formed with
1 mM Au®* solution exhibited red fluorescence, while with 4 mM and above Au®" solution
exclusively produced blue fluorescence. The emissions were spread over the wavelength region of
400 - 700 nm. Two clear peaks, corresponding to the wavelengths of ~460 nm and ~670 nm, were
emerged within the emission range (Fig 4.1). Further, a marginal blue-shift of the spectra was
observed with the increasing concentration of Au®*. The peak intensities in these two wavelengths,
however, reciprocally varied to the concentration of the Au®" solutions. At 1 mM Au** (with
Au:protein ratio of 15) the peak intensity ratio (Aszonm : Assonm) OF 3.5 was detected; whereas, at 5 mM
Au®* (with Au:protein ratio of 75) the intensity ratio was 0.25.

M Catalase Cat-Au NCs (3 mM)
S -M Cat-AuNCs (1mM) M Cat-Au NCs (4 mM)
Cat-Au NCs (2 mM) Cat-Au NCs (5 mM)

Fluorescence intensity (x10°)

I I 1 I I I 1
300 350 400 450 500 550 600 650 700
Wavelength (nm)

Figure 4.1: Excitation (dashed lines) and emission (solid lines) spectra of Cat-AuNCs prepared by using
different Au®* concentrations. Inset: Sample pictures under UV light; i-Catalase, and Cat-AuNCs
prepared by using Au®* concentrations (mM) of: ii-1 (RF Cat-AuNCs), iii-2, iv-3, v-4, vi-5 (BF Cat-
AUNCs).
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Based on the above finding, we synthesized separately the two types of Cat-AuNCs, classifying them
as RF Cat-AuNCs (dominant Aem :670nm) and BF Cat-AuNCs (Xem :460nm) with Au:protein molar
ratio of 15 and 75, respectively and analyzed their spectral pattern (Fig 4.2a). The band gaps
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discerned for the NCs were 2.06 eV (3.5%) for RF Cat-AuNCs and 2.97 eV (1%) for BF Cat-AuNCs
(Fig 4.2b) with the corresponding Quantum yield (QY) shown in the parentheses.

The morphology of the two clusters was analyzed by using FETEM (Fig 4.3a,b). The average sizes
of the RF Cat-AuNCs and BF Cat-AuNCs discerned from the histogram analysis using ImageJ
software were 3 nm and 1.5 nm, respectively (Fig 4.3c,d). Thus, the size of the blue emission cluster

was nearly half of the red emission one.

The spherical jellium model has been widely used for emission energy and the energy level spacing
in nanoclusters (Thungon et al., 2020). According to this model, the size of the nanoclusters is related
to the emission energy by E«/NY3. Where Eris the Fermi energy of the bulk metal and N is the number
of atoms in a cluster. Therefore, as the number of atoms (and hence size) increases, the emission
energy decreases and redshift occurs (Kawasaki et al., 2011; Zheng et al., 2004). The results comply
well with the model, the smaller BF Cat-AuNCs emitted at shorter wavelengths (Aem 460nm), while
the larger one (RF Cat-AuNCs) emitted at longer wavelengths (dominant at Aem 670nm). The size
characteristics of the NCs that emitted at ~Asssnm and ~Aszonm Were previously reported as AusNCs
and AuzsNCs, respectively (Kawasaki et al., 2011; Xie et al., 2009). The emission wavelength of the
RF Cat-AuNCs is closer to the previously reported Cat-AuNCs (Meng et al., 2018) and other red
emission NCs such as BSA-AuzsNCs (Wang et al., 2011;Xie et al., 2009), HSA-AuzsNCs (Santhosh
et al., 2014; Santhosh et al., 2016), and lysozyme-AuzsNCs (Wei et al., 2010; Xie et al., 2010).
Whereas, the emission characteristics of BF Cat-AuNCs is closer to that of blue pepsin-AusNCs
(Kawasaki et al., 2011), dendrimer-AusAuNCs (Zheng et al., 2004; Zheng et al., 2003), polymer-
AuNCs (Huang et al., 2012) as well as BSA-AusNCs (Le Guével et al., 2011). Correlating the above
facts, we assume the number of Au atoms present in BF Cat-AuNCs and RF Cat-AuNCs were 8 and
25, respectively.

The blue emission Cat-AuNCs with however, dual emission characteristics (Aagonm and Aesonm), has
been previously reported where the cause of the blue emission ascribed to the protein’s amino acid
residues (Meng et al., 2018). Similarly, the blue emission (A4s0nm) Characteristics of HRP-AuNCs has
also been ascribed to the amino acids of the protein (Wen et al., 2011). However, few other reports
have attributed to the size or conformation of the proteins to form the small size blue emissions NC.
Blue emitting (Aem 455nm, Aex 380nm) lysozyme stabilized AuNCs were formed because of the
compact protein conformation at low pH of 3 that act as smaller templates to produce the smaller
NCs (AugNCs) (Chen and Tseng, 2012). Whereas, upon elevating the pH, the proteins become
denatured, resulting in larger space within the structures that stabilizes larger NC (AuzsNCs) (Chen
and Tseng, 2012). In another study, pepsin was used to stabilize AuNCs. By varying the pH

87
TH-2731_146106001



conditions as shown in the brackets, blue (pH 9), green (pH 1) and red (pH 12) emitting AuNCs were
prepared (Kawasaki et al., 2011). Here, the emissions for the red AuzsNCs at Aszonm, green AuisNCs
at Asionm, and blue AusNCs and AugNCs at Asgonm Were documented. The authors postulated that the
red fluorescent AuzsNCs were stabilized by the weak-bonding random-coiled structures of the protein
formed at elevated pH conditions, producing larger space within the protein matrix for
accommodating more gold atoms to form AuxsNCs (Kawasaki et al., 2011). At lower pH, the
stabilization of AusNCs was due to autolysis of pepsin creating small internal spaces for stabilizing
smaller clusters. Similarly, a blue-fluorescent BSA-AusNCs (Aem450nm) was prepared by controlling
the pH condition during the synthesis(Le Guével et al., 2011), where BSA-AuzsNCs at pH 11 and
BSA-AusNCs at pH 8 were prepared. Most of the previous reports indicate that the blue fluorescent
NCs in the stabilizing protein are due to the smaller NC sizes, mainly the Ausg, rather than the

autofluorescence properties of the proteins.

We confirmed the presence of the smaller NCs by two methods. One with analysis of the intrinsic
blue fluorescence characteristics by the tryptophan (trp) emission spectra by exciting the Cat-AuNCs
at A20snm, because at this wavelength the interference from tyrosine (tyr) fluorescence is nullified
(Yang et al., 2015). Moreover, the trp fluorescence is highly sensitive to the local environment, and
hence, changes in its emission spectra, which may be quenching of intensity or shifting of spectra
(Ghisaidoobe and Chung, 2014; Médller and Denicola, 2002), indicate the changes in protein
conformations. Catalase contains 8 trp residues (Goodsell, 2004) and we observed an emission peak
at Assonm When excited at Azesnm (Fig 4.4a). When catalase was treated with NaOH, a shift of the
emission peak to Azss nm OCCUrred, which is due to the change in the secondary structure of the protein
caused by its denaturation at high pH condition as seen from the CD spectra (Table 4.1). In case of
RF Cat-AuNCs, the emission peak position remained same with the alkali treated catalase (Fig 4.4a).
Interestingly, in case of BF Cat-AuNCs, apart from the peak at Azss nm due to trp emission, a new
intense peak at As10nm Was also emerged. A minor broadening of shoulder at ~ As10nm OCcurred for RF
Cat-AuNCs can also been ascribed to the formation of meagre amount of BF-Cat-AuNCs with it,
that is also seen from the less intense peak at ~Assonm Were generated when RF Cat-AuNCs was
excited Azzonm (Fig 4.2a) This confirms that the blue clusters are responsible for this new peak at Aaionm
when excited at trp wavelength. Another simple fluorescence spectral study was performed as
reported earlier (Le Guével et al., 2011), where the emission at Aszonm OF the controls with the clusters
were compared. We found that the controls did not show a typical fluorescence of BF Cat-AuNCs
with a peak at Assonm (Fig 4.3b) Hence, we confirm that the emission peak at at Assonm IS due to the

smaller blue clusters and not the auto-luminescence of the amino acids.
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Figure 4.4: Emission of spectra of catalase under different conditions when excited at (a) Azgsnm and (b)

Aa7onm.
4.3.2. Impact of protein secondary structure on the formation of AUNCs

Catalase primarily consists of two structural features, the a-helix and S-sheets which are bound
together by a long wrapping loop (Collins and Dawson, 2013). When the enzyme was treated with
NaOH, the a-helix structures reduced from 21.3% to 7.8%, while the S-sheets increased from 15.2%
to 29.5% (Table 4.1). During the synthesis, catalase was first treated with two different
concentrations of Au®* solution, 1 mM, and 5 mM, followed by treatment with NaOH and incubation
at 60 °C. Catalase treated with 1 mM Au®* solution contained 14.3% a-helix structures and 23.8%
B-sheets while the solution treated with 5 mM Au®* solution contained 11.2% a-helix structures and
26.4% p-sheets (Table 4.1). The p-sheets structure was more in latter solution because of its pH was
lower than the former. The impact of pH on the secondary structures is known, and even a slight
lowering of pH could lead to more S-sheet structures in proteins (Chance, 1952; O’Brien et al., 2012).
As NaOH was added and the clusters were formed, the pH of both the AuNCs solution attained a
similar value but the percentage of S-sheet contents of the protein was increased slightly in BF Cat-
AUNCs than RF Cat-AuNCs (Table 4.1).

Previous reports suggested that the smaller NCs (Aus) are formed within small internal spaces of the
protein but there has been no mention of S-sheets structures. To understand the role of S-sheet
structures in protein on the formation of BF clusters, we synthesized AuNCs using silk fibroin (SF)
proteins, which is well-known for its S-sheet dominant structures, the percentage of which varies
with extractions and treatments (Kaushik et al., 2020). Following the synthesis procedure as
discussed above, where the SF solution was treated sequentially with NaOH and Au®* (2.5 mM)

solution, the synthesized SF-AuNCs exhibited white bluish fluorescence under UV light and had an
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emission peak at Aagsnm (excitation at Azaonm) (Fig 4.5a), which is correspond to AusNCs (Kawasaki
et al., 2011). The formation of smaller NCs in SF with an average size of 1.2 nm was confirmed by
FETEM (Fig 4.5b). Notably, when Au®* (2.5 mM) was added to SF+NaOH solution, the S-sheet
content increased more than that of the native SF. Under low pH conditions, SF solutions develop
higher amount of S-sheet structures and turn into gel (Das and Dhar, 2014). Our findings corroborated
to the report that decreasing pH of the reaction solution (by adding Au®*), the B-sheet structures of
the SF increased (Table 4.1). Thus, smaller AusNCs were stabilized within the B-sheet structures of
catalase at comparatively lower pH generated by increasing the Au®* concentration from 1 mM to 5
mM in the reaction medium. At 1 mM Au?* concentration more (comparing to BF AuNCs) helix,
turn and random coils are generated in catalase protein in RF-AuNCs (Table 4.1). There are several
basic studies on the formation of AuNCs in different protein matrices such as Lysozyme (V1) (Chen
and Tseng, 2012), BSA (Le Guével et al., 2011), and pepsin (Kawasaki et al., 2011). A critical finding
by Kawasaki et al. indicated that the random coiled pepsin structures stabilizes AuzsNCs (Kawasaki
et al., 2011), supporting our findings on the stabilization of AuzNCs in the catalase proteins.
Regarding the transformation from RF to BF AuNCs observed in the present studies, the pH led
structural transition of the catalase protein in the initial reaction solution as elaborated above, has
been attributed as the most plausible reason.

Table 4.1: The secondary structural transitions of catalase occurred under different treatment conditions.

Samples/ Catalase | Catalase+ | Catalase+ | RF Cat- Catalase+ BF Cat-
Structures | (native) NaOH 1mM Au®* | AuNCs 5mM Au®* | AuNCs
a-Helix 21.3 7.8 14.3 54 11.2 6
p-Sheets 15.2 29.5 23.8 29.1 26.4 30.1
Turns 194 191 19.2 21.6 19.6 20.2
Randoms 44.1 43.5 42.8 43.8 42.8 43.1

pH 7 12.8 3.7 12.03 2.3 12.2
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Figure 4.5: (a) Excitation and emission spectra of SF, SF+NaOH and SF-AuNCs (inset: (i) SF, (ii)
SF+NaOH, (iii) SF-AuNCs under UV illumination); (b) TEM image of SF-AuNCs (inset: histogram of
the cluster sizes).

4.3.3. Enzyme activity study of Cat-AuNCs

The alkaline (>pH 11) treatment involved during the AuNCs preparation process released the
prosthetic heme group from the catalase protein as evident from the lack of typical heme absorbance
at As0onm (Gouterman, 1961) in the spectra (Fig 4.6a). The treatment affected the structural integrity
of the protein as evident from the drastic change in its secondary structural components (Table 4.1).
No residual catalase activity was detected in the NaOH treated catalase proteins and the two Cat-
AuUNCs as no change in H2O, absorbance at Azonm Was detected in these cases (Fig 4.6b). Worth
mentioning, the heme group is the active site of the catalase enzyme where the catalytic oxidation of
H,O, takes place (Goodsell, 2004). Hence, we infer that the loss of structural integrity of the catalase
protein at high pH condition led to the release of heme and thus deactivating the enzyme. Therefore,
we can safely conclude that any change of optical response for H.O, due to its interaction with Cat-

AUNCs was not a catalase enzyme-based process.
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Figure 4.6: (a) Spectral characteristics of the native and different treated catalase proteins to probe the

presence of heme group. (b) Catalase activity of the native and different treated catalase proteins.
4.3.4. Interaction study between Cat-AuNCs and H,0;

The Cat-AuNCs were incubated with different concentrations of H,O,, and the fluorescence intensity
of the reaction solutions was recorded after 10 mins of incubation. RF Cat-AuNCs showed a decrease
in fluorescence intensity at Aszonm While the intensity at ~ Aseonm increased marginally with the
increasing concentration of H,O, and stabilized after 1M H:O. (Fig 4.7a,b). In case of BF Cat-
AuNGCs, the intensity at Assonm increased marginally with the concentration of H.O. and precariously
stabilized after 150 mM of H,O, (Fig 4.7c,d). Again at Ag7onm, these BF Cat-AuNCs exhibited an
unsteady decrease in intensity of a lower magnitude with the increasing concentration of H.O> (Fig
4.7d). The increase Asonm pPeak intensity in both RF and BF Cat-AuNCs, could be because of the
changes in the protein structure (Table 4.2), which led to an increase in its intrinsic fluorescence
slightly.

Interestingly, when the BF Cat-AuNCs were allowed to react with H.O, and then stored for 5 hours
in MQ at 25 °C, red color was developed, the intensity of which was increased with the increasing
H.O, concentration (Fig 4.8b inset). The absorbance study revealed a localised surface plasmon
resonance (LSPR) band at Aszonm, indicating the formation of gold nanoparticles (AuNPs). No similar

phenomenon was observed in the case of RF Cat-AuNCs (Fig 4.8a).

The excited lifetimes (t) of RF Cat-AuNCs in the absence and presence of 100 mM H,O- were found
to be 3.93 ns and 2.68 ns, respectively (Fig 4.8c). The results show that the interaction of the RF
AUNCs with H,0, is a dynamic process and occurred with the excited state of the NCs leading to the

guenching phenomena (Lakowicz, 2000).
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Figure 4.7: Fluorescence intensity profile of (a) RF Cat-AuNCs and (c) BF Cat-AuNCs with different
concentrations of H20». Corresponding emission intensity of Aszonm (pink) and Asgonm (blue) with the
concentration of H,O; for (b) RF Cat-AuNCs and (d) BF Cat-AuNCs.

In the case of BF Cat-AuNCs, there was no formation of RF-Cat-AuNCs during the interaction
process of BF Cat-AuNCs with H;O,, as the emission at Agzonm did not increase, rather it was
decreased (Fig 4.7b). The excited lifetimes (t) of BF Cat-AuNCs in the absence and presence of 100
mM H;O, were found to be 3.96 ns and 3.98 ns, respectively (Fig 4.8d). Thus, the lifetime of BF
AUNCs did not change in presence of even high H,O, concentration, indicating that H,O; is not
interacting with the excited state of the BF Cat-AuNCs and hence no dynamic process is involved in

the interaction with these NCs.
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Figure 4.8: (a) Absorbance spectra of (a) RF Cat-AuNCs and (b) BF Cat-AuNCs (inset: Photograph on
color developed with nil (i), 10 mM (ii), and 100 mM (iii) H20,) after incubation at 25 °C for 5 hours
with different concentrations of H,O,. Fluorescence decay of the (c) RF Cat-AuNCs (emission at Ag7onm)
without (black) and with (pink) 100 mM H>O; and (d) BF Cat-AuNCs (emission Asgonm) Without (black)
and with (light blue) 100 mM H-0; as a function of time. The excitation in both cases was at Az7snm.

DLS-based zeta potential measurements were performed to further understand the mechanism of the
interactions. The zeta potential data revealed a negative charge of —23.8 £ 9.1 mV and -35.1 + 11.8
mV for the RF Cat-AuNCs and BF Cat-AuNCs. When the AuNCs were treated with 100 mM H-0»,
the zeta potential of RF Cat-AuNCs reduced to -21.4 £ 9.2 mV and that of BF Cat-AuNCs also
reduced to -20.4 + 12.7 mV. This suggested there could be electrostatic mode of interaction between
of H2O; with the AuUNCs, which is stronger for BF Cat-AuNCs (A zeta potential=14.7 mV) than RF
Cat-AuNCs (A zeta potential=2.4 mV). These strong interactions of H.O, with BF Cat-AuNCs might

contribute to the aggregational transformation of these smaller AUNCs to NPs.

Finally, the morphological change in the Cat-AuNCs after interaction with 100 mM H,O, was

monitored using TEM. The RF Cat-AuNCs in absence of H,O, were evenly distributed; however,
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after the interaction, the NCs were agglomerated to form clumps (Fig 4.9 a,b). There were some
larger clusters formed, but they did not lead to the formation of nanoparticles as is evident from the
TEM image and absorbance data (Fig 4.8a). The BF Cat-AuNCs, instead, were grown to bigger
dimensions to the level of nanoparticles with an average size of 10 nm after interacting with H.O-
(Fig 4.9 c,d). The result confirmed that in presence of H.O. the protein f-sheet structure is
significantly disrupted leading to the transformation of BF Cat-AuNCs into nanoparticles through
reorganization of the NCs originally present in the smaller spaces under the s-sheets. The probable
mechanism of interaction between RF Cat-AuNCs and BF Cat-AuNCs has been depicted in Scheme
4.1.

(b)

(o] (d)

Figure 4.9: TEM images of RF Cat-AuNCs (a) without and (b) with 100 mM H,O,; and BF Cat-AuNCs
(c) without and (d) with 100 mM H.0..
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Scheme 4.1: Interaction mechanism of H,O; with (a) RF Cat-AuNCs and (b) BF Cat-AuNCs.
4.3.5. Cat-AuNC as an optical probe for detection of H,0»
4.3.5.1 Fluorescence-based detection of H,O>

RF Cat-AuNCs were selected as the fluorescent probe for the detection of H,O, because of its dual
fluorescence signals, intensity decreased at As7onm and increased at Assonm With the increasing
concentration of H,O; leading to the development of a ratiometric intensity-based detection system.
Ratiometric fluorescence intensity signals have an advantage over relative fluorescence intensity
signals because the former method could nullify the photobleaching and the changes due to
environmental effects (Wang et al., 2012a). Different concentrations of H.O. were incubated with
AUNCs at 25 °C for 10 minutes and the fluorescence intensity at Aasonm (lasonm) and intensity at Aszonm
(le7onm) were monitored. The quenching of the red fluorescence with the emergence of a blueish
fluorescence could be observed even with naked eyes when the samples were placed under UV light
(Fig 4.10a inset). A dynamic response plot of lssonm/ls7onm against the concentration of H.O. was
prepared (Fig 4.10a). A linear calibration plot (y = 0.0061x + 0.26) with lower H>O, concentration
range from the response plot was constructed (Fig 4.10b). The LoD of 0.6 mM and a linear range of
1-50 mM (R?=0.99) for H,O, were discerned.
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The fluorescence quenching phenomena of the catalase and HRP stabilized AuNCs were previously
explored for detection of H,O-, where the quenching events were reported as the catalytic activity of
the respective enzymes being used as stabilizing matrices for the NCs (Meng et al., 2018; Wen et al.,
2011). In this report, since the catalytic function of the enzyme has been nullified during the process
of preparing the NCs, hence the cause of quenching the fluorescence has been solely credited to the

NCs-based photophysical phenomenon.
4.3.5.2 Colorimetry-based detection of H,0;

The SPR phenomenon developed as a result of the interaction between BF Cat-AuNCs and H,O, was
exploited to detect H,O, colorimetrically using the NCs as an optical probe. The SPR band intensity
at Aszonm increased with the increasing concentration of H>O; (Fig 4.10c). A calibration plot was
constructed using the lower concentration range of H,O, which gives a linear response (Fig 4.10d).
An LoD of 1 mM, and a linear detection range of 20-200 mM (R?=0.99) were discerned for H,O,.
Interestingly, the reaction could be accelerated to develop the red color in a short period (30 minutes)
by increasing the incubating temperature to 60 °C for the reaction. Moreover, the color change could
be easily observed even with the naked eyes (Fig 4.10c inset) which have, thus potential to develop
an optical biosensor for H,O, with yes/no format. This elevated temperature did not have any
influence on transforming the NCs to NPs without H,O; even after incubating the solution for 12
hours at the temperature. Further, the optical properties of the BF Cat-AuNCs did not change
following this heat treatment, indicating its high photostability up to this temperature and thus its

suitability for developing point-of-care sensors

The photostability of both the AUNCs over storage time was analyzed. RF Cat-AuNCs could retain
80 % of the initial fluorescence intensity even after 2 months, whereas BF Cat-AuNCs retained 90
% its initial fluorescence after 2 months when both were stored at 4 °C. The AuNCs stored in 25 °C

however, lost almost 50 % of their optical properties after 1 month.

The methods presented here offer an unprecedented wide linear detection range with albeit low
sensitivity compared to the other methods. Other stark advantages of the present techniques are the
dual detection scope by using the Cat-AuNCs as fluorometric and colorimetric probes and label-free
colorimetric detection using BF Cat-AuNCs probe as no conventional chromogenic agents such as
TMB and ABTS are required for the assay. Further, the SPR phenomenon-based colorimetric method
has further scope to develop as a simple H>O> biosensor with a yes/no format as the color response

could be easily identified through the naked eye.
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Figure 4.10: (a) Response curve for H,0, using RF Cat-AuNCs as a fluorescence probe (Image: RF
Cat-AuNCs treated with increasing H20- concentration under UV light). (b) Calibration plot for H,0,
sensing using RF Cat-AuNCs as fluorescence probe. (c) Response curve for H,O using BF Cat-AuNCs
as a colorimetric probe (Image: BF Cat-AuNCs treated with increasing H.O, concentration under visible

light). (d) Calibration plot for H.O, sensing using BF Cat-AuNCs as colorimetric probe.
4.4. Conclusion

The present work demonstrated the successful transmuting of catalase to non-enzymatic H.O-
sensing function by expelling the heme prosthetic group from the catalase protein and inducting
AUNCs in the protein matrix through a method of simple two-step chemical procedure. The HO;
sensing functions were acquired due to the formation of two different AUNCs in the catalase protein
matrix, denoted as RF Cat-AuNCs (red fluorescent) and BF Cat-AuNCs (blue fluorescent), of distinct
sizes and photophysical properties. Interestingly, the formation of the NCs was dependent on the
concentration of the precursor Au®* solutions, at a lower concentration RF Cat-AuNCs of bigger sizes
(3 nm) and at a high concentration BF Cat-AuNCs of smaller sizes (1.5 nm) were formed. This study
also unveiled the possible role of the secondary structure of the catalase protein on the synthesis of
these two AUNCSs in the protein matrices, where the increase in S-sheet structures of the protein due
to the initial pH of the synthesis process is likely to facilitate the synthesis of BF Cat-AuNCs. Another

novel finding that emerged from this investigation is that BF Cat-AuNC quantum dots are

98

TH-2731_146106001



transformed into plasmonic nanoparticles (NPs) upon their interaction with hydrogen peroxide. This
phenomenon could be translated to designing an analytical method for sensitive colorimetric
detection of the peroxide without using any external colorimetric labels (such as TMB and ABTS).
Additionally, a dynamic quenching-based interaction of RF Cat-AuNCs with H,O, was translated to
develop an analytical method for determining the peroxide. Both these fluorometric and colorimetric
approaches offered a wide linear concentration range for the detection of H.O,. These Cat-AuNCs
probes may be highly promising for determining hydrogen peroxide in various samples following

the developed fluorometric and colorimetric approaches.
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Chapter V

Conclusions and future directions of research

The main goal of the present work was to explore new strategies for developing rapid, sensitive,
functionally stable, and portable hydrogen peroxide (H-0:) sensors. The focus was on the optical
transduction principles considering some traits that support the development of simple, cost-effective
and portable sensing devices. To achieve this goal, three independent proofs-of-concept were
successively explored. (i) A carboxy-functionalized water-soluble pH-sensitive organic dye, c-P4VB
was investigated first for the fluorometric detection of H,O, using chromatographic paper as the
support material. The concept was then protracted to detect alcohol by coupling alcohol oxidase
(AOx) to the paper platform. (ii) Next, we explored silk-fibroin (SF) film as a platform for
immobilization of the peroxidase enzymes along with the chromogen (ABTS) for colorimetric
detection of H,O,. This concept was also linked to detecting alcohol by coupling AOX to the detection
platform, and lastly, (iii) Catalase protein stabilized AuUNCs were explored as fluorometric as well as
colorimetric probes for the detection of H,O,. The key findings of these studies are briefly described

below.

Firstly, a novel carboxy-functionalized organic fluorophore, sodium 6-(4-methoxy-2,5-bis((E)-2-
(pyridin-4-yl)vinyl)phenoxy)hexanoate or c-P4VB was synthesized and explored for developing a
simple H,O; sensor. The chemical nature of the dye renders it water soluble, pH-sensitive, and sticky
to the cellulose fibres in the chromatographic paper. The dye responded to H,O,, which is a weak
acid, through strong fluorescence spectral shifts. A better selectivity of the dye towards H.O could
be achieved and the reason has been ascribed to its substrate (H-0O,) induced aggregation behaviour.
The dye was then immobilized onto chromatographic paper to develop a sensitive and photo-stable
c-P4VB paper-based H,0; sensor. The application of the as-prepared peroxide sensing c-P4VB-
paper was further extended to develop an alcohol biosensor using AOx that catalyses the formation
of H;0; in presence of the substrate alcohol. The biosensor was fabricated as a novel uPAD and

successfully tested commercially available samples to validate its function.

Secondly, a colorimetric H2O- biosensor was developed by using SF films as an immobilization
support system for peroxidase enzymes (HRP) and reagents (ABTS). The concept was then translated

to detect alcohol by coupling the enzyme AOX to the sensor platform with HRP. These films were
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made non-dissolvable for the enzymes and dissolvable for the ABTS. Interestingly, the SF film not
only performed as an immobilization matrix but also took part in the reaction in transducing the
chromogen color into an intense purple one instead of the usual green color. The formation of
dicationic ABTS radicals in the reaction has been made responsible for this atypical purple color on
the sensing platform. The enzymes and reagent immobilized SF films were then assembled with
chromatographic paper strips and successfully developed a hybrid uPAD methanol biosensor. This
bi-enzyme SF film could retain unprecedented high activity (90%) of the AOx until 40 days of
storage at 4 °C. The next positive trait that could be introduced in the developed uPAD device is the
void of the coffee ring effect in the detection zone enacted by incorporating wave-designed
microfluidic channels in the spacer paper surface. The waved micro-channels facilitated the uniform
distribution of the dye particles and samples across the paper spacer zone that in turn enabled uniform
contact of these reactants with the enzyme particles for homogeneous color distribution over the
detection film. The coffee ring-free detection film abetted error-free capture of pixel signal for
guantitative detection of methanol. This finding is expected to spur further advances in the developed

sensor to couple smart phone as a peripheral system for its onsite applications.

In the final proof of concept, catalase protein stabilized AuNCs were synthesised through a mild
heat-driven synthesis process and explored for their non-enzymatic H,O, sensing function. We
successfully transmuted catalase to non-enzymatic H>O, sensing function by releasing the heme
prosthetic group from the protein and stabilizing the AuNCs in the Apo protein matrix. Two different
AUNCs were formed in the protein matrix, denoted as RF Cat-AuNCs (red fluorescent) and BF Cat-
AUNCs (blue fluorescent). They were of distinct sizes and photophysical properties, which depend
on the concentration of the precursor Au®* solutions added during the synthesis procedure which
impacts the initial pH of the solution. At the lower concentration of Au®* (pH 3.7), RF Cat-AuNCs
of bigger sizes (3 nm) and at high concentrations Au** (pH 2.3) BF Cat-AuNCs of smaller sizes (1.5
nm) were formed. Our study also unveiled the possible role of the secondary structure of the catalase
protein on the synthesis of these two AuNCs in the protein matrices due to the initial pH, where the
[-sheet structures of the protein are likely to facilitate the synthesis of BF Cat-AuNCs. The role of
the B-sheet structures was further endorsed by the findings of synthesized SF-AuNCs that exclusively
produced blue fluorescent with smaller cluster size (1.2 nm). Another novel finding that emerged
from this study is the transformation of BF Cat-AuNC quantum dots into plasmonic nanoparticles
(NPs) upon their interaction with H20.. This phenomenon is advantageous to design an analytical
method for sensitive colorimetric detection of the peroxide without using any external colorimetric
labels (such as TMB and ABTS), thus making this sensor with lesser reagents. Additionally, a

dynamic quenching-based interaction of RF Cat-AuNCs with H,O, was translated to develop an
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analytical method for determining the peroxide. Both these fluorometric and colorimetric approaches
offered a wide linear concentration range for detection of H,O,. The performance factors of the
sensors developed in this work are presented in table 5.1.

Table 5.1: Critical performance factors of the H,O, detection methods developed through this thesis work.

Dynamic
. Detection LoD (mM) Reaction
Detection method Range ]
platform time
(mM)
Organic Fluorometric c-P4VB paper
L . 16.7 16.7 - 2900 10 secs
dye (emission shift) | sensor
Enzyme Colorimetric ) .
o ) HRP-SF film 0.6 0.6-300 1 min
(pixel intensity)
Fluorometric .
. RF Cat-AuNCs 0.6 0.6-3000 10 mins
(Quenching)
AUNCs
Colorimetric 30 mins
o ] BF Cat-AuNCs 1 1-1600
(pixel intensity) (60 °C)

As seen from the table, the LoD for H2O: is the best for HRP-SF-based colorimetric sensor followed
by the fluorescence-based RF Cat-AuNCs sensor. The dynamic range was the widest for the
fluorescence-based RF Cat-Au NCs method. In terms of reaction time, c-P4VB paper-based
fluorescence sensor is the fastest one. Even though all the performance parameters for each of these
methods are not as good as many of the methods reported in the literature, some critical findings
achieved through this work shed new light on this direction, some of which are mentioned above. In
the organic dye-based method the selective response signal in the form of fluorescence colour shift
is interesting and can be explored further to develop a low-cost simple peroxide sensor that is
otherwise difficult to achieve with a single wavelength band as a signal. For the peroxidase-based
system, the stability of the AOx enzyme attained a new height confirming the high potential of SF-
film as a robust biocompatible immobilization substrate for developing biosensors for real-world
applications. Further, this work demonstrates the effectiveness of dissolvable SF-film for
immobilization of ABTS prompting its potential to develop a reagent-free system for constructing
the HPAD. Lastly, transmuting catalase to non-enzymatic H,O; sensing catalysts by incorporating
AUNCs in the protein matrix opened a new avenue for exploiting this strategy for developing sensors.
Our finding on H>O- induced transformation of the AUNCs to AuNPs gives an extra edge to the

detection principle for designing a multifaceted approach for peroxide detection using Catalase
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protein stabilized AuUNCs as an optical probe. The major advantages of exploiting the AuNPs-based
colorimetric detection comprises reagent-free detection as no separate chromogen is required to
perform the test and scope for easy detection of the peroxide through visual observation of the

plasmonic color.

The works embodied in this thesis require further investigation to improve the scope of the described
strategies to develop biosensors for practical applications. Following are some major challenges that

may be addressed in future research to fulfil the goals set in the direction.

(i) The signal interference in c-P4VB-based optical sensor needs to be reduced. A suitable chemical
modification of the chromogen and its better immaobilization strategies on the paper substrates may

be explored to avert unwanted interferences.

(ii) The application of the peroxidase-based sensors may be extended to other analytes of clinical
importance such as glucose and cholesterol using a similar set-up by including the appropriate
oxidase enzymes to create a multiple detections platform for the uPAD biosensor. Similarly, the
application of the catalase stabilized AuNCs need to be further explored for sensing other analytes

such as alcohol or glucose.

(iii) The Catalase protein stabilized AuNCs-based concept needs to be translated to sensor platforms
by adopting suitable immobilization strategies of these clusters onto different matrices for developing

a standalone biosensor for on-site applications.

(iv) The proposed sensors should be coupled with a suitable app in Smartphone devices for their

point of care and onsite applications.
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Silk-fibroin film as enzyme stabilizing material and optical signal
transducer for developing alcohol oxidase-based pPAD methanol biosensor
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ARTICLE INFO ABSTRACT

Keywords: The commercial success of paper-based microfluidic biosensor devices with enzyme as recognition elements may
Silk fibroin be achieved greatly by improving the enzyme stability, averting the coffee-ring effect on the detection zone, and
Alcohol oxidase making it a stand-alone system. We have addressed these issues here by introducing silk-fibroin (SF) film for
:zzii dase immobilizing enzymes and chromogenic reagent (ABTS), and wave-design microfluidic channels in the chro-

matographic paper for developing a hybrid microfluidic paper-based analytical device (pPAD), for methanol
Methanol biosensors detection through peroxidase reaction. The activity of alcohol oxidase (AOx), used as a biorecognition element,
Coffee ring effect could be wholly retained in a non-dissolvable SF film (pore size <3.5 pm) until 40 days of storage at room
pPAD temperature (RT) by reducing oxygen permeability to the film. Similarly, ABTS in a dissolvable SF film was
protected from air-oxidation even up to two months of storage at RT. The detection approach exploited purple
color as a high contrast response signal generated from ABTS di-cation formed from the reaction of SF protein
with the ABTS radicals generated from the substrate-dependent peroxidase reaction. The wave-designed
microfluidic channels could significantly reduce the coffee ring effect in the detection film. The bi-enzyme SF
films prepared by co-immobilizing AOx with peroxidase (HRP) offered high sensitivity to the device with a
detection limit (LoD) of 1 £+ 0.05 mM and a dynamic range of 1 mM-2 M for methanol. The stand-alone hybrid
PPAD biosensor for methanol has a high potential for commercial applications.

Enzyme stability

1. Introduction

Alcohol sensors for methanol have high importance in the field of
fuel, fermentation, pharmaceuticals, and forensic analysis. Currently
available devices for sensing alcohol are based on the chemical, elec-
trochemical, and infrared (IR) principles that are mostly, expensive, less
selective and technically complex systems (Thungon et al., 2017). Ef-
forts are on to introduce alcohol biosensors to make these devices more
selective. The biorecognition elements used to develop alcohol bio-
sensors are few, among which alcohol oxidase (AOx) and alcohol de-
hydrogenase are prominent (Goswami et al, 2013). The major
advantage of AOx over its dehydrogenase counterpart lies in its ability to
function independently since its co-factor (Flavin adenine dinucleotide)
is avidly bound to the redox center; this obviates the need of supple-
menting the cofactor to the reaction medium during the operation.
However, applications of AOx in the commercial paradigm are yet to be
witnessed because of its limited stability (Thungon et al., 2017). A
critical finding emerged recently indicating that the AOx activity rapidly
declined upon its constant interaction with molecular oxygen, an
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electron acceptor for the enzyme-catalyzed reaction (Das et al., 2022).
Hence, to improve the enzyme’s stability, a suitable biocompatible
immobilization material needs to be explored that should additionally
be able to screen the atmospheric oxygen from the enzyme under the
storage conditions.

The important features required for the immobilization support
material are its availability, low cost, biocompatibility, and chemical
and thermal stability (Zdarta et al., 2018). The emerging biomaterials,
silk fibroin (SF), and paper are expected to fulfill these requirements. SF,
a fibrous protein found in the cocoons of Bombyx mori (B. mori), is a
versatile biomaterial due to its good thermal stability and biocompati-
bility (Drachuk et al., 2013; Kaushik et al., 2020). Moreover, it could be
transformed into different types of scaffolds, such as fiber, film, or
hydrogels (Vepari and Kaplan, 2007). There are few reports on the
immobilization of less complex enzymes such as horseradish peroxidase
(HRP) (Lu et al., 2009b, 2010), glucose oxidase (GOx) (Lu et al., 2009a;
You and Pak, 2014), and cholesterol oxidase (Saxena and Goswami,
2010) in silk fibroins. However, investigations on the immobilization of
AOx and other complex multimeric enzymes in silk-fibroins have not
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A paper-based microfluidic detection device for the detection of ethanol is demonstrated in
this work. The method is based on a fluorophore consisting of short-chain conjugated
molecular unit susceptible to the protonation of its terminal pyridine groups, along with a
carboxyl-functionalized sidechain that acts as a binder and renders it water-soluble. The
resulting fluorescent paper device yields large fluorescence changes when exposed to
reactions that yield H,O, in agueous solutions. Using an enzyme-catalyzed rection that
produces H,O, from ethanol, we developed a two-zone, cut-out paper device containing a
reaction zone in which the ethanol-containing analyte is placed, and an adjacent sensor
zone where we observe a fluorescence color shift proportional to the ethanol
concentration. The limit of detection of the fluidic ethanol biosensor was 0.05 vA/%
and the dynamic range was 0.05-2 v/v%. This method was employed to detect the
alcohol concentration of consumer vodkas using only a paper sensor and a smartphone
camera.

Keywords: paper, fluorescence, hydrogen peroxide, ethanol, sensor, alcohol

GRAPHICAL ABSTRACT |

TH %]t%iﬁ%&gm:homiersm.org

1 May 2022 | Volume 3 | Article 840130



Downloaded via INDIAN INST OF TECH GUWAHATI on November 11, 2020 at 07:26:54 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Biomaterials

pubs.acs.org/journal/abseba

Review

Silk Fibroin: An Emerging Biocompatible Material for Application of
Enzymes and Whole Cells in Bioelectronics and Bioanalytical

Sciences

Sharbani Kaushik,® Phurpa Dema Thungon,§ and Pranab Goswami*

Cite This: ACS Biomater. Sci. Eng. 2020, 6, 4337-4355

I: I Read Online

ACCESS |

[l Metrics & More

I Article Recommendations

ABSTRACT: Enzymes and whole cells serve as the active
biological entities in a myriad of applications including biopro-
cesses, bioanalytics, and bioelectronics. Conserving the natural
activity of these functional biological entities during their prolonged
use is one of the major goals for validating their practical
applications. Silk fibroin (SF) has emerged as a biocompatible
material to interface with enzymes as well as whole cells. These
biomaterials can be tailored both physically and chemically to create
excellent scaffolds of different forms such as fibers, films, and
powder for immobilization and stabilization of enzymes. The
secondary structures of the SF-protein can be attuned to generate
hydrophobic/hydrophilic pockets suitable to create the biocompat-
ible microenvironments. The fibrous nature of the SF protein with a
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dominant hydrophobic property may also serve as an excellent support for promoting cellular adhesion and growth. This review
compiles and discusses the recent literature on the application of SF as a biocompatible material at the interface of enzymes and cells
in various fields, including the emerging area of bioelectronics and bioanalytical sciences.

KEYWORDS: silk fibroin, enzymes, whole cells, biocompatible, bioelectronics, biosensors, biofuel cell

1. INTRODUCTION

The biobased electronics and analytical devices, such as
biosensors and biofuel cells, have gained tremendous research
interest over the past decade owing to their great application
potential in the field of healthcare, biomedical sciences,
environmental studies, and sports.”” One of the critical issues
that decides the commercial success of such biobased devices is
their stability, which considers both the shelf- and operational
life of the construct. The active biological entities (e.g,
enzyme, cells, antibody) being used to emulate the desired
functionality to the device is mainly responsible for the stability
issues. A strategy that is widely adopted to prolong the
functional (catalytic, interactive, metabolic, etc.) activity and
vitality of the biological entities is their immobilization into a
suitable biocompatible material or platform. Such support
systems should also be resilient mechanically and chemically as
well as offer easy diffusion of the substrates or targets to
facilitate the intended biocatalytic or metabolic function of the
entities.” The other objective of the immobilization is to
improve the cost economy of the product or device as this
action enables one to recycle the biological entities. For some
applications of the microbial cells such as in biofuel cells and
biocatalytic processes, the platform that supports dense
microbial- or biofilm growth is also desired additionally.

TH-Z?%:‘_ %@Wﬂcahons © 2020 American Chemical Society 4337

Exploring novel biocompatible platforms that support fast
microbial- or biofilm growth has been an active area of research
in recent times, particularly in the field of bioenergy and
bioprocesses.

Several natural as well as synthetic polymers, bioinks, and
polyelectrolyte solutions have been assessed for their “enzyme/
cell-bearing” abilities as scaffolds, capsules, or films with their
set of advantages and setbacks.”” Of late, bio-based materials
have received enormous importance in the field owing to their
natural placid and biocompatible properties for housing labile
protein-based enzymes and even bacterial cells.”™” The silk
fibroin (SF), a biomaterial of emerging applications in different
fields, is yet to be adequately explored as a support material for
enzymes and microorganisms for application in the field of
bioelectronics and bioanalytical sciences.
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ARTICLE INFO ABSTRACT

Keywords: Development of portable, reliable, sensitive, simple, and inexpensive detection system for alcohol has been an
Alcohol detection instinctive demand not only in traditional brewing, pharmaceutical, food and clinical industries but also in
S?nsors rapidly growing alcohol based fuel industries. Highly sensitive, selective, and reliable alcohol detections are
Biosensors currently amenable typically through the sophisticated instrument based analyses confined mostly to the state-
f/ﬁz(r;?:f of-art analytical laboratory facilities. With the growing demand of rapid and reliable alcohol detection systems,
Lab-on-chip an all-round attempt has been made over the past decade encompassing various disciplines from basic and

engineering sciences. Of late, the research for developing small-scale portable alcohol detection system has been
accelerated with the advent of emerging miniaturization techniques, advanced materials and sensing platforms
such as lab-on-chip, lab-on-CD, lab-on-paper etc. With these new inter-disciplinary approaches along with the
support from the parallel knowledge growth on rapid detection systems being pursued for various targets, the
progress on translating the proof-of—concepts to commerecially viable and environment friendly portable alcohol
detection systems is gaining pace. Here, we summarize the progress made over the years on the alcohol
detection systems, with a focus on recent advancement towards developing portable, simple and efficient alcohol

Sensors.

1. Introduction

Rapid, sensitive, selective and quantitative detection of alcohols
have great importance in law enforcement and forensic sectors, and
clinical-, chemical-, pharmaceutical- and fermentation- industries
(Azevedo et al., 2005; Patel et al., 2001). Conventionally, chromato-
graphy and its coupling with various spectrometric techniques have
been used for reliable and sensitive detection of alcohols. These
classical methods are however, complex, expensive, time consuming
and difficult to use in onsite measurements. Most of the current and
future requirements, including in rapidly growing alcohol based fuel
industries, however, demand portable, low cost, and selective alcohol
detection system. There has been a paradigm shift of research interest
from the lab to field based alcohol detection systems over the last
decade. Different alcohol sensors have been developed by adopting
physical, chemical and biological tenets through independent as well as
interdisciplinary approaches. A parallel effort to develop Lab-on-Chip
based miniaturized platforms for detection of alcohol has been also
taking stride by integrating knowledge from various fields and techni-
ques, such as, microelectromechanical system (MEMS) and micro
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fluidics. The progress made on the subject during the last decade is
enormous which justifies forwarding a comprehensive review on it for
ready reference of the interested readers. Here, we made an effort to
summarize various methods and techniques evolved so far for the
detection of alcohols with a major focus on ethanol sensors. The
detection approaches have been delineated into different categories
encompassing the conventional sophisticated instrument based sys-
tems, physical, chemical and biological sensors and emerging minia-
turized platforms being developed by integrating concepts and techni-
ques from multiple disciplines. Finally, a critical assessment on the
developed systems and future prospects on the field have been high-
lighted.

2. Conventional Instrument based analysis of alcohols

The use of alcoholic beverages is associated with the genesis of
civilization and on record, beer brewing has been practiced since the
6th millennium BC (Arnold, 1911). Different primitive alcohol detec-
tion methods were evolved among which, the densitometry based
alcoholmeter is relatively better known (Gay-Lussac, 1824). Over the
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