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ABSTRACT

Biosensors can play a crucial role in biomedical diagnosis, benefiting point-of-care monitoring and the
guided treatment of diseases. In addition to biomedical diagnosis, biosensing devices can contribute to
environmental monitoring, drug discovery, and food quality monitoring. A wide range of biosensors,
such as optical, electrochemical, etc., are being developed. Photonic biosensors appear to be a good
candidate for wide-scale commercialisation and deployment because of their high sensitivity, the
possibility of cost-effective large-scale fabrication, and easy miniaturisation. One of the significant
obstacles in the wide-scale deployment of silicon nitride photonic biosensors is the lack of a robust
surface functionalisation method to immobilise receptors on the sensor's surface to capture the target
analyte. In this thesis, [ have studied the analytical performance of bioinspired polydopamine-based
surface chemistry for the immobilisation of bioreceptors on the surface of guided-mode resonance-
based silicon nitride photonic biosensors and observed that this protocol provides high bioreceptor
immobilisation density that, in turn, enhances the signal observed for antigen binding. A detection limit
of 10 pg/mL and a wide dynamic range (10 pg/mL-10 pg/mL) was achieved for Immunoglobulins
(IgG), C-Reactive Protein (CRP,) and Matrix Metalloproteinase-9 (MMP-9) antigens detection, using
polydopamine functionalised guided mode resonance based photonic sensors. Moving forward, I
studied polydopamine surface chemistry optimised guided mode resonance-based sensing platform for
detecting inflammatory wound biomarkers Tumor Necrosis Factor-o (TNF-a) and Interleukin-6 (IL-6)
in hydrogel-based wound dressings absorbed with human matrix and clinical wound exudate.
Additionally, I further studied the suitability of the photonic biosensing device for trypsin enzyme
detection in human urine, an essential biomarker for pancreatic diseases, by developing the biological
interface using beta-casein as the substrate for trypsin. Our platform can detect trypsin with high
sensitivity and wide dynamic range in human urine. In brief, this thesis describes an optimisation of
biological interfaces for guided mode resonances-based silicon nitride photonic sensors using a
polydopamine layer. The sensor achieves sensitive detection of protein-based biomarkers in complex
human fluids such as 10 % human serum, wound fluid-absorbed hydrogel, and human urine in label-

free manner.



Author’s Declaration

I declare that this thesis is a presentation of original work and I am the sole author. This work has not
previously been presented for a degree or other qualification at this University or elsewhere. All sources

are acknowledged as references.

Shrishty Bakshi

List of Publications, Conferences, and Summer Schools

Publications arising from the work reported in this thesis:

1. Shrishty Bakshi, Kezheng Li, Pin Dong, Isabel Barth, Casper Kunstmann-Olsen, Steven Johnson,
Thomas F Krauss, Bio-inspired polydopamine layer as a versatile functionalisation protocol for silicon-

based photonic biosensors. Talanta (ELSEVIER), Volume 268, February 2024, 125300.

2. Shrishty Bakshi, Pankaj K. Sahoo, Kezheng Li, Steven Johnson, Michael J. Raxworthy, Thomas F
Krauss, Nanophotonic and hydrogel-based diagnostic system for the monitoring of chronic wounds.

Biosensors and Bioelectronics (ELSEVIER), Volume 242, December 2023, 115743.

3. Shrishty Bakshi, Kezheng Li, Pankaj K. Sahoo, Thomas F Krauss, Nanophotonic platform for
highly sensitive detection of trypsin enzyme in human urine. Chemical Communications (Royal Society

of Chemistry) 2025, 61 (28), 5321-5324
Conference Proceedings

1. Shrishty Bakshi, Kezheng Li, Pin Dong, Steven Johnson, Thomas Krauss,
Mussel inspired polydopamine surface chemistry as a one-step method for bioreceptor
immobilisation on silicon photonic biosensors, 2023 IEEE BioSensors Conference

(BioSensors).



Publications arising from working on other projects:

6. Shrishty Bakshi, Preeti Pandey, Yousuf Mohammed, Joanna Wang, Michael J. Sailor, Amirali Popat,
Harendra S Parekh, Tushar Kumeria, Porous silicon embedded in a thermoresponsive hydrogel for
intranasal delivery of lipophilic drugs to treat rhinosinusitis. Journal of Controlled Release

(ELSEVIER), Volume 363, November 2023, 452-463. Equal First Author

5. Shrishty Bakshi, Aaron J. Snoswell, Kei Yeung Kwok, Lung Hei Cheng, Tariq A. Altalhi, Abel
Santos, Amirali Popat, Tushar Kumeria, Spray-n-Sense: Sprayable Nanofibers for On-Site Chemical

Sensing. Advanced Functional Materials (WILEY), Volume 32, April 2022, 2103496.

4. Gunjan Singh, Shrishty Bakshi, K.K. Bandyopadhyay, Sudeep Bose, Ranu Nayak, Debarati Paul,
Enhanced biodegradation of melanoidin pigment from spent wash using PDMS immobilized microbes
via ‘repeated addition’ strategy. Biocatalysis and Agricultural Biotechnology (ELSEVIER), Volume 33,
May 2021, 101990. Equal first author.

3. Samriddhi Mehta, Shrishty Bakshi, Sangeeta Choudhury, Sudeep Bose, Ranu Nayak, Hierarchical
gold nanostructures based sensor for sensitive and fast detection of cancer biomarker. Indian Journal of

Biochemistry and Biophysics, Volume 58, April 2021, 135-140.

2. Shrishty Bakshi, Samriddhi Mehta, Tushar Kumeria, Muhammad. J.A. Shiddiky, Amirali Popat,
Sangeeta Choudhury, Sudeep Bose, and Ranu Nayak, Rapid fabrication of homogeneously distributed
hyper-branched gold nanostructured electrode based electrochemical immunosensor for detection of
protein biomarkers. Sensors and Actuators B: Chemical (ELSEVIER), Volume 326, January 2021,
128803.

1. Shrishty Bakshi, Kritika Pandey, Sudeep Bose, Gunjan, Debarati Paul, Ranu Nayak, Permanent
superhydrophilic surface modification in microporous polydimethylsiloxane sponge for multi-
functional applications. Journal of Colloid and Interface Science (ELSEVIER), Volume 552, September
2019, 34-42.

Summer Schools:

1. Shrishty Bakshi, Kezheng Li, Ping Dong, [sabel Barth, Casper Olsen Kunstmann, Steven Johnson,
Thomas F Krauss. Mussel-inspired one-step biofunctionalisation protocol for photonic biosensors.
SUSSP 79 Summer School in Photonic Sensing and Spectroscopy (2023), University of St. Andrews,

Scotland, United Kingdom. Poster Presentation

2. Shrishty Bakshi, Kezheng Li, Thomas F. Krauss. Optical biosensors to monitor Ageing related
Biomarkers in human blood serum. Cognitive Frailty Interdisciplinary Network ECR summer school

(2023), Lancaster University, United Kingdom (Remote). Oral Presentation



Conferences:

1. Shrishty Bakshi, Kezheng Li, Pin Dong, Steven Johnson, Thomas F. Krauss. IEEE Biosensors
(2023) Conference, London, United Kingdom. Poster Presentation

2. Shrishty Bakshi. Guided Mode Resonance based sensors for biosensing applications. Physics
Postgraduate Conference 2023, School of Physics Engineering and Technology, University of York,

United Kingdom. Oral Presentation

3. Shrishty Bakshi, Kezheng Li, Pankaj K. Sahoo, Thomas F. Krauss, Guided mode resonance based
sensing platform for highly sensitive detection of trypsin enzyme in human urine, Europtrode 2024,

University of Birmingham, Birmingham. Poster Presentation



CONTENTS. Page Number

0 o 1317 10
LSt Of taDIES. .. et 15
N 1103 T TSy ' Uy 8 16

Chapter 1. Introduction t0 DIOSENSOTS. .. ...utirtiriettetiittiitete et eeeteateaneeneseeeniesnerreseeseesseesseenss L8

0 R 2 5107331 U P 18
1.2, APPlications Of DIOSEISOTS. ... uututt sttt et ettt et et et et et et et et et ete et aneeneaneaneaneaneaneaas 19
1.3. Elements and characteristics of a typical DioSenSOr. .........o.vviiiiiiiiiiiie e 19

1.3.1. Elements of @ typical DIOSENSOT. ... ..vvviiriiet it it eiei et eiee e eeeee s rreieeseesseenseeneees 19
1.3.2. CharacteriStiCS Of DIOSENSOTS. ... uuettt ittt ettt et ettt 20
1.4. Classification of biosensors based on tranSAUCET. .........oovuuiitiiiii e 21

1.5. Biomarkers and BioT@CePLOrS. ... .vuuinteteiteetieiiiteete et e et eaeereene e eesereenesnennenneen 24
L5 1 BIOMATKETS. ..o eeee e e e e 24
R TR 5 5 o) (1017 0110 ¢ 26

1.6. Labelled and Label-free bioSensing..........c.coovviiiiiiiiiiiiiiiiiiiiiiiieeeeneiienieneeseeensesssesssesenenns 30

1.7. Major challenges in wide-scale commercialisation of bioSensors...............ovviieiiiiiinann, 32
1.8. Scope, Objectives and Summary of Thesis........c.vvuiiiiiiitiiii e, 35
1.8.1. SCOPE Of the thesiS. . .vut ittt et eane e 35
1.8.2. Objectives OF the theSiS. .. ..uiui ittt et ettt et e et e e et eneeneaneaneans 35
1.8.3. Summary 0f the thesis. ... ..ottt e aen 36
Chapter 2. NanophotOniC DIOSEISOTS. ... ..utietietentetet et ettt et ettt e et eeeneeeeeaneaneanns 37

2.1. Label-free nanophotonic biOSENSOTS. .. ...uvttrtettetietieetett et eteeteeeeneeneeneieeieesreesseessesssenssensd ]

2.2. Silicon nitride based photoniC bIOSENSOTS. .. .. .viutitt ittt et et eee et et et ereeneaneneaens 38
2.3. Guided mode resonance (GMR) based phenomenon. ...........o.vvviiiiiiiiiiiiiiiiiiieie e eeanenan 38
2.3.1 Guided mode resonance (GMR) effect for biosensing applications...............ccevvviiiiiiniinnnnn 39

2.3.2. Chirped guided mode resonance (GMR) based biosensor.............ccoevvveviiiiininniiinniinnennn 44



2.4. Integration of silicon nitride photonic sensors in miniaturised lab-on-chip systems................ 47

2.4.1. Microfluidics for sample deliVery.........c.ovviiiiii e 47
2.4.2. Cost-effective light sources and data readout SYStems.............ooviveviecincenreecie e 48
2.4.3. Biological interface for silicon nitride photonic biosensors..............c.ceoiiiiiiiiiniiiinan.. 49
2.5. Fabrication methods of guided mode resonance-based SENSOrs...........c.vvvviviiiiiiiininiinnennnnns 50

2.5.1. Electron beam [ithography ...........ccviiiiiiiiiiiiiiii e everreeeieeieene D0

2.5.2. Nanoimprint HthOgraphy.........ouiieiiniiii e e e e 50
B T\, 173 - Y 51
0 Y] 111 T Yo £ 51

2.7.1. Fabrication protocol of guided mode resonance (GMR) based sensors by mnanoimprint

ThOGIaPRY . . ..o e 51

2.7.2. Fabrication protocol of guided mode resonance (GMR) based sensors by electron beam

0 10 < 1 ] 1) 52
2.7.3. Fabrication of MiCrOfIUIAIC CITCUILS. . ... uuutitt ittt ettt et eeeens 54
2.8. ReSULLS ANd AISCUSSION. . ... vttt ettt ettt ettt e e e ettt et e 55

2.8.1. Characterisation of chirped guided mode resonance (GMR) sensors fabricated using nanoimprint

JhOGIaPRY . . oo 56

2.8.2. Chirped guided mode resonance (GMR) sensors fabricated using electron beam

TthOGIapRY . . ..o e 58

Chapter 3. Bioinspired polydopamine layer as versatile functionalisation protocol for silicon-based

o107 0) 08 Tol o310 TST 31T ) 60
3.1. Importance of bioSensing INLETTACE. ... ..ouvirtit it 60
3.2. Ideal surface functionalisation Strate@y........c.covviiriiiiiii et ee e 60
3.3. Bioreceptor immobiliSation Strat@@IesS. ........vureutintintet et ettt et eetetetenaentennenaans 61
3.3.1. Adsorption based approach...........o.vviiiiiii i e 61
3.3.2. Covalent apProaChies. ... .ouiei ittt e e 61

3.3.3. Bio-affinity based approaches............c.coouiiiiiiiiiiiiii . 03



3.3.4. Polymer layers to immobiliSe biOreCePLOTS .. ... .vuuintintintitit et eeeenans 64
3.4. Mussel-inspired polydopamine (PDA) surface chemistry..............oovviiiiiiiiiiiiiiiiieieen, 65
3.5. Biosensing in complex human biofluids.................cooiiiiiiiiiiii e 08
3.0, MAtErIalS. ..ot 69
37 MEtROGS. ..o 70
3.7.1. PDA surface functionalisation protocol...............ceiviiimiierieciieceeeeieecieeereeeeeeesvessesnesnenes 10
3.8. Results and diSCUSSION. ... . .uuiuiuini it e 72
3.8.1. Quartz crystal microbalance analysis...........ccovvviiriiriiiieniiiiiieiienteiieeeeeeereeneenneeens 12
3.8.2. Chirped guided mode resonance (GMR) analysis...........c.cocoviiviiiiiiiiiiiiiiinniiiniennennn 15
3.8.3. Biosensing in 10 % human Serum..........c.oouiitititiit e e e eaeaans 78
3.8.4. Sensor stability in alkaline SOIUtIONS. ........ouiti e e 80
3.9. Summary of the work reported in this chapter................cooiiiiiii i 8

Chapter 4. Nanophotonic and hydrogel-based diagnostic system for the monitoring of chronic

WWOUIIAS . . ettt ettt ettt e ettt et e et e ettt e e e e et e e e s s e eerereeesesnnaaneeesesen 82

O R 041 (0] 0B (O 13 T L 82
4.2. Importance of monitoring biomarkers associated with chronic wounds............................... 82
4.3. Biosensors to monitor wound biomarkers. ... ... 83
4.4. Hydrogel-based wound dresSings. .......o.vuuiutintitetet ettt et ettt et e e e e naeans 84
A5 MALETIALS. ... e e 86
4.6, MEtROMS. . ..ot 86
4.6.1. Human matrix capture by hydrogel dressing experiment..............o.cevvvvriviiinernennennennann.. 86
4.6.2. Bio-recognition assay in phosphate buffer saline (PBS)...........ccooiiiiiiiiiiiiiiiiiiiia 86

4.6.3. Bio-recognition assay in hydrogel containing human matrix and clinical wound

Lo Qi L 2 £ TR RURRRRRRRTRRRRRRRRRE . 4

4.7. ReSUltS and dISCUSSION. . ... vttt ettt ettt et e e e e e e e ettt e 87



4.7.1. Detection of Tumor necrosis factor-a (TNF-a) and Interleukin-6 (IL-6) in PBS
DU T 87

4.7.2. Wound biomarker detection in hydrogel...............oooiiiiiiiiii e 89

4.7.3. Biomarker detection in hydrogel dressing absorbed with human matrix and clinical wound

Qi T 2 < I 91

4.8. Summary of the work reported in this chapter..............coooiiiiiiii i 94

Chapter 5. Nanophotonic platform for highly sensitive detection of trypsin enzyme in human

10V o LR PPURRRRRRORPRRRRRRRRRRIL° 1

S BDIZY NS, . ettt e 95
BTN o (0] 1T R 11721 1141 95
5.3 MALETIALS. . . et 97
SA MENOMS. . e 97
5.4.1. Trypsin detection experiments in phosphate buffer saline (PBS)..................cooiiiiiiiini, 97
5.4.2. Trypsin detection experiments in human Urine................oovvuiiiiiiiiniiniiniiiienneneennennns 98
5.5. Results and diSCUSSION. ... ....utnun ittt 98
5.5.1. Detection of trypsin using guided mode resonance-based sensors in PBS......................... 100

5.5.2. Detection of trypsin in undiluted human urine...................ccoooviniiiiinienieneneseesee e, 102

5.6. Summary of the work reported in this chapter...............cooiiiiiiiii i 103

6. Objectives achieved and ConClUSIONS. ..........iitititi e eaes 105

6.1. Conclusions: Chapter 3- Bioinspired polydopamine layer as versatile functionalisation protocol for

silicon-based PhOtONIC DIOSENSOT. ... .ttt ittt ettt et et e et e e et et et et et eneeneeneaneanens 105

O.1.1. FULUIE WOTK. ..ottt e e e e 106

6.2. Conclusions: Chapter 4-Nanophotonic and hydrogel-based diagnostic systems for the monitoring

OF CITONIC WOUIAS. . ..ottt e e 106



6.2.1. FULUIE WOTK. ..ottt e e 106

6.3. Conclusions: Chapter 5-Nanophotonic platform for the highly sensitive detection of trypsin enzyme

Vol 10100 F=Y o 1w 0 L= 107
6.3.1. FULUIE WOTK. ..ottt e 107
R O EIICES . .ottt 109



List of Figures

FIGURE 1: Picture depicting point-of-care diagnostics enabling rapid results and guided treatment of

16 T 1L T 18

FIGURE 2: General components of a typical biosensor; (a) Analyte-the molecule of interest or target
(b) Bioreceptor-to capture the analyte; (c) Transducer to convert biological interaction into a measurable

signal; (d) Signal processing and display unit; (¢) Biological matrix...............c.cooiiiiiiiiinna.. 20

FIGURE 3: Near-patient testing device to detect disease biomarkers using immobilised bioreceptors on

the SENSINE SUTTACE. ...ttt ittt ettt et ettt et et et et et et et et et et e e et eneeneeneaneanes 25

FIGURE 4: Different types of bioreceptors used in biosensing devices (i) Antibody as bioreceptor; (ii)

Whole cell as bioreceptor; (iii) enzyme as bioreceptor;(iv) Aptamer as bioreceptor..................... 28

FIGURE 5: Figure depicting antibody body label-free biosensing approach for analyte detection using

ANTIDOMIES @S DIOTECEPIOTS. ..\ttt ettt et ettt et ettt et et et et et et et et et et eneeneaneaneaneaneaneanenns 31
FIGURE 6: Fouling of biosensing surface caused by blood containing a pool of biomolecules......... 34

FIGURE 7: Image depicting excitation of guided mode resonances in wavelength scale gratings. The
figure is taken reference from [26] under the terms of Creative Commons Attribution 3.0

| (T3 4 ot 39

FIGURE 8: Mechanism of biosensing using guided mode resonance-based biosensors. Biological

interaction on the surface of the guided-mode resonance biosensor shifts the resonance wavelength...41

Figure 9: Evanescent wave used by guided mode resonance-based grating sensor for biomolecule

(6 11T o150 ) s DI 42

FIGURE 10: (a) Picture depicting the grating design used in the study with period varied along the
length of the grating; (b) Only narrow strip resonating on a silicon nitride-based chirped guided mode
resonance sensor; (¢) Data processing steps to track the change in resonance position in accordance to

the refractive index changes on the SUrface..............oooiiiiii i e 45

FIGURE 11: (a) Optical image of the polydimethylsiloxane-based microfluidic channels. The width of
the channels is 450 um with 100 pm spacing between them. The height of the channels is 100 pm; (b)

Optical image of polydimethylsiloxane microfluidic channels with outline of microfluidic channels

FIGURE 12: Miniaturised guided mode resonance-based sensor setup designed using 3D printing to
design the outer box, LED as light source, and CMOS camera for data read out. The figure is reprinted

from the reference [119] under the terms of the Creative Commons Attribution 4.0 License............ 49

10



FIGURE 13: Schematic depicting sensor fabrication steps by (a) Electron beam lithography and (b)
Nanoimprint lithography. The image is provided by Dr. Kezheng Li...............c.oocoit. 53

FIGURE 14: Optical Microscope of image six guided mode resonance sensors fabricated with electron

beam lithography taken at 4x magnification...............cooiiiiiiiiiiii i, 54

FIGURE 15: (a) Optical image of the setup used for the measurements; (b) Schematic of the optical

setup ; (b) Schematic of the microfluidics together with 3D printed holder to perform experiments..55

FIGURE 16: (a) Optical images of chirped guided-mode resonance gratings fabricated by nanoimprint
lithography showing resonance at 650 nm; (b) Optical images of chirped guided-mode resonance

gratings fabricated by electron beam lithography................o 56

FIGURE 17: (a) Optical images of gratings showing the shifts in resonance position in response to
change in refractive index on the surface of the sensor; (b and c) Resonance Shifts for different
phosphate buffer concentrations that gave different refractive index values in increasing trend as shown
in Figure c, giving a bulk limit of detection of around 3.17x10*. Error bars represent the standard

deviation observed from three separate MeasUreMENTS. ... ..o.vveteetertentetiteneeeaeeeaeaeaneanenes 57

Figure 18: a) Optical micrograph of the resonance on the chirped GMR grating, taken in reflection. The
image shows the resonances observed in reflection from chirped GMRs as a typical example; (b)
Scanning electron micrograph of the grating. The period varies between 432-440 nm, and the filling
factor is 0.7. The gratings are designed for a resonance wavelength around 650 nm; (c) E-field of the
GMR on resonance (TM mode), highlighting that the evanescent field of the mode decays exponentially
from the surface of the SizN4 and the penetration depth is less than 200 nm, with the main field
concentrated within the first 50 nm from the surface; The color bar represents the normalized electric
field strength, referenced to a flat silicon nitride substrate. The structure consists of silicon nitride
gratings fabricated on a borosilicate glass substrate, with water as the surrounding medium (d)
Bioreceptors immobilised on guided mode resonance-based sensor surface for biosensing

Y00 U7 15 0] 010U P 59

FIGURE 19: General requirements of an ideal surface functionalisation strategy......................... 61

FIGURE 20: (a) Bioreceptor immobilisation on the surface by adsorption method; (b) Bioreceptor

immobilisation on the surface by the covalent method using self-assembled monolayers................ 62
FIGURE 21: (a and b) Affinity-based approaches for bioreceptor immobilisation on the surface...... 63

FIGURE 22: (a) Dopamine to polydopamine conversion mechanism; (b) Biomolecule attachment on
polydopamine surface via Michael addition and Schiff based reaction. The chemical reactions presented

here are according to mechanism given in the references [120,195] ..., 67

1



FIGURE 23: Data depicting the antifouling effect of amino-Polyethylene glycol (PEG) functionalised
surface as all fetal bovine serum comes off when the washing step is performed with PBS buffer
indicating negligible sticking of biomolecules from fetal bovine serum on the sensor surface. Inset
image showing an example of fouling of the surface caused by fetal bovine serum when the surface is

N0t blocked USING DLOCKET. ... ..o e 68

Figure 24: (a) Mussels with adhesive fibres; (b) enlarged image of secreted byssal; (c¢) chemical
structure of the dopamine molecule; (d) sensing surface (here: silicon nitride grating); (e) polydopamine
solution applied to surface; (f) sensor coated with the polydopamine solution; (g) direct antibody

attachment to the polydopamine coated sensing surface..............c.oeoeveiiiiiiiiiniiiiiiiiiiann. 71

FIGURE 25: (a) IgG immunoassay on a PDA-functionalised silicon dioxide QCM sensor; (b)
comparison of chemical reactivity of polydopamine and MPTES + NHS-(PEG)s- maleimide
functionalised surfaces after preincubation for up to 24 h in PBS (pH-7.4). The drop in the activity of
MPTES + NHS-(PEG)s-maleimide chemistry is observed because of hydrolysis of the NHS ester; (c,
d) comparison of the observed frequency shifts for five clinically relevant antibodies (50 pg/mL) (c)
and associated antigens (1 pg/mL) (d) for both polydopamine and silane-NHS functionalised sensors (n

=3 & Standard Deviation (SD)).......uitiiiiitii i 73

FIGURE 26: (a) IgG immunoassay on PDA-functionalised silicon nitride guided mode resonance
grating sensors; b) Resonance shifts observed for an IgG concentration in the range from 0.01 ng/mL
to 10,000 ng/mL (n =3 + SD). The inset shows the respective binding curves for an IgG concentration
ranging from 0.01 ng/mL to 1000 ng/mL; ¢, d) Selectivity test performed on polydopamine coated
silicon nitride GMR grating; c) binding curve for 10 pg/mL of IgG and 10 pg/mL of CRP for a grating
functionalised with anti-IgG (50 pg/mL). For 10 pg/mL IgG, a good shift in the resonance position is
observed, while for the same concentration of CRP, only negligible non-specific binding is observed;
(d) In the second selectivity test, the sensor was functionalised with anti-IgG (50 pug/mL), exposed to
100 pg/mL IgG and 10 pg/mL TNF-a. Again, the specific binding is strong while the non-specific
binding is negligible; e and f) Resonance shifts observed for CRP and MMP-9 concentrations in the
range from 0.01 ng/mL to 10,000 ng/mL respectively (n = 3 + SD). The inset shows the respective

binding curves for the protein concentrations ranging from 0.01 ng/mL to 1000 ng/mL................ 76

FIGURE 27: (a) Comparison of the resonance shift observed for anti-IgG (50 pg/ml) immobilisation
on both polydopamine and silane-NHS functionalised surface; (b) binding curve for 10 pg/mL IgG on

both surfaces. 3o values for these measurements were 0.27 WM............cooviiiiiiiiiiiiiiiienenennens 77

FIGURE 28: (a) Stability test of polydopamine films in the air before protein immobilisation; (b)

Binding curve for amine functionalised silica nanoparticles on a polydopamine surface................ 77

12



FIGURE 29: a) Working principle of referencing approach to perform measurements in a complex
biofluid. The measurement utilises a reference channel immobilised with IgG isotype antibodies and a
measurement channel functionalised with specific antibodies (anti-IgG). The spiked human serum is
flown through both channels. To remove the matrix effect, the resonance shift in the reference channel
is subtracted from the resonance shift in the measurement channel which results in the shift shown in
(b). (b) Resonance shift observed for an IgG concentration in the range from 10 ng/mL to 10,000 ng/mL
following subtraction of the matrix effect ;(c) An example of measurement depicting the reference
channel approach for detecting biomarkers in 10 % human serum. The reference channel is prepared by
immobilising isotype antibodies and blocked using a casein blocker, while the measurement channel is
functionalised with specific antibodies and blocked with a casein blocker; (i) The shift observed in the
measurement channel is higher because of the specific binding reaction between the antibody and
antigen, while the shift observed in the reference channel is only because of the matrix effect of
biological media. The shift for the detection of the biomolecule of interest can be obtained by
subtracting the shift observed in the reference channel from the shift observed in the measurement
channel; (ii) Difference shift for specific binding of antigen. The curve is obtained after subtracting the
shift observed in the reference channel from the shift observed in the measurement

CANMIEL. . .. 79

FIGURE 30: Effect of polydopamine coating on the etching of silicon gratings in cell culture medium,
PBS (7.4), and water. Note that the PDA coating provides an element of protection from degradation,
as it approximately doubles the time that sensors can be used. The CCM here stands for cell culture

100110 )£ WSO OOPRPRRRRRRRRRRPPRRRNE .1

FIGURE 31: Schematic of the proposed diagnostic system for monitoring chronic wounds. The
hydrogel based dressing enables non-destructive sampling of the wound exudate for analysis to inform
treatment; (a) Hydrogel wound dressing based sampling device placed on skin wound; (b) Magnified
image showing wound fluid absorbed in hydrogel based dressing placed on skin wound; (¢c) Wound
fluid absorbed dressing collection from skin wound; (d) Near patient testing device to detect wound

biomarkers in wound fluid absorbed dresSing.............o.vvviiiiiiiiiiii e 85

FIGURE 32: Surface chemistry and characterisation of the GMR biosensor for TNF-o and IL-6
detection. (a and b) Polydopamine surface chemistry was used for the anti-TNF-a and anti-IL-6
immobilisation on GMR sensors, followed by the blocking of remaining sites with casein in order to
observe selective binding and to minimise fouling; (c) Resonance shifts observed for TNF-a
concentrations ranging from 0.01 ng/mL to 1 pug/mL. The inset shows the binding curves for the same.

(d) Resonance shift for IL-6 protein in PBS buffer at concentrations ranging from 0.01 ng/mL to 1

13



pg/mL. The binding curves for the same are shown in the inset. The error bars correspond to the standard

deviation for three separate experiments for each concentration...................ooooiiiiiiiiiiiiiinn. 88

FIGURE 33: a) Schematic of the experiment, illustrating that blank hydrogel is introduced first,
followed by spiked hydrogel. The arrows representing the direction of flow of sample in microfluidic
channel; b) Biorecognition assay performed in hydrogel. Firstly, blank hydrogel (ii) is introduced into
the channel to quantify the resonance shift caused by the refractive index of the hydrogel solution. This
is followed by introducing hydrogel spiked with antigen (iii) to obtain the shift caused by the antibody-
antigen binding; (c) Resonance shifts observed for TNF-a of concentrations ranging from 0.01 ng/mL
to 1 pg/mL. The inset shows the binding curves for different concentrations. The error bars correspond

to the standard deviation derived from three separate experiments for each concentration............... 90

FIGURE 34: (a) Schematic of the biorecognition assay used to detect TNF-a and IL-6 on both the signal
and the reference channels. The arrow in Figure 34a represents the direction of flow of sample in
microfluidic channel; b) and c¢) Differential resonance shifts obtained by subtracting the shift observed
in reference channel from the shift observed in signal channel for TNF-a and IL-6 binding, spiked into
human matrix absorbed dressings for concentrations varying from 0.01 ng/mL to 1 pg/mL; (d) and (e)
Resonance shifts observed for the 1 ng/mL TNF-a and IL-6 spiked in the hydrogel dressing absorbed
with clinical wound exudate acquired from the hospital. The error bars correspond to the standard

deviation derived from three separate experiments for each concentration......................c.coeu. 92

FIGURE 35: Full assay to perform antigen (TNF-a) detection in hydrogel-based dressing. The
polydopamine functionalised surface is a) immobilised with anti-TNF-a (50 pg/mL) followed by a
washing step with phosphate buffer saline and b) blocking of the surface with casein to block remaining
sites, followed by another washing step in PBS ¢) The blank hydrogel is introduced, which causes an
obvious refractive index shift followed by d), the hydrogel spiked with the antigen of interest is

introduced, here TNF-a and clear binding curve for antigen binding is observed........................ 93

FIGURE 36: The resonance shift for antigen detection in the human matrix /hydrogel mixture was
determined by subtracting the shift observed in the reference channel from the shift observed in the

signal channel. The reference channel was blocked with casein....................cooocn. 93
FIGURE 37: Mechanism of action of trypsin enzyme on proteins.............c.oeeeveeereeneeneennnnenn. 96

FIGURE 38: Structure of the sensor and biological interface for the detection of trypsin: (a) Sketch of
the silicon nitride-based grating sensor; (b) coating of the sensor surface with polydopamine surface
chemistry; (c) in-flow immobilisation of B-casein on the coated sensor surface; (d) sensor surface after

the action 0f the ENZYIME. ..ottt 99

14



FIGURE 39: (a) Schematic illustrating the detection of trypsin enzyme in PBS; (b) Full assay for the
detection of trypsin in PBS; (c) dynamic range graph for trypsin detection between 0.1 ng/mL and 1000
ng/mL. The inset shows the unbinding curves for the different trypsin concentrations between 0.1

ng/mL-1000 ng/mL as the enzyme digests the B-Casein............c.voviiiiiiiiiiiiiiiiiinieeienaens, 100

FIGURE 40: (a) Schematic of the detection of trypsin in human urine; (b) Detection of trypsin in
undiluted human urine; (c) Dynamic range data for the detection of different trypsin concentrations in
undiluted human urine, ranging from 0.1 ng/mL to 1000 ng/mL. The inset shows the digestion of 3-

casein by different concentrations of trypsin spiked in human urine for concentrations from 0.1 ng/mL

10 1000 NE/MLL. ..o 102
List of tables

TABLE 1: Comparison of commonly employed bioreceptors in bioSensors.............c.ceevvevevennnnns 29
TABLE 2: Performance comparison of silicon-based photonic biosensors. ...............cooeeeveininn... 33

TABLE 3: Mass of antibodies and antigen attached on the quartz crystal microbalance sensor surface
functionalised with polydopamine and silane-NHS chemistry...............c..ocooiiiiiin, 74
TABLE 4: Comparison of detection range reported by different optical biosensing devices developed

TOr IZG ProteIn AetECTION. ...\ttt ettt et e e ettt et et e et e et e et e et e et et e e e e teeaeeaennennennens 81
TABLE 5: Concentration of different biomarkers in healing and non-healing wounds................... 83
TABLE 6: Label-free biosensor for detection of trypsin €nzyme............c.oovviiiiriiiinnenninnennnn. 104

15



Acknowledgements

I would like to thank my advisors, Prof. Thomas Krauss and Prof. Steven Johnson, for giving me the
opportunity to work on the exciting topic of Photonic Biosensors, which helped me gain knowledge

about a lot of new concepts and techniques.

I am very thankful to Dr. Kezheng Li for always being so kind and helpful and helping me in learning
the concepts of nanofabrication and photonics. I am also very grateful to him for fabricating sensors for
this work. I want to thank Dr. Donato Conteduca for all the help and interesting and fruitful discussions
regarding biosensing experiments and for always giving the best advice. I am grateful to Dr. Pankaj K.
Sahoo for fabricating the sensors used in the work. I want to thank Dr. Christopher Reardon for all his
help with ordering stuff and making the process very convenient. I am very thankful to Dr. Pin Dong
for the valuable discussions on the biochemistry part of the experiments. I want to thank Dr. Isabel
Barth, Dr. Alexander Drayton, and Dr. Giampaolo Pitruzzello for their help in clearing the doubts
regarding the theory of guided-mode resonance-based sensing. [ am very grateful to Dr Nyasha Suliali

for his help with the experiments and for the interesting discussions.

I sincerely acknowledge Prof. Michael J. Raxworthy for providing hydrogel and helping us acquire
clinical wound exudate. I also acknowledge Professor Matthew J. Hardman, Wound Group Lead, Hull-

York Medical School, for providing clinical wound exudate.

I am very thankful to Prof. Alison Laird, for all the encouragement and constructive feedback she gave

in the Thesis advisory meetings.

I wish to express my sincere gratitude to my master’s thesis advisor, Dr. Tushar Kumeria, for giving me
the opportunity to pursue my master’s thesis research work in his lab in Australia and enabling me to
work on different projects in the field of drug delivery and biosensing and supporting my learning of so
many new methods and techniques. I am very grateful to my undergraduate thesis advisor, Prof. Ranu
Nayak, for allowing me to pursue my undergraduate research in her lab and giving me the chance to

work on exciting projects very early, and always being there for any guidance.

I am very thankful to all my amazing friends in Australia, Singapore, Canada, India, and the UK for

always being there and keeping in touch, even in different time zones.

Last and most importantly, I am very thankful to my family, Maa, Papa, Divay, and Nani Maa, for all

their love, help, support, and encouragement over the years. Thank you so much for everything.

16



17



Chapter 1. Introduction to Biosensors

1.1. Biosensors:

Biosensors are emerging as an important tool for identifying and managing diseases [1]. Currently, most
tests are conducted in centralised clinical laboratories with delicate instruments that require skilled
personnel and are time-consuming. In recent years, the urgent need for healthcare checkups in various
scenarios has given rise to an immense interest in developing point-of-care tests. Every year, millions
of deaths are caused by infectious diseases, more prominently in developing countries [2, 3]. Enzyme-
linked immunosorbent assay-based tests and polymerase chain reaction-based tests are used to detect
diseases. These methods suffer from disadvantages such as time delays and high costs [4]. Developing
efficient biosensors can make an essential contribution to the healthcare system by providing platforms

for decentralised near-patient testing, thus improving patient healthcare.

Looking back, the first commercial biosensor for glucose detection was developed by Yellow Springs
Instruments analyzer in 1975 [5]. I-STAT came up with the first handheld blood biosensor in 1992 [6].
Since the development of the [-STAT sensing system, significant progress has been made in developing

different biosensing devices.

Figure 1 depicts the point-of-care diagnostic system enabling rapid results.

Point of care diagnostic system

Patient

100 ng/mL

Resonance Shift (nm)

Time (Min)

y

Rapid Result

'

Quick and Guided treatment

FIGURE 1: Picture depicting point-of-care diagnostics enabling rapid results and guided treatment of

diseases.
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1.2. Applications of biosensors:

Biosensors can play an important role in the early detection of diseases such as cancer, neurological
disorders, and infectious diseases [7-9]. Wearable biosensing technologies can be used for continuous
monitoring of biological analytes [10]. In addition, biosensing devices can be used to perform remote
patient surveillance in real-time [11]. Developing nanosized biosensors can be utilised to gain insights
into intracellular processes [12]. Other than the healthcare industry, developing efficient biosensing
systems can also play an important role in the food industry for testing the quality of food [13].
Environmental conditions tracking and monitoring can be another important area where biosensors can
play a significant role [14]. Biosensing devices can be very beneficial in the defence and security sectors
to protect against biological warfare agents [15]. Biosensing devices can be used for studying genetic
patterns, detecting mutating genes, and improving and designing treatments according to observations
[1, 16]. In developing efficient and intelligent drug delivery systems and performing therapeutic drug
monitoring, biosensors can play a critical role [17, 18]. Fluorescence-based biosensing devices can be

used for applications in the field of drug discovery [19].

1.3. Elements and characteristics of a typical biosensor:

1.3.1. Elements of a typical biosensor:

(a) Analyte: An analyte can be defined as a molecule of interest that needs to be identified, sensed or
quantified [6].

(b) Bioreceptor: Bioreceptors are biological molecules that a biosensing device uses to capture the
analyte on the sensor surface. Some examples of bioreceptors are antibodies and aptamers [20,
21].

(c) Transducer: The transducer converts biomolecular interactions on the sensor's surface into a
measurable output signal. Different types of transducers used for biosensing applications are
optical, electrochemical, thermal, and gravimetric [22].

(d) Signal processing and Display: A biosensor’s signal processing and display unit converts the
transduced signal into a readable, user-friendly format. The signal processing unit is designed
using intricate electronics and displays consisting of computers, printers, etc. The output produced

is generally in the form of a graph, image, or number [6].
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(e) Biological Matrix: A biological matrix, in reference to a biosensor can be defined as a medium or

biofluid containing the analyte of interest that needs to be measured or quantified together with

other biomolecules [23]. Examples of the matrix are blood, urine and saliva [24].

Figure 2 shows the different elements of a typical biosensing system.

ore
) o
Transducer

(c) (d)

Bioreceptor

Display

Signal Processing

FIGURE 2: General components of a typical biosensor; (a) Analyte-the molecule of interest or target

(b) Bioreceptor-to capture the analyte; (c) Transducer to convert biological interaction into a measurable

signal; (d) Signal processing and display unit; (¢) Biological matrix.

1.3.2. Characteristics of biosensors:

An ideal biosensor has the following characteristics:

L.

Sensitivity: The sensitivity of the biosensor is its ability to produce measurable signals per unit
change in the concentration of the analyte molecule. The biosensor’s sensitivity can be
calculated by calculating the slope of the calibration curve [25-27]. The lowest analyte
concentration that a biosensor device can detect with reliability is defined as the limit of
detection of the biosensing device, and factors such as the sensitivity of the sensing device and
the noise of the sensing system play an important role in determining the limit of detection of

the biosensor [28].
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2. Selectivity: The biosensor's selectivity is its ability to precisely and accurately detect the desired
analytes of interest from the pool of biomolecules [6, 20]. The selectivity of the biosensor plays
a key role when performing measurements in complex biofluids. The specificity of a biosensor
can be defined as the biosensing interface’s and bioreceptor’s ability to detect only one analyte

specifically [29, 30].

3. Response time: Another important characteristic that describes a biosensor's robustness is the
response time, which is the time the developed biosensing device takes to give results after a

biorecognition event has taken place [31].

Different factors that affect the selectivity and response time of biosensors are the biochemistry
used to functionalise the sensor surface, the composition of the analyte media, flow rate, and

bioreceptors [30, 32, 33].

4. Stability: When performing continuous measurements for a longer duration of time, the stability
of biosensors is an important factor to consider. Several factors play an important role in
determining the stability of biosensors, such as disturbances caused by the external environment

and the stability of the biological interface designed [20, 34].

5. Reproducibility: A biosensor's reproducibility is the ability to generate similar signals for

repeated measurements [20].

1.4. Classification of biosensors based on transducer:

Based on different transducers, biosensors can be classified as:
1. Optical biosensors:

An optical biosensor operates by employing optical transduction methods to detect the analyte
molecules. It uses light-based techniques such as evanescent waves to measure the interaction between
the target analyte and bioreceptor element immobilised on the surface of the optical transducer,
converting this interaction into a measurable optical signal. Optical biosensors employ various receptors
for analyte capture, such as antibodies or aptamers, etc, on the transducer surface to capture the target
analyte. The transduction mechanism or sensing mechanism utilised in optical biosensors produces a
change in the transmission or reflection of light when biomolecules interact on the sensor's functional

surface [20, 35]. Some examples of optical biosensors are surface plasmon resonance-based biosensors
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[36], nanoporous anodic alumina-based biosensors [37], porous silicon-based optical biosensors [38],

and the guided mode resonance-based biosensors that we have studied here.

2. Electrochemical biosensors:

Electrochemical biosensing technology are one of the most studied, characterised and developed
biosensing technologies. One of the most successful examples is glucose biosensors, which are
commercially available [39]. The working principle of electrochemical biosensors involves the
conversion of the bio-interactions taking place on the surface of the working electrode into electrical
signals, such as changes in impedance, current, or voltage [31, 40]. Electrochemical techniques
employed by electrochemical biosensors for monitoring bimolecular interactions are cyclic

voltammetry, chronoamperometry, linear sweep voltammetry, etc. [20].
3. Gravimetric biosensors:

Gravimetric biosensors are based on mass of the analyte based sensing and produce a signal
corresponding to the mass adsorbed on the surface of sensor [41]. Quartz crystal microbalance-based
sensors fall under the category of gravimetric biosensors. The quartz crystal sensors start to oscillate on
the application of alternating voltage. Immobilisation or attachment of mass on the sensing surface of
the quartz crystal sensor results in a shift in the resonance frequency of the sensor, and the magnitude
of the shift observed is directly proportional to the mass immobilised on the sensor surface. A
bioreceptor is immobilised on the surface of the quartz crystal microbalance sensors to detect the analyte

molecule [42, 43].
4. Electronic Biosensors:

Biosensors utilising the field effect transistor (FET) for analyte detection fall under the category of
electronic biosensors. FET-based sensing devices, in general, consist of electrodes, i.e. gate, source, and
drain. It also has a dielectric insulating layer and a semiconducting layer. The interaction of the analyte
with bioreceptors immobilised on the sensing layer (semiconducting or dielectric) causes the changes
in electrical characteristics of the layer and as a consequence of that change in the dispersion of charge
carriers within the sensing layer takes place that in turn, results in the alteration of output current values.
These fluctuations in electrical signals are employed to detect the analyte molecules [44]. Ion-sensitive
field-effect transistors and metal-oxide-semiconductor field-effect transistors are the mostly studied
FET sensors for biological side-related applications. Different types of one-dimensional and two-

dimensional materials can be used to design and develop FETs for biosensing applications [45, 46].
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5. Thermal Biosensors:

Thermal biosensors utilise heat consumed or released during the biochemical reaction for sensing
applications [20]. One example of thermal transducers is thermistors, which are used for various
applications because of advantages such as high sensitivity and cost-effectiveness. Enzymes as
biorecognition elements and thermistors together are called enzyme thermistors and are employed for
applications such as the analysis of food and bioprocess monitoring. Enzyme thermistors monitor
enzymatic reactions by measuring the heat change during the enzymatic reaction [47]. Additionally,

thermal biosensors are used for applications such as pesticide quantification [48].

Each type of transducer discussed above has its advantages and shortcomings. For example, optical
biosensors have very high sensitivity and offer non-destructive and non-interferential analysis, as well
as real-time monitoring of biomolecular reactions [49-51], but often require complex setups for
operation [26, 52]. In contrast, electrochemical biosensors have advantages such as simplicity,
portability, and cost-effectiveness [39] but can suffer from interference from electroactive species [53]
and observation of drifts with time [54]. Gravimetric biosensors offer good sensitivity and real-time
analysis but suffer from some limitations, such as in the case of quartz crystal microbalance-based
sensors, to enhance the sensitivity of sensors, the thickness of the quartz crystal has to be decreased,
which makes sensors easily breakable and mechanically unstable, and thus makes them unsuitable
candidates for practical use as point-of-care devices [55]. Thermal biosensors are sensitive and cost-
effective but suffer from limitations such as lack of specificity [47]. FET-based biosensors have
advantages such as fast response time and high sensitivity [56] but face challenges like charge screening

in biological fluids [57].

When choosing between different transducing systems, the application's specific needs must be
considered carefully. Ultimately, the best sensor choice will depend on various factors, including cost,

accuracy, ease of use, and target of interest.

In this work, I have worked on silicon nitride-based photonic biosensors based on guided-mode
resonances, with a primary focus on developing highly efficient bio-interfaces for silicon nitride based

photonic sensors to enhance their utility as biosensing devices.
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1.5. Biomarkers and Bioreceptors:

1.5.1. Biomarkers:

A biomarker can be defined as a biomolecule that is present in fluids in the body, such as urine or blood,
that gives an indication of normal or uncommon processes taking place inside the body or gives an
indication of the presence or absence of disease [58]. Examples of biomarkers are different types of
biomolecules such as proteins, deoxyribonucleic acid, ribonucleic acids, etc [59]. Biomarker detection
and quantification in biological fluids such as tears, saliva, blood, urine, breath, etc., can play a
significant role in disease identification and detection and management [60, 61]. Point-of-care devices
that can sensitively and efficiently detect these biomarkers in clinical fluids can help in the early
diagnosis and better management of diseases [62, 63]. Various biosensors are being developed for
biomarker detection and quantification using optical and electrochemical transduction technologies
[64]. Additionally, studying biomarkers is gaining importance in the field of the pharmaceutical industry
to optimise drug development, for example, biomarkers are employed to identify any toxicity caused

by new drugs developed and understand the mechanism of drug action, etc. [65].
Based on clinical applications, the biomarkers can be further classified into different types: -

(a) Diagnostic Biomarkers: A diagnostic biomarker is a biomarker studied to confirm the presence
or absence of a disease or other health condition [66]. For example, prostate-specific antigen is

used to diagnose prostate cancer [67].

(b) Susceptibility Biomarkers: Susceptibility biomarkers are used or observe or to study the
possibility of disease development in an individual. Increment in the levels of low-density
lipoprotein cholesterol in the blood hint at the possibility of atherosclerosis development and are

examples of susceptibility biomarkers [66].

(c) Safety Biomarkers: A safety biomarker is used to study any toxicity in response to a particular
medical treatment or therapy. These biomarkers are helpful in identifying if patients are
experiencing any harmful effects from the treatment [68]. An example of a safety biomarker is
serum creatinine, which is used to monitor patients who are given drugs that can affect kidneys

negatively and to look for any signs of nephrotoxicity [69].

(d) Prognostic Biomarkers: Prognostic biomarkers are used to study disease status by monitoring
and screening diseases [70]. These biomarkers are used to study recurring diseases [71]. The
Kiel-67 (Ki-67) biomarker is an example of a prognostic biomarker and is monitored to study

breast cancer development and proliferation [72].
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(e) Therapeutic Biomarkers: Therapeutic biomarkers are measured, observed or quantified to study
the effect of therapy or a treatment on a patient given treatment. For example, the Cancer antigen
15-3 (CA15-3) biomarker is monitored or tracked to examine patients’ responses to breast cancer

therapy [70].

Figure 3 shows an example of biomarker detection using a bioreceptor immobilised on a biosensing

interface from biofluid.

Disease biomarker
captured by
bioreceptor from
biofluids

Quick diagnosis and
Guided treatment

Guided mode resonance gratings
based near-patient disease testing Bioreceptor to capture

device disease biomarker

FIGURE 3: Near-patient testing device to detect disease biomarkers using immobilised

bioreceptors on the sensing surface.
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1.5.2. Bioreceptors:

(a) Antibody bioreceptors:

Antibodies come under the category of affinity-based bioreceptors that are used to detect the analyte
when immobilised on the transducer of a biosensor. The biosensing devices that employ or use
antibodies as biorecognition elements are known as immunosensors [73]. The biological interaction
between the antibodies immobilised on the transducer surface and the antigen in the biofluids results in
the transducer's conversion of biorecognition into measurable signals or quantifiable signals. An
antibody is a Y-shaped structure that is made up of two heavy and two light polypeptide chains that are
connected together by a disulfide bond [74]. Antibodies can be classified into five groups based on
variations observed in their heavy chain region, such as IgG, IgM, IgA, IgD, and IgE [75]. The
advantages of using antibodies as bioreceptors are their small size and high selectivity for the target
molecule. The surface chemistry used to immobilise the antibodies on the biosensing surface plays an

important role in determining the antibody's performance [76].

(b) Aptamer as bioreceptors:

Aptamers are artificial strands of nucleic acid sequences, such as deoxyribonucleic acids and
ribonucleic acids, that are used for analyte detection [20]. Aptamers show high specificity, selectivity
and sensitivity for their target or analyte of interest and also possess high stability in wide range of
conditions [77]. These aptamer sequences bind or interact with their target molecule or analyte of
interest and forms two-dimensional and three-dimensional conformations or structures [20]. Aptamers
do not require animals for their production and can be produced by in vitro methods [78]. In addition
to that, aptamers can be specifically modified to give improved performance, high specificity, and

binding affinity for their target analyte [79].

Generally, affinity-based assays, are characterised by calculating the dissociation constant values, also
called K4 values. Kqis an equilibrium constant that varies inversely to the binding affinity. K4 values
are studied to characterise affinity-based assays and calculate the strength of binding between two

molecules [80].
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(c) Cells as bioreceptors:

Cell-based biosensors utilise live cells as bioreceptors in combination with transducing devices for
analyte detection and monitoring. The immobilised cells, together with the transducer, sense the
environmental conditions and detect the analyte. The immobilised cells on the transducer surface
produce a signal when external stimuli, for example, drugs or other chemicals, are brought into the
vicinity or in contact with cultured cells. With the help of a transducer, these signals can be further
converted into readable output, thus giving an indication of the analyte status [81]. Cells when utilised
as bioreceptors can be used to detect a wide range of analytes [20]. Cell-based biosensors can be
employed and bring in use for various applications such as testing food safety, environmental
monitoring, health care, and pharmaceutical research [82]. One of the interesting properties of cells as
bioreceptors is the distinctive combinations of enzymes and other biological receptors and biomolecules
present in cells that can be utilised for biosensing applications. Different types of transducing systems
employed for cell-based biosensors are FETs, quartz crystal microbalance, surface plasmon resonance,

etc [81].

(d) Enzymes as bioreceptors:

Enzymes are defined as biological catalysts that increase the rate of biological reactions [83]. In
enzyme-based biosensors, the enzyme is used as a biorecognition element. It is immobilised on the
transducer surface and generates a signal that is proportional to the target analyte concentration [84].
The enzymes, as biorecognition elements, have high specificity for their substrates. The process of
analyte detection in enzyme-based biosensors involves monitoring and quantifying changes in the
parameters such as alteration in proton concentration, the release of gases or consumption of gases, or
changes in optical spectra such as emission or absorption of light, etc., in response to the interaction of
the enzyme with the analyte or biochemical interactions taking place on sensor surface, followed by
converting the reaction into a measurable output signal, such as an optical or electrical signal [85].
Various possible methods or mechanisms that are employed by enzyme-based biosensors are either the
metabolism of the analyte by the enzyme molecule, so the concentration of the analyte can be measured
by measuring or quantifying the catalysis of the analyte molecule or target by the enzyme molecule or

by calculating enzyme activity inhibited by the analyte molecule [86].

In my work, the enzymes are not the bioreceptors but are the analyte of interest. The work reported in
Chapter 5 demonstrates the biosensing of trypsin enzyme, where trypsin enzyme is the analyte of

interest.
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for analyte detection

Cell Nucleus
—, Antibody as with genetic

(iii) (iv)

/ _» Substrate as
Analyte

Analyte

Enzyme as ~. Aptamer as
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FIGURE 4: Different types of bioreceptors used in biosensing devices (i) Antibody as bioreceptor; (ii)

Whole-cell as bioreceptor; (iii) enzyme as bioreceptor; (iv) Aptamer as bioreceptor.

Figure 4 shows the different types of receptors employed by biosensors. Table 1 compares all the

different types of biorecognition elements.
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TABLE 1: Comparison of commonly employed bioreceptors in biosensors.

Antibodies

Aptamers

Enzyme

Cells

Advantage
1. High affinity [77].

2. High sensitivity [77].
3. High specificity [77].

4. High biocompatibility
[77].

5. Broad variety of
targets [32].

Advantages
1. High affinity [77].

2. High specificity [77].
3. High sensitivity [77].

4. High  structural

flexibility [77].

5. Less batch-to-batch
fluctuation [77].

Advantages
1. High specificity [88].

2. Animals are not
required for production
[89].

3. Commercially
available at good quality
[88].

4. Compatible with a
wide variety of

Advantages

1. More tolerant of a
wide range of conditions
such as changes in pH
and temperature [81].

2. As live cells do not
require isolation it makes
sensor fabrication cost-
effective [81].

3. Longer life of sensors
as compared to enzyme-

6. Well-settled | 6. Animals are not | transducers [88]. based sensors [81].

production facilities | required for the

[32]. production [87]. 5. A wide range of | 4. Can interact with a
analyte  detection is | broad range of analytes

7. High stability [77]. possible using | molecules [20]
enzymes[88].
Limitations Limitations Limitations Limitations

1. Expensive to produce | 1. The range of targets is | 1. Poor Stability [86]. 1. The duration for

[77]. not very wide [32]. which cells stay
2. Optimum pH and | functional and alive

2. Batch to Batch
fluctuations [77].

3.  Limited thermal
stability [77].

4. Loss of activity when
stored for longer times
[32].

2. Complicated and
lengthy selection process
[77].

3. Structural
arrangement decides the
specificity and

sensitivity [77].

4.  Ribonucleic acid-
based aptamers are
susceptible to
degradation in biological
fluids [90].

temperature needed for
efficient working [86].

3. Expensive production
[91].

decides the life of the
sensors [81].

2. Strict conditions need
to be maintained to keep
cells alive and functional
[81].

of
cells has to be done
efficiently to maintain
their biological functions
[81].

3. Immobilisation

29




While designing a biosensing system, it is important to consider the advantages and shortcomings of
each type of bioreceptor. It is challenging to develop a biosensing device with all the ideal characteristics
[92]. The bioreceptor for a particular biosensor should be chosen according to the analyte that needs to
be detected, and the dynamic range required for the particular application. Additionally, other factors
need to be taken into consideration while choosing a particular type of bioreceptor, such as the
biological matrix in which detection needs to be performed, the storage requirements of the developed

biosensing device, and the stability requirements.

For most of the work reported in this thesis, I chose to work with antibodies as bioreceptors because of
the properties of antibodies, such as high specificity, sensitivity, and high affinity towards the target
analyte [77]. In addition to that, the acquisition of antibodies is smooth because of the availability of
many suppliers. Hence, this work is limited to using antibodies as bioreceptors for nanophotonic-guided
mode resonance-based biosensors. However, exploring other bioreceptors, such as aptamers and other

artificial bioreceptors for detecting biomarkers in the future, will be of interest.

1.6. Labelled and Label-Free Biosensing:

In the labelled-based approach, labels or tags are utilised to detect the analyte, and features of the label
play an important role in the detection process [93]. Labelled approaches can detect target molecules
with high sensitivity due to the amplification in the signal provided by the label and the reduction of
background noise [94, 95]. Examples of labels used for this purpose are enzymes, nanoparticles,
quantum dots, etc. [96]. The labelling-based approach for biosensing suffers from several shortcomings,
such as the labelling of the analyte molecule can cause the alteration of inherent properties of the analyte
when conjugated with a label or a tag [97]. Also, the process of labelling the analyte or target increases
the complexity of detection because of the multiple steps required to perform the process and makes
the method more costly [95]. Another major shortcoming of the labelling approach is misleading results

because of the possibility of the label’s blockage of the binding site [98].

Label-free biosensing works by converting bimolecular interactions taking place on the surface of the
transducer directly into optical or electrical output signals that can be measured. It leverages properties
such as the mass of biomolecules in the case of quartz crystal microbalance sensors and the refractive
index in the case of optical biosensors. Label-free methods also offer the opportunity to monitor
biomolecular interactions in real time. This approach gives more straightforward information, and

biomolecules are utilised in their native form without any modifications [99, 100]. The label-free
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method is more suitable when developing biosensing devices, which are required on a large scale
because of advantages such as cost-effectiveness and ease of use [101]. Figure 5 depicts the mechanism

of biosensing using label-free method.

In this work, I have focused on developing label-free nanophotonic biosensors based on guided mode
resonances. One of the major problems with label-free approaches for biomolecular detection is the
difficulty of measuring analytes in complex biological fluids. I have focused on designing biological
interfaces for nanophotonic biosensors to perform measurements in complex biological fluids in a label-

free manner.
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FIGURE 5: Figure depicting antibody-based label-free biosensing approach for analyte detection using

antibodies as bioreceptors.
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1.7. Major challenges in the wide-scale commercialisation of biosensors:

Though much research is being done on developing biosensors, there are significant hurdles in their

mainstream deployment. Some of the major issues are as follows:

L.

Achieving high Sensitivity: Developing biosensors with high sensitivity is a significant
challenge [102]. For example, sensing or detecting biological markers of interest in biological
fluids is challenging because of the high background noise in biological fluids [103]. High
sensitivity is an important factor considered when developing biosensors for early disease
detection, as most of the disease biomarkers at early stages of the disease are present at very low

concentrations, and highly sensitive biosensors are needed to capture those biomarkers [104].

Designing an efficient biosensing interface: A robust and stable bio-interface is important for
fabricating effective biosensors [34]. Developing a stable biological interface is challenging
because of several factors, such as biorecognition elements, such as an enzyme or antibodies,
which are prone to degradation over time [1, 105]. Also, the biochemistries developed so far for
designing bio-interfaces for biosensors suffer from disadvantages such as high cost, multi-step
process, time-consumption, and being sensitive to water and air [106, 107]. Additionally, the
lack of standardised protocols for bioreceptor immobilisation is also one of the major hurdles in
the wide-scale implementation of label-free biosensors because of inconsistency in sensor
performances, as shown here in Table 2, the similar biosensing modalities giving different limits

of detection for the same biomolecule.
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TABLE 2: Performance Comparison of different photonic biosensors.

Sensing Modality Protein | LOD Surface functionalisation Reference
Mach—Zehnder CRP 184 3-aminopropyl)  trimethoxysilane | [108]
interferometer pg/mL +bis(sulfosuccinimidyl)suberate
Mach—Zehnder CRP 19.478 | Physical adsorption of antibodies on | [109]
interferometer ng/mL sensor surface
Microring resonator | Avidin | 6.8 3-aminopropyltriethoxysilane+ EZ- | [110]
ng/mL Link Sulfo-NHS-SS biotin
Microring resonator | Avidin | 10 Aminopropyl triethoxy silanet+ | [111]
ng/ml. Succinimidyl-
6(biotinamido)hexanoate
Long period | Anti- 7 Graphene oxide + EDC/NHS | [112]
grating IgG ng/mL chemistry
Long period | Anti- 0.025 Silica titania sol-gel film coating+ | [113]
grating IgG mg/L Eudragit L100 +EDC/NHS
Etched Fibre | CRP 0.82 3-glycidyloxypropyl [114]
gratings pg/L trimethoxysilane
Etched Fibre | CRP 0.01 anti-CRP and graphene oxide [115]
gratings mg/L complex

3. Regulatory compliance: Biosensors designed for diagnostics applications are required to pass
strict regulatory compliance requirements established by bodies such as the U.S. Food and Drug
Administration and other regulatory bodies before they can reach the marketplace and
customers. Achieving regulatory compliance for biosensors designed for the diagnosis of

medical conditions involves a thorough process with multiple steps to ensure safety and

effectiveness [103, 116].

4. Efficient Miniaturisation: Efficient miniaturisation is very important for realising portable and
easy-to-use point-of-care biosensors. Reducing the dimensions of the active sensing surface to
the nanoscale offers the advantages of an enhanced signal-to-noise ratio but can result in issues
such as increasing the biosensor’s response time [117]. Additionally, in the case of silicon

photonic-based biosensing systems, it is difficult to couple light efficiently when reduced in size,

and this is a major challenge in their deployment as point-of-care devices [26].
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Biofouling of the sensing surfaces: Fouling of the transducer surface by clinical samples, such
as blood, decreases the efficiency of biosensors. Developing efficient antifouling strategies is a
challenge [118]. Figure 6 depicts an example of the sensor surface biofouling from the

biomolecules present in the blood.

. Biofluid containing
““pool of biomolecules

Analyte of Interest
binding to bioreceptor
Immobilised on the
Sensor surface

Analyte of Interest
Fouling of the biosensing Interface from the non-
specific biomolecules present in the biofluid

FIGURE 6: Fouling of the biosensing surface caused by blood containing a pool of biomolecules.
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1.8. Scope, objectives and summary of thesis:

1.8.1. Scope of the thesis:

The guided mode resonance (GMR) based silicon nitride photonic sensing modalities being developed
in our group solve some of the above-discussed problems. This sensing setup can be developed as a
miniaturised lab-on-chip-based system because of advantages such as easy light coupling and
eliminating the need for a spectrometer for data readout, due to the sensor's chirping, as we
demonstrated here [119]. The focus of my work is on the development of a stable biological interface
for chirped guided mode resonance-based photonic sensors, which can efficiently immobilise
bioreceptors and perform detection in complex biological fluids in a label-free manner. I have studied
bioinspired polydopamine (PDA) surface chemistry for bioreceptor immobilisation. PDA is a material-
independent surface chemistry that enables simple and easy, one-step bioreceptor immobilisation on
chirped silicon nitride biosensors, eliminating the need for multiple steps required in generally used
surface chemistries to perform bioreceptor immobilisation on biosensors [32, 120]. The combination of
chirped silicon nitride-based guided mode resonance (GMR)-based sensors with polydopamine (PDA)
presents a compelling approach for enhancing optical biosensing platforms, by simplifying the
functionalisation workflow and offering a promising pathway toward developing highly sensitive,
robust, and easily functionalisable optical biosensors for next-generation diagnostics and environmental

monitoring.
1.8.2. Objectives of the thesis:

The primary aim of the work is to study and validate bioinspired polydopamine-based chemistry for
immobilising bioreceptors on chirped silicon nitride guided-mode resonance photonic sensing chips.

The key objectives outlined are:

1. To evaluate the performance of polydopamine-based surface chemistry for the immobilisation
of various bioreceptors, on chirped guided mode resonance biosensors and stability of
polydopamine surface chemistry in different environmental conditions.

2. Toinvestigate the analytical performance of the functionalised chirped guided mode resonance-
based biosensors in detecting a range of clinically relevant protein biomarkers (IgG, CRP,
MMP-9, TNF-q, IL-6) and study the suitability of the polydopamine-based interface to perform
measurements in complex human biofluids.

3. To develop a bio interface for the detection of wound biomarkers and perform detection of

wound biomarkers in phosphate buffer, hydrogel-based wound dressings and wound
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biomarkers in clinical wound fluid absorbed hydrogel dressings using chirped guided mode
resonance-based sensing chips.
4. To develop a bio interface for the detection of enzymes as an analyte in phosphate buffer saline

and clinical urine using chirped guided mode resonance-based biosensors.
1.8.2. Summary of the thesis:

The results reported in this thesis indicate that the PDA surface functionalisation protocol for
bioreceptor immobilisation seems to be a good choice when wide-scale fabrication of biosensors is
required as it is cost-effective, gives high bioreceptor immobilisation density, is easy to implement,
stable in aqueous environments and thus addresses some of the limitations associated with the so far
used surface functionalisation protocols for bioreceptor immobilisation. The analytical performance of
PDA-based surface chemistry to perform measurements in complex biofluids, such as 10 % human
serum, was also studied. Furthermore, the optimised biosensing system was utilised to make progress
towards the development of a near-patient testing system for monitoring of chronic wounds in a non-
invasive manner by measuring the inflammatory biomarkers IL-6 and TNF-a in the hydrogel dressings
containing human matrix and clinical wound exudate. In addition to that, the bio interface was
developed for trypsin enzyme detection in human urine by monitoring the hydrolysis of the substrate

(beta (B)-casein here) by the enzyme.

Overall, the thesis reports the design of PDA surface chemistry-based biological interfaces for silicon
nitride based guided mode resonance photonic biosensors for the detection of protein-based disease
biomarkers such as antigens and enzymes, in complex biological fluids such as human urine, 10 %
human serum, human wound exudate, and human matrix absorbed hydrogel dressings in a label-free

mannecr.
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Chapter 2. Nanophotonic Biosensors

2.1. Label-free nanophotonic biosensors:

The label-free detection of analytes is gaining interest because of advantages such as rapid and cost-
effective detection [100]. Label-free sensors use biological receptors immobilised on the transducer
surface to detect analyte molecules [32]. Using label-free biosensors, detailed information such as

affinity and kinetics of biomolecular interaction can be extracted [121].

Nanophotonic sensors can be employed to detect analytes with high sensitivity in a label-free manner
[122]. Nanophotonic structures can control light in below-wavelength scale volumes and magnify light-
matter interactions. These sensors perform the biosensing function by utilising the properties of the
evanescent wave. The evanescent wave exponentially decays along the vertical axis of the biosensing
surface. The evanescent wave decay length is hundreds of nanometres, and it is possible to detect
various analyte molecules by choosing a suitable bioreceptor and employing evanescent wave-based

nanophotonic biosensors [123, 124].

The most popular and widely used evanescent wave-based biosensing technology is surface plasmon
resonance-based sensing technology since its introduction in 1990 [125]. Plasmonic biosensing
technologies utilise metal-based structures such as metal films or other metal-based nanomaterials.
When a light photon touches the surface of the metal at a certain angle of incidence, the coupling of
light energy with the free electrons present in the metal layer takes place, which causes oscillation of
the electrons and this movement of electrons on the surface is called surface plasmon resonance [126,
127]. The resonance can be classified or identified in two types as propagating surface plasmon
resonance, that is, the resonance that is propagating along the surface, or localised or confined surface
plasmon resonance. Both these types of resonances result in the formation of an evanescent field that
permeates the surroundings. This generated evanescent field can be used to monitor the bimolecular
reactions taking place on the surface [128, 129]. Thus, plasmonic biosensors can be used to monitor
real-time biomolecular interactions taking place on the surface of these sensors and to obtain
information such as affinity and kinetics of biomolecular interactions [127]. The bulk detection limits
that plasmonic sensors have been able to achieve are in the range of 10~ and 107 refractive index units
[128]. The limitations of biosensors based on plasmonic materials are high-temperature instability,
incompatibility with the complementary metal oxide semiconductor technology (CMOS) fabrication

processes, and high optical losses [123, 130].
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2.2. Silicon nitride-based photonic biosensor:

Silicon nitride is a widely used material to develop optical biosensors. Some of the important features
of silicon nitride are its compatibility with CMOS fabrication, making it a cost-effective material for
wide-scale biosensor production, low scattering losses, its ability to operate in the visible and infrared
regions, strong light interaction, and thus making silicon nitride a robust platform for developing
biosensors [131]. Moreover, silicon nitride offers better chemical resistance, making it a good choice of
material to operate in different types of biofluids [132, 133], and it is possible to clamp silicon nitride-
based optical sensors and microfluidics compactly for fluid transfer onto the sensor surfaces to develop
biosensor surfaces [134]. Furthermore, silicon nitride-based surfaces can be easily functionalised for
bioreceptor immobilisation [135]. Different types of biosensing architectures developed using silicon
nitride as biosensing material are Mach-Zehnder interferometers and ring resonator-based biosensors

[136, 137].

Like silicon nitride, silicon material is also widely employed and utilised for the development of
biosensing devices. Biosensing devices with high sensitivity, cost-effectiveness, and easy multiplexing
properties can be fabricated using silicon as a material for biosensor fabrication. It is possible to easily
miniaturise because of compatibility with CMOS fabrication technology [138]. Silicon microring
resonators and interferometric waveguide-based sensors, such as Young interferometers and Mach-
Zehnder interferometers, are some examples of silicon photonic biosensors [26, 139]. Some of the
limitations of silicon material are lower chemical resistance and limited operational wavelength [132,

133].

2.3. Guided mode resonance (GMR) based phenomenon:

Guided mode resonance gratings consist of a dielectric slab structure periodically modulated. The
periodicity of the modulation is comparable to the wavelength of light, so the periodicity results in the
slab exhibiting the properties of both diffraction gratings and waveguides. The waveguide can support
guided modes that can couple to external incident light to excite guided mode resonances. Because these
modes leak energy into the far field, they are called “leaky” or “quasi-guided” modes. For a specific
choice of parameters (such as period, polarisation, incidence angle, and wavelength), the light coupled
out of the structure can interfere destructively with the transmitted light. This results in constructive
interference with the reflected light, producing an efficient resonant reflection for a specific wavelength

(Figure 7) [26].
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Figure 7: Image depicting excitation of guided mode resonance in wavelength scale gratings. The figure

is taken reference from [26] under the Creative Commons Attribution 3.0 Licence.

The guided mode resonance effect is used in various applications, such as transmission filters, solar
cells, etc.[140, 141]. It is of great interest in biosensing applications because of its properties, such as

narrow and controllable linewidth and high efficiency [142].

2.3.1. Guided mode resonance (GMR) effect for biosensing applications:

Brian T. Cunningham et. al have made significant contributions in the field of development of guided
mode resonance-based biosensing devices. One of the early works includes the development of a
colorimetric resonant reflection-guided mode resonance-based biosensor as a direct biochemical assay
technique by utilising the sharp spectral features of GMR and converting the biological interactions
taking place on the surface of the sensor into a visible colour change [143]. Cunningham and coworkers
further demonstrated the fabrication of plastic-based colorimetric resonant optical biosensors for
multiparallel detection of label-free biochemical interactions, and with that opening the way for mass
production of disposable biosensor chips [144]. Chan et al. used guided mode resonance-based sensors
to study inhibitors of protein—DNA interactions and provide evidence for label-free screening of small

molecule interactions in real time using guided mode resonance-based biosensors [145].

39



The guided mode resonance-based gratings can be used to sense the external refractive index changes.
The resonance occurs when the incident light is coupled into a guided mode in the silicon nitride layer.
The standing wave formed inside the grating significantly overlaps with the outside region via its
evanescent field formed (as shown in Figure 9) and, hence, is sensitive to changes in the external
refractive index. Thus, by monitoring the change in the resonance wavelength, the change in the external
refractive index can be tracked. By functionalising the surface with bioreceptors, these gratings can be
used for biosensing applications. The bioreceptors are immobilised on the high-index waveguiding
layer. The binding of the analyte molecule with the bioreceptor that is immobilised on the surface of
the grating results in an increment in optical density on the surface of the surface, which in turn increases
the refractive index on the surface. The increment in the refractive index on the surface results in the
increment in the effective index of the guided mode and which in turn results in the change of resonance
wavelength. This change in the resonance wavelength can be monitored to quantify the binding of the

target molecule on the grating surface [26, 146] as shown in Figures 8 and 9.

The sensor is usually designed to detect molecular binding events that occur very close to the surface.
Hence, in determining the lowest concentration of analyte, the sensor can detect the surface sensitivity
plays an important role. The surface sensitivity of the biosensor is defined as the wavelength shift
observed upon the binding of biomolecules with the bioreceptors present on the sensor's surface. The
surface sensitivity is determined by various factors and parameters, such as the polarisation of light
used and the density or the number of the bioreceptors present on the sensor's surface [26, 146]. The
evanescent tail that is utilised for biosensing on the GMR surface, as shown in Figure 9, can be
represented in terms of the mode's effective index (n.fr) and the refractive index of the cladding (ni). A

simple derivation for the extent of the evanescent tail is as follows.

A wave propagating in a planar waveguide can be represented using this version of the wave equation,

considering spatial coordinates only:
V2E 4+ k3N2E = 0 «eeeevevvveeemsiiinieeiiie e (1)

If only the transverse direction is considered, we can solve this equation as follows, with B the

propagation constant of the waveguide mode and n; the refractive index of the cladding.

E(x) = Eoe_

The 1/e depth then determines the spatial extent of the mode into the cladding.

The 1/e depth xy occurs when
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Solving further gives the equation.

Ideally, the overlap of the evanescent wave with the bioreceptor layer should be maximised to achieve
high surface sensitivity [26]. The length of the evanescent wave outside of the grating can be calculated

using this equation, depending on the refractive index of the cover medium.
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FIGURE 8: Mechanism of biosensing using guided mode resonance-based biosensors. Biological

interaction on the surface of the guided-mode resonance biosensor shifts the resonance wavelength.
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Various studies have reported the use of guided-mode resonance effects for biosensing applications
[147-149]. The four major detection methods employed by guided mode resonance-based sensing
modalities are the detection of wavelength shift, detection in the angular shift, shift in intensity

detection, and detection of phase shift [142].

The transverse-electric (TE) or the transverse-magnetic (TM) polarized quasi-guided modes are excited
on the basis of the polarisation of incident light on the surface of the grating. TE and TM modes interact
with the surrounding medium differently, which enables differentiation on the basis of polarisation. In
the case of TM mode, the direction of the electric field is parallel to the grating vector; on the other
hand, in the case of TE mode, the electric field is perpendicular to the grating vector and the Q factor
values for both these modes are different. The TM mode exhibits stronger confinement and has better
overlap with the surface of the grating and, hence, is more sensitive for the detection of small molecules
such as proteins and other biological molecules, while the TE mode is more suitable for the detection
of bigger analytes, as the decay length of TE mode is longer than TM mode. In my work, I have therefore
focused on using the TM mode [26, 150, 151].
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2.3.1.

(i) Performance parameters of guided-mode resonance (GMR) based sensors:

Bulk Limit of Detection: To characterise the performance of the guided-mode resonance sensor,
determining the bulk limit of detection is an important parameter. The bulk limit of detection is
obtained by dividing the 3 sigma (sigma is noise observed in measurements) values by the
sensitivity of the sensor. The slope of the calibration gives the sensitivity of the sensor [26].
Typically, the bulk limit of detection observed for chirped-guided mode resonance-based
sensors is around 10-10 RIU [152, 153]. Determining the detection limit for biological
analyte detection is complicated, as several other factors, such as surface functionalisation and

optimal bioreceptor density, need to be considered [32, 146].

Q factor: The Q factor is used to describe or explain the sharpness of the resonance peak and is
represented as the ratio of the resonance’s central wavelength to its full width at half maximum.
Sharper peaks correspond to higher Q factors, are easier to track, and make it possible to detect
even the smallest change that takes place [26, 146]. However, there are some limitations
associated with achieving very high Q factors such as higher Q resonances are more susceptible
to scattering loss, resulting in a low resonance amplitude, reducing the sensor's signal-to-noise
ratio [154]. The typical field distribution of a TM mode used in my work is shown in Figure
18c.

The GMR-based sensing system is not the most sensitive detection method existing so far in terms of

bulk limits of detection. Still, it is easy to bring to practice because of the possibility of large-scale

fabrication in a cost-effective manner using techniques such as nanoimprint lithography and easy light

coupling. Further, the sensing performance of guided mode resonance sensors can be enhanced by

improving the surface sensitivity by designing an efficient biosensing interface.
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2.3.2. Chirped guided mode resonance (GMR) based biosensor:

With other types of photonic biosensing modalities being developed, one of the significant limitations
associated with miniaturisation is the need for a spectrometer to read the data. Here, we perform the
chirping of gratings to eliminate the need for a spectrometer. The gradual or continuous change in period
along the length of grating is termed the chirping of guided mode resonance sensors [146] as shown in
Figure 10a sketch of the gratings shows the chirping of the grating. Exposing the surface of a chirped
guided mode resonance grating with a light results in a narrow portion or band of grating resonating, as
shown in Figure 10b. The interaction of biomolecules on the sensor surface results in a shift in the
position of this resonance. Thus, the biological interaction on the surface of the sensor can be quantified
by monitoring the shift in the position of resonance by taking images at regular intervals, thus
eliminating the need for a spectrometer for data readout [146, 153]. The chirping of the grating results
in only a narrow strip of grating resonating and thus helps in the conversion of spectral information into
spatial information. The grating that I have used in this work for that period varies between 432-440
nm, and the filling factor is 0.7. The gratings are designed for a resonance wavelength at around 650
nm. The reason for choosing this range as the operational wavelength range is because of very negligible
absorption or loss exhibited by silicon nitride in the visible light region. Additionally, borosilicate glass
is also lossless in the visible range. Therefore, silicon nitride gratings on a borosilicate substrate are
appropriate for operation and handling at 650 nm. Further, the introduction of chirping has made it
possible to eliminate the need for a large readout instrument, making them comparatively better

candidates for lab-on-chip devices.
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FIGURE 10: (a) Picture depicting the grating design used in the study with period varied along the
length of the grating; (b) Only narrow strip resonating on a silicon nitride-based chirped guided mode

resonance sensor; (c) Data processing steps to track the change in resonance position in accordance to

the refractive index changes on the surface.
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2.3.2 (i) Data processing to make graphs of chirped guided mode resonance sensors.

A series of images over time, each indicating and representing the sensor surface's optical properties

when exposed to different experimental conditions for example, exposure to proteins, binding and

unbinding of biomolecules, washing of the sensor surface with buffers, etc. was taken and saved:

L.

Image Acquisition: A series of images was captured and collected by employing a camera
during the full running duration of the experiment, as shown in one frame in Figure 10c-i.
Region of interest selection: From a representative frame chosen, two regions of interest were
selected, Figure 10c-ii

Channel 1 is assigned as the reference region and is chosen in an area where no binding activity
or biochemical interaction takes place, and hence it is used as a control channel.

Channel 2 is assigned as the measurement region and is the region where biomolecular
interactions or binding events are expected to occur.

These regions are selected to extract and obtain intensity profiles for further data analysis.

For each image in the time series that is captured, the selected regions of interest are extracted
and saved. To obtain the accurate location of resonance, firstly, the averaging in the horizontal
direction was performed. This was followed by performing the fitting of a curve to the intensity
profile that is averaged, as shown in an example in Figure 10c.

Peak Detection via Fano Curve Fitting: Analysis of each intensity profile was performed to
determine the position of maximum intensity, which corresponds to the resonance peak. A
Fano-type line shape is fitted to the profile for the precise location of the peak under monitoring.
The reason for choosing the fano curve was that the resonance arises from the combined effect
of Fabry—Perot resonance in the thin film and Bragg resonance in the grating. The fitting and
selection of the peak position is performed using MATLAB, making use of the nonlinear least-
squares method. The change in the refractive index on the surface of the grating results in a
change in the resonance position correspondingly.

The fano equation can be presented as equation 7, where a, b, ¢, d, e are fitting parameters,
among which a depicts the Fano shape, b depicts the symmetry of the curve, ¢ depicts the
linewidth of the curve, d depicts the shift of the curve, e depicts the offset. The determination
of parameters is done with initial starting points followed by optimisation through a MATLAB

built-in nonlinear least squares optimiser.

e+ (x—d)’

f ('\‘) =da Cl + ('\. _[I)l
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46



5. The peak positions from all frames are compiled and put together, and then are plotted as a
function of time, which helps in analyzing the biochemical interactions taking place on the
sensor surface. The reference channel here acts as a control and provides a baseline, and the
measurement channel indicates and reflects the changes due to biochemical events on the sensor
surface.

6. The resulting graph obtained typically consists of distinct phases. An increment or decrement
in the resonance shift indicates binding or unbinding, respectively, that has taken place on the

sensor surface.

2.4. Integration of silicon nitride photonic sensors in miniaturised lab-on-

chip systems:

To develop silicon nitride photonic sensors in miniaturised lab-on-chip-based systems for point-of-care
applications, silicon nitride-based sensors need to be integrated with microfluidics for sample delivery
on the sensing surface, cost-effective light sources and data readout systems, and efficient bioreceptor

immobilisation methods for their mass commercialisation and deployment.

2.4.1. Microfluidics for sample delivery:

An efficient microfluidics design is crucial for developing miniaturised lab-on-chip based on silicon
nitride sensors. Progression and development in fabrication techniques enable developing micro and
nanometre-sized patterns for controlling fluid flow through nanophotonic sensors. By combining
microfluidics with together with photonic sensing devices, efficient liquid transport over the sensor
surface can be achieved by gaining control over fluid flow, reducing the volume of fluids required for
measurements, reducing the analysis times, and making multiplexing possible and amplifying the light-

matter interaction, thus enhancing the sensor performance [155-157].

In my work, I have employed polydimethylsiloxane (PDMS) based microfluidic channels to transport
biomolecules on the sensor surface. PDMS-based microfluidic channels are widely used to fabricate
microfluidic channels because of properties such as biocompatibility, high optical transparency, easy
fabrication, and minimal toxicity [158, 159]. The PDMS channels employed in this work are 450 pum
wide channels with 100 um spacing between them, with a channel height of is 100 pm (Figure 11).
Although PDMS-based microfluidics has many advantages, but they also suffer from some drawbacks,
such as non-specific protein adsorption on the PDMS surface [157, 160]. Hence, there is a further need

to explore better materials to fabricate microfluidics for biosensors.
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To avoid nonspecific protein attachment on the surface of microfluidics designed using PDMS, we
incorporated polyethene glycol polymer into the PDMS mixture to enhance the sensitivity and detection

efficiency for protein biomarkers detection.

450 um 100 um

Outline of
microfluidic
channels

FIGURE 11: (a) Optical image of the polydimethylsiloxane-based microfluidic channels. The width of
the channels is 450 um with 100 pm spacing between them. The height of the channels is 100 pm; (b)
Optical image of polydimethylsiloxane microfluidic channels with the outline of microfluidic channels

drawn.
2.4.2. Cost-effective light sources and data read-out systems:

Further, for the efficient development of silicon nitride photonic sensors as point-of-care devices, all
components, such as light sources and data read-out systems, must be integrated into a chip-based
system to develop portable devices for broad deployment. Using Light-emitting diodes and CMOS
cameras in place of bulky instruments such as lasers as light sources and spectrometers as read-out
systems can be useful in constructing portable silicon nitride photonic biosensors. However, the major

challenge that comes with this is achieving the same sensitivity with miniaturised systems as with full-
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scale instruments [128, 161]. In addition, developing better data acquisition and data processing
methods, such as using machine learning techniques, can further help in increasing the efficiency of

lab-on-chip-based biosensors [162].

In our lab, we have successfully miniaturised the GMR-based biosensing system into a miniaturised
lab-on-chip type system, as can be seen in Figure 12. The outer box was designed using 3D printing,
and the inner setup was designed using cost-effective optical components such as an LED light source

and a CMOS camera, as described in detail in the reference [119].

Camera

-/Filter+LED
-

FIGURE 12: Miniaturised guided mode resonance-based sensor setup designed using 3D printing to
design the outer box, LED as light source, and CMOS camera for data read out. The figure is reprinted

from the reference [119] under the terms of the Creative Commons Attribution 4.0 License.
2.4.3. Biological interface for silicon nitride photonic biosensors:

The biological interface plays an essential role in achieving the sensitivity required in biosensing
platforms and enhancing the performance of developed biosensing modalities. For example, Hu et al.
reported an increment of five-fold in detection sensitivity and a three-fold decrement in the response
time of silicon photonic biosensors by increasing the number of probe molecules on the sensor surface
by employing an in-situ probe synthesis technique [163]. Surface-chemistry techniques that employ
different types of silanes together with different linkers for biological molecules attachment and biotin-
streptavidin-based strategies are utilised to design biological interfaces for silicon-based photonic
biosensors. These chemistries are time-consuming and expensive and suffer from several limitations,
such as instability in water and air [106, 107]. There is a need and requirement to develop robust and
cost-effective surface functionalisation methods, considering the extensive rollout aspect of the

biosensor.

I have worked on developing biological interfaces for guided mode resonance-based biosensors using

polydopamine surface chemistry, described in detail in Chapter 3.
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2.5. Fabrication methods of guided-mode resonance-based sensors:

2.5.1. Electron beam lithography:

Electron beam lithography (EBL) is the commonly used technique for nanoscale pattern fabrication.
With the use of EBL, it is possible to pattern high-quality nanoscale features [164]. The EBL method
of fabrication employs an accelerated beam of electrons for patterning structures as small as 10 nm in
dimensions on the substrates coated with a resist that is sensitive to the electron beam. The properties
of resist, such as the solubility, change after getting exposed to the beam of electrons, and thus enabling
the selective removal of either the exposed region of the resist or the non-exposed part by placing the
sample in a developer solution [165, 166]. Though this method helps in fabricating high-quality
structures, it is not a very suitable method when large-scale fabrication is required as the fabrication

process is lengthy, and the cost is high with low throughput [164].
2.5.2. Nanoimprint lithography:

Nanoimprint lithography (NIL) is a cost-efficient method for the fabrication of nanostructured patterns
at a fast pace with high resolution [164, 167]. As opposed to electron beam lithography, which employs
electrons to change the chemical as well as physical properties of the resist coated on the substrate, NIL
operates by directly deforming the resist by using a mold, as shown in Figure 13, for pattern transfer.
This makes it possible for NIL to go beyond the resolution limitations imposed by the beam scattering
[168]. Using NIL, it is possible to pattern 10 nm size features on hard as well as soft substrates [167].
NIL technique can be used to fabricate structures for applications in the field of photonics as well the
as biological engineering [169]. For example, the NIL technique can be used for applications such as

nanofluidic channel fabrication [170] and biomimetic structures fabrication [171].
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2.6. Materials:

Sylgard™ 184 Silicone elastomer kit was purchased from DOW. Dimethylsiloxane (60-70% ethylene
oxide) block copolymer was purchased from Gelest. The electron beam resist ARP-13 and charge
dissipation layer ARPC-5090 were purchased from ALLResist GmbH (Germany). Microposit™
remover 1165 was obtained from Dupont. Propanol and acetone were purchased from VWR Chemicals.
Hydrogen peroxide 35 wt % and sulphuric acid were purchased from ThermoFisher Scientific. Epoxy
resin SU-8 2050 was purchased from Kayaku advanced materials. UV PDMS KER-4690 A and UV
PDMS KER-4690 B were purchased from Microresist GmbH, and UV-NIL resist mr-NIL213FC-
200nm_XP is also from Microresist GmbH. SiN-on-glass substrates were bought from Silson Ltd with
150 nm thick Si3sN4. Phosphate bufter saline (PBS) tablets were purchased from Sigma Aldrich.

2.7. Methods:

2.7.1. Fabrication protocol of guided-mode resonance (GMR) sensors using

nanoimprint lithography:

The first step is to prepare a silicon master using electron beam lithography (the Master was prepared
by Dr. Kezheng Li) and reactive ion etching (RIE). Next, place one drop of silane solution in a petri
dish in a desiccator and place the Silicon master on another plate for 5 minutes. Next, mix UV PDMS
KER-4690 A and UV PDMS KER-4690 B in a 1:1 volume ratio and leave the mixed PDMS in the
desiccator for 20-30 minutes until the bubbles disappear. Afterwards, pour the PDMS into the silicon
master, then UV expose for 14 minutes, increasing every 7 minutes to check if the PDMS gets harder.
If it is soft, then extend for another 7 minutes. This is followed by coating the SiN substrates with the
resist called PDMS-compatible UV-NIL resist mr-NIL213FC-200nm_XP by spin-coating at 3000 rpm
for 60 s, followed by baking at 60 °C for 3 minutes. The next step was, careful stamping of the PDMS
mold to the NIL resist-coated sample, followed by placing the weight on it and UV exposure for 7
minutes. Afterwards, RIE was performed for 10 minutes, followed by placing the sample into an O,
plasma apparatus powered 100%, and the time was 10 minutes. Lastly, the sample was put into a 98%

H,SO4 solution for 5 minutes to remove residuals and rinsed with water.
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2.7.2. Fabrication protocol of guided mode resonance (GMR) sensors using

electron beam lithography:

Start by cleaning the SiN substrate in an acetone ultrasonic bath for 5 min, followed by Isopropyl
alcohol (IPA) ultrasonic bath for 3 mins, and then rinse in DI water. Afterwards, apply piranha etch for
5 mins, followed by rinsing in DI water and drying in nitrogen gas. Next, spinning of ARP-13 resist at
5000 rpm for 60 s, followed by a bake at 180 °C for 5 minutes. This is followed by spinning the charge
dissipation layer (ARPC 5090) at 2000 rpm for 60s and baking at 90 °C for 2 mins.

The next step is to define the pattern using a Raith Voyager electron-beam lithography tool with an
aperture of LC 40 um, current 130 pA, voltage 50 kV, dose of 145 pC/cm?, step size 1 nm in x-direction
and 4 nm in y-direction. Remove the ARPC layer after the ebeam exposure in DI water for 2 mins, then
dry with N». Develop in xylene for 2 mins, followed by IPA for 2 mins, then dry with N». Then reactive
ion etching of the SiN layer for 7 minutes. The recipe for reactive ion etching is a gas mixture of 12.5
sccm CHF3 and 2 sccm O, at 1.8 e-2 mtorr, with a power of 43 W, DC bias 360V. Then remove the
resist by placing the sample into 1165 resist remover in an ultrasonic bath at 50% power for 12 mins,
then acetone ultrasonic for 5 mins, IPA ultrasonic for 3 mins, rinse in DI water and dry with N». The
last step is to perform another piranha clean of the sample surface to further remove any residual. The

sensors were fabricated by Dr. Kezheng Li.

Dr. Pankaj K. Sahoo fabricated the samples used in the work reported in Chapter 4. The process was

mostly similar, with slight differences as described below.

To start, the SiN substrate is cleaned in acetone with an ultrasonic bath for 10 mins, followed by cleaning
in an IPA ultrasonic bath for 5 mins and distilled water ultrasonic bath for 2 mins. Next, rinse in distilled
water and dry with N». Then put the prepared substrates into an oxygen plasma at 200W, 5 sccm O, for
5 min. This is followed by coating of the resist ARP13 by spinning on SiN at 5000 rpm for 60 s, after
that the substrate is baked at 180 °C for 5 mins. The next step is the coating of a charge dissipation layer
ARPC 5090 at 2000 rpm for 60s, then the substrate is baked at 90 °C for 2 mins. This is followed by
performing electron-beam lithography using a Raith Voyager tool with parameters as follows: aperture
of LC 40 um, beam current 130 pA, voltage 50 kV to define the GMR with the dose of 145 pC/cm?,
step size 1 nm in x direction and 4 nm in y direction. After performing the electron beam lithography,
the removal of ARPC layer is done by placing the substrate in distilled water for 2 mins. Afterwards,
the development is performed by placing the substrate in xylene for 2 mins, IPA for 2 mins and drying
with Na. This is followed by performing reactive ion etching for 7 minutes with using a gas mixture of
12.5 sccm CHF3 and 2 sccm O, at 1.8 €2 mtorr, and power at 43 W, DC bias 360V. The resist removal

step is performed by placing the sample into 1165 resist remover and ultrasonicating the sample for 12
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mins, followed by placing the sample in acetone ultrasonic bath for 3 mins and IPA ultrasonic for 1 min
followed by rinse in distilled water and drying with N». The last step is to clean the sample in piranha

for 5 minutes to remove any remaining residuals.

(a) Sensor fabrication by electron beam lithography
(i)

Resist (i) 1
SisN,

Spin Resist at 3000 rpm .
O':\ the SisN, Wafer EBL define patterns on resist, followed by
develop 2 minutes in xylene

v) 1165 solvent/ Acetone/ (vi)
(iv) RIE dry etching IPA bath to remove the resist

lll llll

b Fabrication of sensors by nanoimprint lithography UV LED @365 nm exposure
and pressure using PDMS stamp for

1 min
Silicon i ‘
] i PDMS (iii) (iv)
i
(i) master (ii) otam

“ o ®
Spin Resist 3000 rpm
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Remove PDMS and start RIE dry etching O, plasma remove resist
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Figure 13: Schematic depicting sensor fabrication steps by (a) Electron beam lithography and (b)

Nanoimprint lithography. The image is provided by Dr. Kezheng Li.
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Silicon nitride gratings

Borosilicate substrate

FIGURE 14: Optical Microscope of image six guided mode resonance sensors fabricated with electron

beam lithography taken at 4x magnification.
2.7.3. Fabrication of microfluidic circuits:

The various analytes are introduced to the chirped GMR sensor through a microfluidic channel made
from a molded polydimethylsiloxane (PDMS) elastomer, which is clamped to the top of the sensor. The
mold is fabricated using negative photoresist SU-8 2050 and UV lithography with a direct laser writer
(DILASE 650, Klo¢). The resist is spin-coated onto a silicon wafer to give a thickness of ~145 um,
followed by soft baking at 65°C for 5 min and 95 °C for 20 min before being exposed to a 375nm UV
light, at 65% modulation and 1 mm s stage speed. After exposure, the resist is baked again at 65°C for
5 min and 95 °C for 10 min, followed by development in EC-solvent for 15 min. Finally, the mold is
rinsed in isopropanol and hard baked at 180 °C overnight. The PDMS elastomer is prepared at a ratio
of 7:1 (elastomer: hardener) with 0.5% (w/w) PEG-CO-block-polymer (Dimethylsiloxane (60-70%
ethylene oxide) block copolymer, Gelest) added to reduce antigen binding. The mixture was outgassed
for 20 minutes, poured into the mold, and cured at 65 °C overnight. Finally, PDMS channels and GMR
chip were clamped together in a custom 3D-printed holder to form a watertight seal and provide inlets

and outlets for the liquids.

The microfluidic channels used in the study were fabricated by Dr. Casper Kunstmann-Olsen.
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2.8. Results and discussion:

(a)

(b)

Inlet channels

v
N
- >
:

3D printed holder to hold PDMS
Channels, Guided mode resonance-based
sensor chip and tubing together

— __ Outlet channels

»PDMS microfluidic
channels

Guided mode

resonance-based

sensing chip

FIGURE 15: (a) Optical image of the setup used for the measurements; (b) Schematic of the optical

setup ; (b) Schematic of the microfluidics together with 3D printed holder used to perform experiments.
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2.8.1. Characterisation of chirped guided mode resonance (GMR) sensor

fabricated using nanoimprint lithography:

Chirped guided mode resonance sensors fabricated by nanoimprint lithography

Chirped guided mode resonance sensors fabricated by Electron beam lithography

FIGURE 16: (a) Optical images of chirped guided-mode resonance gratings fabricated by nanoimprint
lithography showing resonance at 650 nm; (b) Optical images of chirped guided-mode resonance

gratings fabricated by electron beam lithography.

Figure 16a shows eight chirped-GMR gratings exhibiting resonance around 650 nm fabricated by
nanoimprint lithography, and Figure 16b shows the eight chirped grating sensors fabricated by electron
beam lithography. As can be seen in the image, the gratings fabricated by electron beam lithography

show sharper resonances as compared to the sensors fabricated by nanoimprint lithography.
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FIGURE 17: (a) Optical images of gratings showing the shifts in resonance position in response to
change in refractive index on the surface of the sensor; (b and c) Resonance shifts for different
phosphate buffer concentrations that gave different refractive index values in increasing trend as shown
in Figure c, giving a bulk limit of detection of around 3.17x10*. Error bars represent the standard

deviation observed from three separate measurements.

Figure 17a shows the change in resonance position on the grating surface when the refractive index on
the surface of the sensor changes. To calculate the bulk limit of detection of sensor chips fabricated by
nanoimprint lithography different concentrations of phosphate buffer saline solutions were prepared
that gave refractive index values in increasing trend (1.3338, 1.3346, 1.3363, 1.3406, 1.3448). The
volume of sample used for each measurement was ImL. The resonance shift observed for each
concentration is given in Figures 17b and 17c. The sensitivity of the sensors calculated from curve is
3756.2 um/RIU. The sensitivity value in nm was calculated to be 75.125 nm/RIU. The bulk limit of
detection is calculated using this formula:

3 sigma
senstivity of the sensor

Bulk limit of detection =
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Sigma here is the noise observed in the measurements, and sensitivity is the slope of the calibration
curve. The bulk detection limit of around 3.17 x 10™* RIU. The bulk limit of detection that we achieve

with the sensors fabricated using electron beam lithography is typically 10 -10° RIU [152, 153].

Microring resonators and interferometric waveguide-based sensors such as Young interferometers and
Mach-Zehnder interferometers, are able to achieve a bulk detection limit in the range of 107-10®
refractive index units but suffer from limitations such as relatively large size and the need for precise

light coupling when reduced size [26, 139].

The consistency of fabrication of good quality sensors with nanoimprint lithography was not good, and
the efficiency of the process was low. The focus of the PhD project was to develop the biological
interface for the GMR-based photonic sensors and not to optimise the fabrication process. Hence, 1
carried forward the work with GMR sensors fabricated using electron beam lithography by Dr Kezheng
Li and Dr. Pankaj K. Sahoo.

2.8.2. Chirped guided mode resonance (GMR) sensors fabricated using electron

beam lithography:

Figures 18a and 18b show the optical and scanning electron microscope images of GMR sensors
fabricated by electron beam lithography. As discussed above, when chirped gratings are illuminated
with a light source, only a narrow strip or line exhibits resonance when illuminated with light and
imaged on camera Figure 18a. The resonance occurs when the coupling of light into a guided mode in
the silicon nitride layer takes place. The standing wave formed inside the grating has a significant
overlap with the outside region via its evanescent field (Figure 18c); hence, it is sensitive to changes in
the external refractive index. Figure 18c shows the TM-polarized electric field distribution of a GMR
sensor. The colour bar represents the normalized electric field strength, referenced to a flat silicon nitride
substrate. The structure consists of silicon nitride gratings fabricated on a borosilicate glass substrate,
with water as the surrounding medium. The figure is illustrating the evanescent field of the mode, which
is decaying exponentially from the surface of the SizN4 with penetrating depth of less than 200 nm, with
the main field concentrated within the first 50 nm from the surface, that is enables monitoring of

biochemical interactions near the sensor surface.

Thus, by monitoring the resonance position, the change in the external refractive index can be tracked.
By functionalising the surface with bioreceptors (Figure 18d), these gratings can then be used for

biosensing experiments.
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Bioreceptoor grating based sensor
Figure 18: a) Optical micrograph of the resonance on the chirped GMR grating, taken in reflection. The
image shows the resonances observed in reflection from chirped GMRs as a typical example; (b)
Scanning electron micrograph of the grating. The period varies between 432-440 nm, and the filling
factor is 0.7. The gratings are designed for a resonance wavelength around 650 nm; (c) E-field of the
GMR on resonance (TM mode), highlighting that the evanescent field of the mode decays exponentially
from the surface of the SizN4 and the penetration depth is less than 200 nm, with the main field
concentrated within the first 50 nm from the surface. The color bar represents the normalized electric
field strength, referenced to a flat silicon nitride substrate. The structure consists of silicon nitride
gratings fabricated on a borosilicate glass substrate, with water as the surrounding medium;(d)
Bioreceptors immobilised on guided mode resonance based sensor surface for biosensing applications.

Image 18c was generated by Dr. Kezheng Li.
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Chapter 3. Bio-inspired polydopamine layer as
versatile functionalisation protocol for silicon-

based photonic biosensors

3.1. Importance of biosensing interface:

The surface chemistry used to functionalise biosensors can play a crucial role in the wide-scale
commercialisation of biosensing devices [172]. The final performance of the biosensing device is
decided by the combined performance of the bio interface and the transducing system [77]. Many
surface functionalisation approaches have been developed for silicon nitride photonic biosensors, yet
many of them have serious issues. Here, we explore a simple surface chemistry based on polydopamine

and suggest that it may address the need for a simple yet high-performance interface.
3.2. Ideal surface functionalisation strategy:

The bioreceptor immobilisation strategy plays an essential role in determining the sensitivity, i.e., the
ability of the biosensor to detect biomarkers at deficient concentrations, and the specificity, i.e., the
ability to detect the desired biomarker. The density of immobilised biomolecules, reproducibility, and
non-specific adsorption from complex biofluids also depend on the surface functionalisation strategy
used. Figure 19 depicts the immobilisation of bioreceptor on a biosensing interface and requirements of

an ideal biofunctionalisation protocol.
An ideal surface functionalisation strategy for photonic biosensors has the following qualities:

It is mild, i.e., it does not cause damage to the bioreceptor and the transducer surface.
The biofunctionalisation process is short, involving a few steps.

It is congenial with evanescent field sensing in the case of optical biosensors.

It provides good biological receptor attachment density and is reproducible.
Resistant to nonspecific binding.

It is easy to perform.

V V V V V VYV V

It is compatible with mass manufacturing [107].
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FIGURE 19: General requirements of an ideal surface functionalisation strategy.

3.3. Bioreceptor immobilisation strategies:

3.3.1. Adsorption approach:

The most straightforward approach to immobilise bioreceptors on the transducer surface is using an
adsorption approach that utilises weaker forces such as electrostatic, hydrophobic interactions, Van-der-
Waal forces, and hydrogen bonding for bioreceptor immobilisation on the transducer surface. Though
this is an easy way of bioreceptor immobilisation, but has several limitations such as weak attachment
of bioreceptors on the sensor surface, easy desorption of bioreceptors, irreproducibility, and instability.
Additionally, this method can also damage the bioreceptors [32, 77, 172]. Figure 20a shows the

immobilisation of bioreceptors on the surface by the adsorption process.
3.3.2. Covalent approaches:

Most covalent approaches employ self-assembled monolayers for the covalent immobilisation of
bioreceptors on the sensor surface. The self-assembled monolayer formed or developed on the surface
of the sensor can be used to covalently conjugate bioreceptors by employing crosslinking with
bioreceptor molecules. Some advantages of the covalent approach are hold over the density of
immobilised bioreceptors and charge on the surface of the transducer. Self-assembled monolayers for
functionalisation are used according to the transducer material, e.g., alkanethiol-based self-assembled
monolayers for gold-based surfaces and alkoxysilanes-based self-assembled monolayers for silicon-

based surfaces [77, 106, 107].

The use of silane-based self-assembled monolayers for surface modification and bioreceptor

immobilisation for silicon-based surfaces has been widely studied. Even though this method is widely
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studied, it is a multi-step and complicated process. Many factors impact the final performance of the
functionalised surface, such as the time taken for deposition and formation of a self-assembled
monolayer on the sensor surface, solvents used in the process to prepare reagents, the temperature at
which the process performed, and total water content involved in the process. This method for
bioreceptor immobilisation is not well optimised. The common silane-based self-assembled monolayers
have amine, thiol, and carboxyl functional groups at the end terminal. These functional groups can be
further cross-linked with biomolecules for their covalent immobilisation on the transducer surface
[107]. Covalent immobilisation is generally performed together with the N-Hydroxysuccinimide (NHS)
activation process. One of the significant drawbacks of NHS-based covalent linking is the hydrolytic
nature of NHS esters, which results in reduced conjugation efficiency of bioreceptors [ 106, 173]. Figure

20b shows the immobilisation of the bioreceptor on the transducer surface using a covalent approach.

FIGURE 20: (a) Bioreceptor immobilisation on the surface by adsorption method; (b) Bioreceptor

immobilisation on the surface by the covalent method using self-assembled monolayers.
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3.3.3. Bio-affinity-based approach:

Bio-affinity-based bioreceptor immobilisation strategies are another widely used method for
bioreceptor immobilisation. The streptavidin-biotin approach and the use of proteins A and G are bio-
affinity-based approaches for bioreceptor immobilisation and are examples of affinity-based approaches
for bioreceptor immobilisation. In the case of a biotin-streptavidin-based strategy for bioreceptor,
immobilisation, a biotinylated bioreceptor is attached to the streptavidin functionalised surface. This
surface chemistry results in the formation of highly stable and strong bonds between biotin and
streptavidin and oriented, arranged immobilisation of biotinylated bioreceptor on the sensor surface.
Some of the limitations of this approach are the requirement for labelling of the bioreceptors with biotin
and interference from biotin that can lead to false positives [172, 174]. Employing proteins A and G for
oriented immobilisation of bioreceptors is another example of a bio-affinity-based approach for
bioreceptor immobilisation where protein A or G adsorb at the Fc region of antibodies and immobilise
antibodies on the transducer surface in an oriented fashion. In the case of proteins A and G, the antibody-
protein complex formed might dissociate due to the change in pH and other conditions which is
undesirable and can badly impact the performance of biosensors [77, 175]. High cost is also a drawback
of the bio-affinity-based approach for bioreceptor immobilisation [172]. Figure 21 shows the schematic

bio-affinity-based approaches for bioreceptor immobilisation.

(a) (b)

Biotin-Streptavidin based approach
for bioreceptorimmobilisation

Protein A/G based approach for
bioreceptor immobilisation

@ rroteinAG Biotin . Streptavidin Y::;:L’LV;;‘ed

FIGURE 21: (a and b) Affinity-based approaches for bioreceptor immobilisation on the surface.
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3.3.4. Polymer layers to immobilise bioreceptors:
Polymers coatings, such as dextran or polyethylene imine layers are used to immobilise

bioreceptors on biosensing surfaces [176].

(a) Dextran polymer-based layers are widely used for bioreceptor immobilisation in surface
plasmon resonance-based biosensors [177, 178]. For the attachment and immobilisation of
biological receptors such as antibodies and proteins, a layer of Carboxymethylated dextran is
fabricated on the gold surface [32]. Dextran molecule is a polysaccharide that can form hydrated
hydrogel-based layers or films on the surfaces with functional groups present in the layer that
interact with the functional groups present in biological receptors. However, this process
requires the activation of the sensor surface before the formation of dextran layers, which is an
extra step and makes the functionalisation process multi-step. Additionally, the issue of the
mass transportation of analytes molecules within the hydrogel layer is also an issue with
dextran-based layers for bioreceptor immobilisation on biosensors [179].

(b) Polyethyleneimines (PEIs) are categorised as polycationic polymers and contain repetitive
units that can be classified as linear and branched polyethyleneimine chains [180].

The amine functional group in the repeating units makes PEI positive charge that is used to
immobilise the biomolecules. For example, carboxyl functional group-containing molecules
can form interactions with amine groups in the PEI layer, hence facilitating their immobilisation
[181]. The amine-rich cationic nature of PEI plays an important role in forming stable
complexes with negatively charged biomolecules or surfaces [182]. For immobilisation, further
functionalisation steps such as EDC/NHS crosslinking or the use of biotinylated bioreceptors

are required [181, 183].

The chemistries discussed above suffer from limitations such as long processing times, requiring
multiple steps, and being expensive, making them less suitable when required for mass manufacturing

of photonics-based point-of-care diagnostic systems.
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3.4. Mussel-inspired polydopamine (PDA) surface chemistry:

Taking inspiration from the biomolecules found in adhesive proteins found in sea mussels Lee and
coworkers presented PDA-based one-step surface chemistry to coat the surfaces with PDA from the
aqueous solution of dopamine. Polydopamine surface chemistry is material-independent surface
chemistry. Considering the limitations and drawbacks of the above-discussed chemistries, the mussel-
inspired PDA coating appears to be a good alternative to the currently developed chemistries because
of properties such as simplicity of surface functionalisation and activation, for biological receptor
attachment, cost-effective, material-independent surface activation and film formation,
biocompatibility, a one-step method for bioreceptor attachment and does not require any coupling
agents for biomolecule conjugation. The dopamine molecule undergoes self-polymerisation under
oxidative conditions, forming a layer that can attach to any surface without needing any surface
modification or preparation of the surface because of the presence of catechol and amine functional
groups in high concentrations, as in mussel adhesive proteins. The PDA layer provides a highly
chemically reactive surface that can be further used to conjugate biomolecules on the formed PDA film

[184-187].

In the last few years, PDA-based coatings have attracted significant interest in various applications such
as drug delivery, imaging, etc. [188]. PDA films can act as a linking layer or conjugating layer for the
conjugation of biomolecules. The reactive quinone functional groups on the surface of polydopamine
act as linker points for further linking of biomolecules. Hence, the covalent immobilisation of
biomolecules, such as proteins, deoxyribonucleic acid, etc., can be performed [189-191]. The PDA-
based coating has been explored for different applications in the fields of energy, environment and
electrochemical biosensors [120]. In one study Toma et al. used PDA thin films as a linker layer to
immobilise antibodies on the sensor based on surface plasmon-enhanced fluorescence spectroscopy.
The sensor chips functionalised by PDA chemistry exhibited good performance with a detection limit
for Interleukin-6 (IL-6 ) of 2 pg/mL [187]. In short, polydopamine-based surface modification has
received great interest since their discovery for a wide range of applications. Here in my work, I have
used PDA surface chemistry to design a robust and simple bio-interface for guided mode resonance-

based silicon nitride photonic biosensors.

Under the alkaline conditions, the self-polymerisation of dopamine to PDA takes place without any
need of elaborate or sophisticated instrumentation [120]. The molecular mechanism that leads to the
conversion of dopamine to PDA is still not properly clear and is actively researched because of the

formation of various intermediate molecules as the conversion of dopamine molecules to PDA takes
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place. One study conducted by Lee et.al indicated that PDA formation takes place via non-covalent self-

assembly and covalent polymerisation [192].

The dopamine molecule is composed of a benzene ring with two adjacent hydroxyl groups present and
a primary amine group also being there, as, shown in Figure 22, image a. The presence of two reactive
functional groups enables dopamine molecule to undergo polymerisation, form polydopamine, and get
attached or bind to different types of surfaces. The conversion of the dopamine molecule into the
polydopamine molecule involves a series of reactions [ 120]. Dopamine converts to polydopamine under

alkaline conditions. The detailed mechanism involves the following steps:

Step 1: Oxidation of Dopamine: Under slightly basic conditions, oxidation of dopamine-to-dopamine

quinone takes place. The oxygen in air oxidises dopamine’s catechol group to form dopamine quinone.

Step 2: Dopamine quinone then undergoes an intramolecular cyclisation reaction, resulting in formation

of a leucodopaminechrome.

Step 3: This is followed by further oxidation and rearrangement reactions. Leucodopaminechrome
undergoes oxidation and rearrangement and forms dopaminechrome, a dark-colored intermediate.

These intermediates can further aggregate, rearrange, and crosslink to form oligomers [120].

Step 4: Further polymerisation and crosslinking of these small oxidised and cyclized species takes
place through various non-covalent interactions such as cation-m interactions, n-n stacking, Hydrogen
bonding and covalent interactions [193], leading to the formation of a highly crosslinked polymer

network called polydopamine.

Because PDA has a combination of catechol groups, amine groups, quinone group, crosslinked aromatic
structures, these functional groups interact through different mechanisms, depending on the type of
surface. Studies have indicated the existence of functional groups, such as catechol or quinone, amino
groups, and m-systems, etc., in the formed PDA films, which explains the excellent sticking or attaching
ability of PDA films to different kinds of materials [120]. For example, with the presence of quinone
and catechol functional groups in the PDA, the PDA film can form coordination bonds with the surface
of different substrates, especially metallic surfaces. The PDA film can form a covalent attachment with
the surfaces that have nucleophilic functional groups on their surface, thus making strong adhesion with
the surface. In addition to these, other attraction forces, such as hydrogen bonding, Van-der-Waals

forces, etc., helps in in sticking PDA films on different types of substrates with high strength [194].

The covalent attachment of biomolecules on the PDA film's surface mainly occurs via Michael addition
and Schiff base reaction, as shown in Figure 22b. The amine functional groups that are nucleophilic in

nature covalently attach to PDA layer via the Schiff base reaction or Michael-addition reaction, while
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thiol functional groups side form covalent bonds via the Michael-addition reaction, as shown in Figure
22b. The attachment of biological molecules on the surface of PDA film can take place under gentle
conditions. Sophisticated or complicated setups are not required for the reaction to take place. In
addition to that, the biomolecule attachment to PDA film is very robust and stable in aqueous

environments [120].
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FIGURE 22: (a) Dopamine to polydopamine conversion mechanism; (b) Biomolecule attachment on

polydopamine surface via Michael addition and Schiff base reaction. The chemical reactions presented

here are according to the mechanism given in the references [120, 195].
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3.5. Biosensing in complex biofluids:

Biosensing in complex biofluids, such as blood, is a great challenge that needs to be addressed for the
proper utilisation and commercialisation of biosensors. A pool of biological molecules in biofluids
causes the matrix effect and non-specific biomolecule attachment to the active sensing area [23]. To
avoid non-specific binding from the biological matrix, treatment of the biological interface with surface
blockers such as bovine serum albumin [196] or casein [197], or a polyethene glycol layer [198], etc.,
is performed. For example, Figure 23 shows the avoidance of non-specific binding from fetal bovine
serum on the surface blocked using a polyethylene glycol layer. Additionally, Zwitterionic polymers are

also now being explored [199] to develop non-fouling surfaces.
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FIGURE 23: Data depicting the antifouling effect of amino-Polyethylene glycol (PEG) functionalised
surface as all fetal bovine serum comes off when the washing step is performed with PBS buffer
indicating negligible sticking of biomolecules from fetal bovine serum on the sensor surface. Inset
image showing an example of fouling of the surface caused by fetal bovine serum when the surface is

not blocked using blocker.
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In this chapter, I have studied the analytical performance of PDA films as bioreceptor immobilisation
chemistry. Chirped-GMR-based photonic sensors were employed to study PDA chemistry for silicon
nitride photonic biosensors (Figure 24d-g). First, the PDA surface chemistry was studied using a
commercial Quartz crystal microbalance and dissipation (QCM-D) based system. The compatibility of
PDA-based surface chemistry with a wide range of antigen-antibody sets was studied using the QCM-
D. Additionally, its performance with a silane-NHS linker-based chemistry was compared. The stability
of films in aqueous environments was also studied using the QCM-D system. Moving forward, the
compatibility of PDA surface chemistry with photonic biosensors here GMR-based sensors was studied,
and a dynamic range was established for protein biomarkers Immunoglobulins (IgG), C-Reactive
Protein (CRP), and Matrix Metalloproteinase-9 (MMP-9). The suitability of the PDA chemistry for
performing measurements in biological fluids here: 10 % human serum was also studied. The
application of PDA films as protectant films for silicon-based sensors in cell culture media was also
explored as the cell culture media have previously been shown to degrade silicon-based sensors due to

their alkaline nature when exposed for longer durations [200].

3.6. Materials:

Dopamine HCI, anti-rabbit-IgG (R2004-1MGQG), rabbit IgG (15006-10 MG), sodium hydroxide (NaOH),
phosphate buffer saline (PBS) tablets, casein, and mercaptotriethoxy silane (MPTES) were purchased
from Sigma Aldrich. Tris buffer 0.5 M was purchased from Alfa Aesar, and NHS-(PEG)s-Maleimide
was purchased from ThermoFisher Scientific. Human TNF-alpha antibody (2TNF-H34A) and human
TNF-alpha recombinant protein (PHC3011) were purchased from ThermoFisher Scientific, human
MMP-9 antibody (AB911) was purchased from R and D systems. Human recombinant MMP-9 protein
was bought from Sino Biological (10327-HNAH), Rabbit anti-human interleukin-6 antibody
(AHP1040) and recombinant human interleukin 6 (PHP045) protein were purchased from Bio-Rad. C-
reactive protein goat polyclonal antibody (GC019) and C-Reactive Protein (C0129) were purchased
from Scripps Inc. SiN-on-glass substrates were bought from Silson Ltd with 150 nm thick Si3Ns. SiO»-
coated quartz QCM-D sensors were purchased from Biolin Scientific. Human serum was purchased
from Sigma Aldrich. Goat IgG isotype control (02-6202) antibodies were purchased from Invitrogen.
Amine functionalised Silica nanoparticles dispersion in water (791342) were purchased from Sigma

Aldrich.
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3.7. Methods:

The sensors used in the study were fabricated by using the protocol described in Chapter 2, section

2.7.2.
3.7.1. PDA surface functionalisation protocol:

Both QCM-D and GMR-based sensors were employed to characterise the PDA surface chemistry
protocol. The sensors were placed horizontally into a petri dish containing 2 mg/mL dopamine solution
in tris buffer of pH 8.5 for 30 min to aid the formation of a polydopamine film. We chose an incubation
time of 30 min, which results in a typical film thickness of ~2—3 nm [201]. We note that thicker PDA
films can be created by extending the incubation period but a thicker film is detrimental to the photonic
biosensor performance as it reduces the overlap between the optical mode and the surface molecular
layer, thereby reducing the sensitivity of the sensor; it is worth recalling that the photonic sensor uses
an evanescent field to interact with the biomolecules, and that the evanescent field only extends 50—100
nm into the analyte. We highlight the limited spatial extent of the optical mode in Figure 18c to illustrate
this point. Following PDA film formation, the sensors were rinsed with tris buffer pH-8.5, followed by
distilled water, before being dried with nitrogen. Both the QCM-D and guided mode resonance-based
sensing experiments were performed at 20" C and with a constant flow rate of 75 uL/min controlled by
a peristaltic pump for QCM-D and a syringe pump for guided mode resonance sensing setup. PBS (pH
7.4) was first flowed over the sensor surfaces to establish a stable baseline. Following stabilization,
antibodies were introduced at a concentration of 50 ug/mL in PBS, followed by a PBS (pH 7.4) washing
step to remove unbound antibodies. A 1% solution of casein in PBS was then used to block unreacted
regions of the PDA surface, again followed by a PBS washing step. Finally, the antigen solutions (in
PBS) were introduced into the fluidic channels at a range of concentrations before the surface was again

rinsed with PBS. The volume the of sample used for the experiments was 1mL.
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Schematic depicting the biofunctionalisation of guided mode resonance grating sensors

using polydopamine surface chemistry and bioreceptor immobilisation on the

functionalised surface.
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Figure 24: (a) Mussels with adhesive fibres; (b) enlarged image of secreted byssal; (c) chemical
structure of the dopamine molecule; (d) sensing surface (here: silicon nitride grating); (¢) polydopamine
solution in petridish; (f) sensor coated with the polydopamine solution; (g) direct antibody attachment

to the polydopamine coated sensing surface.
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3.8. Results and discussion:

3.8.1. Quartz crystal microbalance analysis:

To start with, the analytical performance of PDA surface chemistry was studied on the QCM-D system
using quartz sensors coated with silicon dioxide. The performance of the PDA chemistry was compared
with generally used silane-based chemistries. Here, we used Mercaptotriethoxy silane with maleimide-
PEG¢-NHS linker (Silane-NHS linker) described in detail here [152] for comparison. The full
immunoassay for anti-IgG and IgG on the PDA-modified sensor on the QCM-D system is shown in
Figure 25a. Note that the vibration frequency of quartz crystal sensors decreases as mass attaches to the
surface of the sensor, with the decrease being directly proportional to the mass attached to the sensor
surface. As shown in Figure. 25a, upon exposure of the PDA-modified sensor surface to a solution of
anti-IgG, we observe a shift in resonant frequency, which, after rinsing with PBS, amounts to = 68 Hz,
this was followed by blocking of the surface with casein to avoid non-specific binding followed by
running IgG solution and a clear binding of IgG with anti-IgG was observed as indicated in Figure 25a.
We then compared the PDA protocol with a silane + NHS linker protocol by recording the frequency
shifts on QCM-D for the two protocols for different antibody and antigen pairs. The frequency shifts
observed for PDA surface chemistry were larger for antibody immobilisation than on silane-NHS linker
functionalised sensors (Figure 25c¢), indicating higher antibody immobilisation density, which in turn
gives a higher signal for antigen binding (Figure 25d). The process was performed with five different
antibody-antigen pairs (anti-IgG and IgG, anti-TNF-a and TNF-a, anti-CRP and CRP, anti-IL-6 and IL-
6, anti-MMP-9 and MMP-9) (Figure 25(c) and 25(d)) to study the compatibility of surface chemistry
with a broad range of antigen-antibody pairs. It was observed that the protocol worked well for all the

antibodies tested, which suggests the wide applicability of the protocol.

Additionally, the effect of other factors, such as the effect of light shaking while forming polydopamine
film on the QCM sensors and increasing the concentration of dopamine to 5 mg/mL was also studied.
The frequency shifts observed for anti-IgG (50 pg/mL) immobilisation were -58. 238 Hz + 1.303 and -
60.05 Hz + 1.373 respectively. The frequency shift observed for IgG (1 pg/mL) attachment were -15.79
hz+0.277 and -14.12 Hz £+ 0.678, respectively. The incubation time in polydopamine solution was kept
constant for 30 min. Since the highest frequency shifts for both antibody and antigen immobilisation
were observed for 2 mg/mL of dopamine concentration in tris buffer pH 8.5 with sensors placed

horizontally in the solution for 30 min, so this is the recipe I carried forward.
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FIGURE 25: (a) IgG immunoassay on a PDA-functionalised silicon dioxide QCM sensor; (b)
comparison of chemical reactivity of polydopamine and MPTES + NHS-(PEG)s- maleimide
functionalised surfaces after preincubation for up to 24 h in PBS (pH-7.4). The drop in the activity of
MPTES + NHS-(PEG)s-maleimide chemistry is observed because of hydrolysis of the NHS ester; (c,
d) comparison of the observed frequency shifts for five clinically relevant antibodies (50 pg/mL) (c)
and associated antigens (1 pg/mL) (d) for both polydopamine and silane-NHS functionalised sensors (n

= 3 + Standard Deviation (SD)).

To further calculate mass of the proteins attached Sauerbrey equation was used,

Am = stands for mass change, Af = stands for frequency change, C = stands for mass sensitivity constant

and n stands for harmonic number.
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Table 3: Mass of antibodies and antigen attached on the quartz crystal microbalance sensor
surface functionalised with polydopamine and silane-NHS chemistry.

Sr. | Antibody Mass Mass Antigen | Mass Mass

No. immobilised immobilised on immobilised on immobilised on
on Silane- polydopamine Silane-NHS polydopamine
NHS functionalised functionalised functionalised
functionalised | sensor (ng/cm?) sensor (ng/cm?) | sensor (ng/cm?)
sensor
(ng/cm?)

1. Anti-IgG 111.16 171.6 IgG 19.6 47.35

2. Anti-TNF-a | 74.94 135.61 TNF-a 6.35 18.76

3, Anti-CRP 99.63 151.74 CRP 19.84 43.79

4, Anti-MMP-9 | 66.73 164.15 MMP-9 | 9.8 37.77

5. Anti-IL-6 65.99 137.69 IL-6 6.30 29.26

It is worth mentioning that the Sauerbrey equation gives an entirely correct value of mass when the film
formed on the QCM sensor surface is rigid, thin and firm. In case of protein-based films the Sauerbrey

equation might not give exactly correct values of mass of protein immobilised or attached [202] .

The stability of the PDA functionalised surface in aqueous environments was also studied. Instability
in aqueous environments is one of the major limitations of chemistries that employ activations of surface
using NHS because of the highly hydrolytic nature of NHS ester formed, which reduces the efficiency
of the bioconjugation process. We observed that PDA surface chemistry was highly stable in aqueous
environments (Figure 25b, red curve) because the frequency shift for anti-IgG immobilisation on PDA
functionalised sensors was almost stable even when the sensor was pre-incubated in the aqueous
environment for 24 h. In contrast to that, a clear and rapid decrease in the performance of the silane-
NHS linker chemistry functionalised sensors was observed because of possible hydrolysis of the NHS
ester. The experiments point towards the robustness of the chemistry, which is one of the important
requirements for large-scale implementation of photonic biosensors, i.e., efficient, simple, and stable

bioreceptor immobilisation chemistry.
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3.8.2. Chirped guided mode resonance (GMR) analysis:

Next, the analytical performance of PDA surface chemistry was studied using chirped-GMR sensors.
The biomolecular interactions taking place on the surface of the chirped GMR sensor were studied by
monitoring the resonance position against time to study the adsorption kinetics of the antibody
immobilisation onto the PDA-coated sensor surface and binding kinetics of the antigen to the antibody.
A full binding assay for anti-IgG (50 pg/mL) and IgG (0.01 ng/mL), using casein as the blocking agent,
is shown in Figure 26a. The resonance shifts observed for a full range of IgG concentrations from 0.01
ng/mL to 10,000 ng/mL are shown in Figure 26b, with an inset image showing binding curves for the
same. It was observed that the resonance position reached a steady state after 15-20 mins. The maximum
shift was observed for an IgG concentration of 1000 ng/mL. The resonance shift observed for a
0.01ng/mL IgG concentration was approx. 3 um, which is well above the 36 (mean 36 =1.39 um + 0.5
um (n=30 + SD) value of the system. Going forward the performance of both the protocols was then
compared on the chirped GMR sensors by immobilising antibodies (50 pg/mL) on PDA and silane-
NHS functionalised GMR sensor chips and binding shift for 10 pg/mL IgG was also observed (Figure
27a and b). The same trend as with the QCM-D studies (Figure 25) was observed i.e. the resonance
shifts for the PDA surface chemistry functionalised sensors for anti-IgG immobilisation and IgG
detection were higher than for the silane-NHS protocol, further confirming high antibody
immobilisation density achieved using PDA surface chemistry. In addition, we also performed
specificity studies on the PDA chemistry functionalised GMR sensors. The PDA functionalised GMR
sensor surface was immobilised with anti-IgG (50 pg/mL) and challenged with a high concentration of
non-specific antigen CRP (10 pg/mL), and TNF-a (10 pg/mL) and as can be seen in Figure 26¢ and
Figure 26d negligible binding for non -specific antigen is observed. In contrast to that for specific
antigens i.e. IgG for the concentrations 10 pg/mL and 100 pg/mL, we saw a strong binding signal
(Figure 26c and 26d). The dynamic range was also established for two other clinically relevant
biomarkers, i.e., CRP and MMP-9, for concentration ranges from 0.01 ng/ml to 10,000 ng/mL, with
saturation observed around 1000 ng/mL for both. The robustness of the film was also studied by storing
the PDA functionalised sensor in the air for 0.15 h and 24 h (Figure 28a). The resonance shift observed
for the antibody binding is very similar for both films placed in the air, thus indicating good stability of
PDA film for bioreceptor immobilisation even after being left in the air for around 24 hours. In addition
to that, we also experimented to understand the immobilisation mechanism between the antibody and
the PDA functionalised sensor surface. For that purpose, a 10 % solution (v/v) of amine-functionalised
silica nanoparticles (Figure. 28b) was employed. The binding curve for the silica nanoparticles
experimentally confirms one of the possible mechanisms by which biomolecules immobilise on the
PDA surface is via the covalent linking of biomolecules via the amine functional group indicating
biomolecule attachment to PDA film takes place via Michael addition and Schiff base reaction

demonstrated in Figure 22 and discussed above.
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FIGURE 26: (a) IgG immunoassay on PDA-functionalised silicon nitride guided mode resonance
grating sensors; b) Resonance shifts observed for an IgG concentration in the range from 0.01 ng/mL
to 10,000 ng/mL (n =3 + SD). The inset shows the respective binding curves for an IgG concentration
ranging from 0.01 ng/mL to 1000 ng/mL; ¢, d) Selectivity test performed on polydopamine coated
silicon nitride GMR grating; c) binding curve for 10 pg/mL of IgG and 10 pg/mL of CRP for a grating
functionalised with anti-IgG (50 pg/mL). For 10 pg/mL IgG, a good shift in the resonance position is
observed, while for the same concentration of CRP, only negligible non-specific binding is observed;
(d) In the second selectivity test, the sensor was functionalised with anti-IgG (50 pug/mL), exposed to
100 pg/mL IgG and 10 pg/mL TNF-a. Again, the specific binding is strong while the non-specific
binding is negligible; e and f) Resonance shifts observed for CRP and MMP-9 concentrations in the
range from 0.01 ng/mL to 10,000 ng/mL respectively (n = 3 + SD). The inset shows the respective

binding curves for the protein concentrations ranging from 0.01 ng/mL to 1000 ng/mL.
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FIGURE 28: (a) Stability test of polydopamine films in the air before protein immobilisation; (b)

Binding curve for amine functionalised silica nanoparticles on a polydopamine surface.

The Signal observed above the 3-sigma level is considered important as it gives confidence that the
signal obtained is statistically significant and is not because of random noise. The o represents the
natural fluctuation in the baseline signal levels. A signal above 3 sigma confirms that the probability of
the signal being due to random fluctuation or noise is very low. In statistics, a 3o deviation corresponds
to a confidence level of 99.7% in a normal distribution and ensures that the detected signal is real and

not due to random noise or background signal fluctuations [26].
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3.8.3. Biosensing experiments in 10 % human serum:

To study the compatibility of sensors with a human matrix, the bio-detection experiments in 10 %
human serum by volume (serum samples were diluted by PBS buffer) were performed. A measurement
and a reference channel were employed to perform the measurements in 10 % human serum to account
for matrix effect caused by 10 % human serum. The signal channel was functionalised with anti-IgG
antibodies, and the reference channel was functionalised with isotype antibodies (Figure 29a) to
separate the specific signal from the non-specific signal as the isotype antibodies used to functionalise
the reference channel have no specificity for the target antigen. Isotype antibodies do not have
specificity for a particular antigen, meaning they do not bind to a specific target molecule, but rather
are designed to match the class and subclass of the primary antibody used in an experiment, to assess
non-specific binding signals by acting as a negative control. An example of measurement is shown in
Figure 29c¢. After the antibody immobilisation, both channels were blocked with casein protein to block
any remaining binding sites and to avoid non-specific binding. Both the channels were exposed to the
10 % human serum spiked with IgG. The resonance shift observed in the measurement channel was
higher than that observed in the reference channel because of the specific binding between anti-IgG
immobilised in the measurement channel and IgG in serum. After subtracting the shift observed in the
reference channel from the shift observed in the measurement channel, the specific signal for IgG
binding is obtained as reported in Figure 29b. Figure 29b reports the shifts observed for different IgG
concentrations spiked in 10 % human serum. The lowest concentration detected in human serum is 10
ng/mL, which is higher than what I could detect in PBS buffer, but still, the sensitivity is enough to

perform the detection of clinically relevant concentrations.
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FIGURE 29: a) Working principle of referencing approach to perform measurements in a complex
biofluid. The measurement utilises a reference channel immobilised with IgG isotype antibodies and a
measurement channel functionalised with specific antibodies (anti-IgG). The spiked human serum is
flown through both channels. To remove the matrix effect, the resonance shift in the reference channel
is subtracted from the resonance shift in the measurement channel which results in the shift shown in
(b). (b) Resonance shift observed for an IgG concentration in the range from 10 ng/mL to 10,000 ng/mL
following subtraction of the matrix effect; (c) An example of measurement depicting the reference
channel approach for detecting biomarkers in 10 % human serum. The reference channel is prepared by
immobilising isotype antibodies and blocked using a casein blocker, while the measurement channel is
functionalised with specific antibodies and blocked with a casein blocker; (i) The shift observed in the
measurement channel is higher because of the specific binding reaction between the antibody and
antigen, while the shift observed in the reference channel is only because of the matrix effect of
biological media. The shift for the detection of the biomolecule of interest can be obtained by
subtracting the shift observed in the reference channel from the shift observed in the measurement
channel; (i1) Difference shift for specific binding of antigen. The curve is obtained after subtracting the

shift observed in the reference channel from the shift observed in the measurement channel.
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3.8.4. Sensor stability in alkaline solutions:

Another common issue with silicon-based photonic sensors is the slow etching of the photonic
nanostructure in alkaline solutions such as cell culture media. For example, cell culture medium or,
more generally, alkaline solutions are known to slowly degrade nanostructured silicon surfaces up to 2
nm per hour [200]. The data in Figure 30 exemplifies this effect, showing the degradation of a silicon
grating after around 10 hours following immersion in PBS (pH 7.4) and after only 4 hours when exposed
to a cell culture medium. When performing the same experiment with the PDA-coated silicon sensors
(Figure 30, solid lines), the sensors appear to be much more stable, and we observe the onset of sensor
degradation after approx. twice the duration (Figure 30). This observation indicates that the PDA
coating forms a protection layer that enables measurements such as cell imaging for extended periods
[203], and further polydopamine and polydopamine composite coatings should be explored for the

protection of silicon-based surfaces from etching in alkaline solutions.

Dr Isabel Barth performed the effect of PDA coating on protecting degradation of sensor surface

experiment.
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FIGURE 30: Effect of polydopamine coating on the etching of silicon gratings in cell culture medium,
PBS (7.4), and water. Note that the PDA coating provides an element of protection from degradation,
as it approximately doubles the time that sensors can be used. The CCM here stands for cell culture

media.
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3.9. Summary of the work reported in this chapter:

In brief, this chapter reports the analytical performance of PDA surface chemistry as one one-step
method for bioreceptors immobilisation on silicon nitride-based photonic biosensors. The results
indicate that PDA-based surface chemistry has a high bioreceptor immobilisation density. The results
also suggest that the PDA film is stable in aqueous and air environments for longer durations and gives
bioreceptor immobilisation efficiency similar to freshly formed PDA films. In addition to that, PDA-
based surface chemistry is compatible with a wide range of antigen-antibodies based sets. It gives
enhanced signals for antigen detection because it helps in achieving high bioreceptor immobilisation
density. The protocol is compatible with evanescent wave-based silicon nitride based photonic
biosensors and gives good performance for detecting protein-based biomarkers. Additionally, the
surface chemistry is robust enough to perform measurements in complex human biofluids such as 10
% human serum. It can also act as a protective layer for silicon photonic sensors when performing
measurements in alkaline solutions such as cell culture medium to prevent the etching of silicon devices.
Table 4 below compares the dynamic ranges established for I[gG detection using different optical sensing

modalities.

TABLE 4: Comparison of detection range reported by different optical biosensing devices

developed for IgG protein detection.

Sr. No. | Optical sensor Surface functionalisation Detection range | Reference

1. Mach—Zehnder Aminopropyl triethoxy silane + 0.5-50 pg/mL [204]
interferometer glutaraldehyde

2. Long period fibre grating | APTS + non imprinted polymer 0.15- 15 pg/mL | [205]

3. Long period fibre grating | Graphene oxide + EDC/NHS 3-20 pg/mL [206]

4. Simple Fibre biosensor Aminopropyl triethoxy silane + 0.1 to I mg/mL | [207]

glutaraldehyde

5. Chirped guided mode Polydopamine 0.01 ng/mL- This work

resonance biosensor 1000 ng/mL
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Chapter 4. Nanophotonic and hydrogel-based
diagnostic system for the monitoring of chronic
wounds

4.1. Chronic wounds:

Chronic wounds come under the category of wounds that take a long time to heal and burden the health
care facilities [208]. Some examples of chronic wounds are diabetic foot ulcers, venous leg ulcers, etc.
[209]. The problem of chronic wounds puts an immense burden on healthcare facilities due to expensive
treatments that cost around two to four percent of the total healthcare budget and deteriorate the patient’s
quality of life [210]. For example, an estimated number. of patients suffering from chronic wounds in
the United States is around 6.5 million and that results in a substantial financial burden of around $25
billion per year on the healthcare system [211]. Managing chronic wounds in the United Kingdom is
estimated or calculated to cost the NHS around £5.3 billion per year and which is around 4 percent of
the total NHS budget [212]. If timely treatment is not given to these wounds, they can cause serious
complications [213]. Improvement in chronic wound management is highly needed, and the
development of point-of-care devices can help regularly monitor the wound biomarkers and thus can

help in better treatment and management of chronic wounds [214].

4.2. Importance of monitoring biomarkers associated with chronic

wounds:

In time, identification of wound conditions is essential for better management of chronic wounds, and
studying wounds at the molecular level can be useful for that purpose. Studies have indicated
biomarkers can help in studying non-healing and healing wounds as levels of these biomarkers differ
in healing and non-healing wounds [215]. A good number of biomarkers are associated with the wound
healing problem. For example, cytokines such as Tumour Necrosis factor-a (TNF-a), interleukins (ILs),
and enzymes such as matrix metalloproteinases (MMPs) hold great importance in the context of
wounds. Elevated levels of these biomarkers are observed in non-healing wounds [215, 216]. Other
than protein biomarkers, levels of miRNA-based biomarkers have also been observed to be elevated in
the plasma of patients with diabetes foot ulcers [217]. Patient serum and wound fluid are generally used

as biological fluids to study and monitor levels of these biomarkers and accordingly give guided
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treatment [218]. Table 2 below provides the quantitative analysis of biomarkers in healing and non-

healing wounds.

TABLE 5: Concentration of different biomarkers in healing and non-healing wounds.

Biomarker Healing wound Nonhealing wound Reference
Median Range Median Range

Interleukin-6 55185(pg/mL) 24113-119000 77762 (pg/mL) 28363- [216]
(IL-6) (pg/mL) 210,000

(pg/mL)
Tumor Necrosis | 1639 (pg/mL) 550-7540 4734 (pg/mL) 1030- [216]
Factor-a (pg/mL) 13257
(TNF-o) (pg/mL)
Interleukin-1 o 1485 (pg/mL) 257- 6184 (pg/mL) 482-16455 | [216]
(IL-1a) 3186(pg/mL) (pg/mL)
Interleukin-1 7785 (pg/mL) 686-51,205 17902 (pg/mL) 7307- [216]
(IL-1B) (pg/mL) 72487

(pg/mL)
Basic  Fibroblast | 261 (pg/mL) 44-1267 411 (pg/mL) 61-1390 [216]
growth factor (pg/mL) (pg/mL)
(bFGF)
Platelet  derived | 133 (pg/mL) 23-244 (pg/mL) | 97 (pg/mL) 15-353 [216]
growth factor (pg/mL)
(PDGF)
Transforming 12.4 (ng/mL) 4.4-324 9.2 (ng/mL) 3.9-225 9 | [216]
growth Factor- 3 (ng/mL) (ng/mL)
(TGF- B1)

4.3. Biosensors to monitor wound biomarkers:

As discussed above in Table 5, the levels of biomarkers, differ in healing and non-healing wounds. Also,
pH and uric acid levels are also studied to assess the status of wounds [219, 220]. For instance, chronic
wounds exhibit an alkaline pH [221]. Currently used methods for biomarker monitoring are performed
in specialised laboratories, and the process is time-consuming. Therefore, there is a need to develop
more user-friendly devices for quantifying and monitoring wound-related biomarkers. There are some
products in the market for this application, but they are not very efficient. For example, Woundchek

(https://www.woundcheck.com) has the ability measure one biomarker only and has only limited

sensitivity. Another product available is MolecuLight (https://moleculight.com/), which can only

sample bacteria using autofluorescence. Biosensors are also being developed for monitoring chronic
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wounds [222]. For example, Kim et al. reported a stretchable electrochemical biosensor based on
differential pulse voltammetry to detect TNF-a with a limit of detection achieved 100 fM in phosphate
buffer saline. The sensing system fabricated developed only showed the detection of one biomarker,
and multiplexing ability was lacking [223]. In another work, Rajeev et al. developed a label-free optical
TNF-a biosensor based on nanoporous anodic alumina. The detection limit of around 0.13 pg/mL was
reported for TNF-a detection, and they also reported the detection of only one wound biomarker [224].
In other work, Gao and coworkers fabricated and developed a flexible, multiplexed device for wound
monitoring a range of wound biomarkers such as TNF-a, IL-6, IL-8, and TGF-B1, staphylococcus,
temperature and pH [225]. The developed sensor exhibited good performance, but some of the issues
with electrochemical biosensing devices have lower stability and show drift with time, which is a major
issue when longer-term continuous analyte monitoring is the need and especially here in the case of
long-term wound monitoring [54, 226]. Hence, long-term continuous monitoring of chronic wounds in
a non-invasive manner is still a challenge. In order to address this problem, there is a need to develop
efficient point-of-care devices that can help in achieving long-term continuous monitoring, provide high
selectivity and sensitivity for biomarker detection and, most importantly, help in assessing wounds

without disturbing the wound bed.

In this work, I have made progress towards developing a nanophotonic test that can detect wound
biomarkers in hydrogel-based wound dressings. With the use of hydrogel dressing, the wound
biomarkers can be extracted in a non-invasive manner without causing any disturbance to the wound

bed, and their quantification can be performed using the chirped-GMR-based optical test (Figure 31).
4.4. Hydrogel-based wound dressings:

Hydrogel-based wound dressings are now being developed and studied for wound applications.
Hydrogels are composed of hydrophilic polymers and possess good biocompatibility [227]. The high
water-holding capacity of hydrogels contributes to maintaining a moist environment around the wound
[228]. Hydrogel-based wound dressings can act as a transitory skin that makes a protective wall, hence
reducing the infection risk and enhancing wound healing by starting cell migration. Additionally,
hydrogel-based wound dressings, because of their inherent water-absorbing properties, can absorb a
wound exudate leaking around the wound and hence prevent its leakage [229]. Furthermore, it is
possible to load hydrogel-based wound dressings with therapeutic drugs and other biological molecules
that help promote the wound healing process. Also, customisation of the hydrogel-based wound

according to specific wounds is possible by considering the size and location of the wound [230].
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This chapter reports the application of chirped-GMR-based biosensors for monitoring chronic wound
biomarkers. The biological interface was optimised to perform the detection of chronic wound
biomarkers in hydrogel absorbed with human matrix and wound exudate. Neotherix Limited has
designed a hydrogel-based system that can be used to extract the wound fluid without causing disruption
to the wound bed [https://www.neotherix.com, US 10,687,790]. The principle that allows non-
disruptive and non-invasive sampling of wound exudate is the thermosensitive nature of the gel, which
has low viscosity at low temperatures and becomes gel at body temperatures, forming solid gel-based
dressing over the wound and the dressing can absorb the wound fluid released into the environment as
shown in schematic Figure 31. The challenge we address here is to demonstrate the detection and
quantification of biomarkers relevant to the progression and trajectory of wound healing at clinically

relevant levels in this hydrogel-containing wound exudate.

« Wound exudate collection by
P > hydrogel sampling device

Near patient testing

L~ Guided treatment of wound
Skin wound

FIGURE 31: Schematic of the proposed diagnostic system for monitoring chronic wounds. The
hydrogel based dressing enables non-destructive sampling of the wound exudate for analysis to inform
treatment; (a) Hydrogel wound dressing based sampling device placed on skin wound; (b) Magnified
image showing wound fluid absorbed in hydrogel based dressing placed on skin wound; (c) Wound
fluid absorbed dressing collection from skin wound; (d) Near patient testing device to detect wound

biomarkers in wound fluid absorbed dressing.
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4.5. Materials:

Except the hydrogel dressing, Human plasma, and the clinical wound exudate, the sources of all other
materials used to perform the work described in this chapter are reported in Chapter 2 and Chapter 3.
Human plasma was purchased from Sigma Aldrich. The proprietary hydrogel dressing was provided by
Neotherix. Clinical wound exudate samples were obtained under research ethics committee approval
19/NE/0150. Samples were collected from Hull Royal Infirmary. Samples were collected with

complete, informed patient consent.
4.6. Methods:

The fabrication protocol of guided mode resonance-based sensors used in the study is described in
Chapter 2, section 2.7.2. Dr. Pankaj K. Sahoo fabricated the sensors used in this study. The surface

chemistry protocol to functionalise the sensor surface is described in Chapter 3, section 3.7.1.
4.6.1. Human matrix capture by hydrogel dressing experiment:

In order to study the volume of human matrix that is captured by the hydrogel, 1 mL of hydrogel
dressing was spread in a petri dish with 1 mL of human matrix (50: 50) mixture of human serum and
human plasma placed onto it and left in an incubator at 37°C for 2 hours. After 2 hours the remaining
wound exudate was collected by pipette, which amounted to 900 pL; hence we conclude that 1 mL of

hydrogel captures around 100 pL of wound exudate.
4.6.2. Bio-recognition assay in phosphate buffer saline (PBS):

A range of concentrations of TNF-a and IL-6 were prepared in PBS buffer to generate the dynamic
range data. The functionalised sensors were mounted in a microfluidic circuit and the antibody solutions
were then introduced at a concentration of 50 pg/mL made in PBS (pH 7.4) and were flown through at
a flow rate of 75 puLL/ min. This was followed by the washing step in PBS buffer, blocking of the surface
with 1 % casein solution in PBS (pH 7.4), followed by another washing step in PBS before the various

concentrations of TNF- o and IL-6 were introduced.
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4.6.3. Biorecognition assay in hydrogel containing human matrix and clinical

wound exudate:

The hydrogel was diluted to 70 % v/v (i.e., 7 parts hydrogel and 3 parts PBS buffer) to ensure
sufficiently low viscosity and compatibility with microfluidic handling. For the data in Figure 34, we
prepared human matrix as a 50:50 mix of human serum and human plasma [224]. The sample for
measurements was then prepared as follows: 1 mL of dressing with 100 pL of human matrix was spiked
with the antigen of interest followed by dilution to 70 % v/v giving the final concentration of
biomarkers (TNF-a and IL-6) used in the measurements shown in Figure 34b and 34c. Similar process
was repeated with clinical wound exudate samples that is 100 pL of wound exudate was absorbed in 1
mL of hydrogel wound dressing followed with spiking with antigen of interest and thereafter dilution

to 70 % v/v of mixture was performed.

4.7. Results and discussion:

4.7.1. Detection of Tumor Necrosis Factor-a (TNF-o) and Interleukin-6 (IL-6) in
PBS buffer:

To start with, we first establish the detection range of the sensor for the detection of TNF-a and IL-6 in
PBS. The PDA layer was used to functionalise the sensors and immobilise the antibodies onto the sensor
surface. Anti-TNF-o and anti-IL-6 antibodies were first immobilised on the sensor surface, followed by
blocking of the surface using casein to block the non-specific binding sites. The functionalised sensors
were then exposed to TNF-a and IL-6 with concentrations ranging from 0.01 ng/mL to 1pg/mL. The
shift of the resonance position is shown in Figures 32c and 32d for different concentrations of TNF-a
and IL-6. The insets show binding curves for the different concentrations. The shifts observed for the
lowest concentration, i.e. 0.01 ng/mL of TNF-a and IL-6, are ~0.07 nm and ~0.09 nm, respectively,

both of which are above the 36 value of the system, which is 0.028 nm + 0.003 (n=10).
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FIGURE 32: Surface chemistry and characterisation of the GMR biosensor for TNF-o and IL-6
detection. (a and b) Polydopamine surface chemistry was used for the anti-TNF-o and anti-IL-6
immobilisation on GMR sensors, followed by the blocking of remaining sites with casein in order to
observe selective binding and to minimise fouling; (c) Resonance shifts observed for TNF-a
concentrations ranging from 0.01 ng/mL to 1 pg/mL. The inset shows the binding curves for the same.
(d) Resonance shift for IL-6 protein in PBS buffer at concentrations ranging from 0.01 ng/mL to 1
pg/mL. The binding curves for the same are shown in the inset. The error bars correspond to the standard

deviation for three separate experiments for each concentration.
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4.7.2. Wound biomarker detection in hydrogel:

Next, we studied the effect of a hydrogel-based matrix on antigen-antibody binding. As hydrogel is
composed of long polymeric chains, it was interesting to check if these chains cause any interference
with the binding of antigens with antibodies and whether the bulk change in the refractive index would
mask the effect of binding of antigens with antibodies (Figure 33). The experiment was performed using
the following steps to study all these effects. First, the sensor chip was functionalised with the PDA
chemistry, and anti-TNF-a antibodies were immobilised on the sensor surface followed by blocking the
sensor surface with casein and washing step to get rid of unbound casein. Then, the blank hydrogel was
introduced into the channel to quantify the shift in resonance due to the mass refractive index change
caused by the hydrogel (Figure 33a-i and 33b-ii). This was followed by running the hydrogel spiked
with antigen over the sensor surface (Figures 33a-ii and 33b-iii) to see if the hydrogel interfered with
the binding between antigen and antibody. A clear binding curve for antigen is observed when hydrogel
spiked with antigen is flown over the surface of the functionalised sensor, as seen in Figure 33b -iii. An
example of the full assay is given in Figure 35. The resonance shifts observed for different TNF-a
concentrations spiked in hydrogel are comparable with the shifts observed in PBS buffer containing
TNF-a (compare Figure 32¢ and 33c) within the experimental error; this confirms that the hydrogel
does not interfere with binding and that the refractive index shift it causes can be subtracted. This shows
that our biosensing interface design is sufficiently robust to perform measurements in the hydrogel

diluted to 70 % (v/v).
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FIGURE 33: a) Schematic of the experiment, illustrating that blank hydrogel is introduced first,

followed by spiked hydrogel. The arrows representing the direction of flow of sample in microfluidic

channel; b) Biorecognition assay performed in hydrogel. Firstly, blank hydrogel (ii) is introduced into

the channel to quantify the resonance shift caused by the refractive index of the hydrogel solution. This

is followed by introducing hydrogel spiked with antigen (10 ng/mL) (iii) to obtain the shift caused by

the antibody-antigen binding; (c) Resonance shifts observed for TNF-a of concentrations ranging from

0.01 ng/mL to 1 pg/mL. The inset shows the binding curves for different concentrations. The error bars

correspond to the standard deviation derived from three separate experiments for each concentration.
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4.7.3. Biomarker detection in hydrogel dressing absorbed with human matrix and

clinical wound exudate:

The final experiment was performed with hydrogel absorbed with human matrix and clinical wound
exudate and spiked with different concentrations of TNF-a and IL-6. A reference channel-based
approach was used to perform measurements in such a complicated matrix, whereby the measurement
channel was functionalised with the specific antibodies and blocked with casein to avoid non-specific
binding. In contrast, the reference channel was blocked with casein only to prevent non-specific protein
adsorption. The specific binding signal for antigen binding was then obtained by subtracting the shift
observed in the reference channel from the shift observed in the signal channel, an example shown in
Figure 36. The corresponding wavelength shifts are shown in Figures 34b and 34c. Critically, the
resonance shifts observed in Figures 32 and 34 are comparable, indicating the system's robustness in
measuring complex matrices such as wound fluid absorbed in hydrogel-based dressings. In addition,
due to the limited amount of clinical wound exudate, the detection of TNF-a and IL-6 was performed
in hydrogel dressing containing clinical wound exudate and spiked at a concentration of 1 ng/mL for
both antigens. This concentration was chosen as clinically relevant value for both these biomarkers in
the context of wound healing is above this value. The results for the clinical wound exudate absorbed
hydrogel dressings are shown in Figures 34d and 34e. The results indicate that the developed biosensing

interface was robust enough to perform measurements in complex clinical matrices.
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FIGURE 34: (a) Schematic of the biorecognition assay used to detect TNF-a and IL-6 on both the signal
and the reference channels. The arrow in Figure 34a represents the direction of flow of sample in
microfluidic channel; b) and c) Differential resonance shifts obtained by subtracting the shift observed
in reference channel from the shift observed in signal channel for TNF-a and IL-6 binding, spiked into
human matrix absorbed dressings for concentrations varying from 0.01 ng/mL to 1 pg/mL; (d) and (e)
Resonance shifts observed for the 1 ng/mL TNF-a and IL-6 spiked in the hydrogel dressing absorbed
with clinical wound exudate acquired from the hospital. The error bars correspond to the standard

deviation derived from three separate experiments for each concentration.
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FIGURE 35: Full assay to perform antigen (TNF-a) detection in hydrogel-based dressing. The
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FIGURE 36: The resonance shift for antigen detection in the human matrix /hydrogel mixture was
determined by subtracting the shift observed in the reference channel from the shift observed in the

signal channel. The reference channel was blocked with casein.
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4.8. Summary of the work reported in the chapter:

In this chapter, I have reported the development of a nanophotonic-based diagnostic element of a novel
theranostic system that can sample wound biomarkers in a non-invasive manner without harming the
wound bed and the quantification of the biomarkers can be performed using chirped guided mode
resonance-based sensors. Hence, it can be deployed for longer-term monitoring of chronic wounds in a
non-invasive manner. The detection of two wound biomarkers i.e., IL-6 and TNF-q, in human matrix
and clinical wound exudate absorbed hydrogel dressing using chirped guided mode resonance-based
sensing modalities at clinically relevant concentrations is performed. Achieving high sensitivity and
wide dynamic range are important in the context of the clinical relevance of the developed sensing
system. Also, the presence of hydrogel in the biological matrix employed here for the measurements
could have played an important role in achieving high performance for biomarker detection because of

the antifouling properties of hydrogels [231-233].
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Chapter 5. Nanophotonic platform for highly
sensitive detection of trypsin enzyme in human
urine

5.1. Enzymes:

Enzymes are the biological catalysts that increase the rate of biochemical reactions occurring in living
entities [234]. The enzyme structure is made up of complex proteins molecules [235]. The word enzyme
was first given by German physiologist Wilhelm Kiihne in 1878 while presenting his work
demonstrating the production of alcohol from sugars by yeast [234]. Though earlier it was believed that
enzymes consist of mostly proteins, later it was found that ribonucleic acid molecules also possess
catalytic properties and are termed ribozymes and play an essential role in gene expression [234, 236].
For applications such as drug screening and discovery, enzyme bioassays can be beneficial [237].
Generally, enzymes are usually classified based on the reaction they are involved in catalysing and have
a suffix at the end, such as oxidase, dehydrogenase, etc. Additionally, enzymes are also classified,
addressed or identified on the basis of their substrate that they catalyse, for example, glucose oxidase,

alcohol dehydrogenase, etc. [234].
5.2. Protease enzymes:

Proteases are the class of enzymes that came into existence in the very early stages of protein evolution
and were required for protein catalysis in the earliest organisms [238]. Protease enzymes are responsible
for the catalysis of the proteolysis reaction of proteins into smaller polypeptide units or single amino
acid units [239]. Protease enzymes are responsible for many important biological processes such as
digestion, cell proliferation of the cell, fertility, etc. Cancer and neurodegenerative disorders can occur
when the protease enzymes are not functioning properly [240]. Besides biological applications, protease
enzymes are widely used in other food industries and drug discovery [241, 242]. Protease enzymes are

also employed in wastewater management [243].
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FIGURE 37: Mechanism of action of trypsin enzyme on proteins.

Trypsin, a serine protease secreted by the pancreas, is required for the hydrolysis of protein molecules
into shorter peptide segments to enhance and increase their absorption [244, 245]. Trypsin enzyme is
secreted as a trypsinogen molecule in the pancreas, which is its inactive or unfunctional form and is
converted into trypsin, its active form in the duodenum by the enzyme named enteropeptidase and this
enzyme acts on arginine and lysine sites via carboxyl functional group of proteins to break down the
protein into smaller units, as shown in Figure 37 [245, 246]. Abnormal trypsin levels such as elevated
or decreased, can indicate or refer to various conditions and diseases, such as cancer [247], metabolic

disorders [248], cystic fibrosis [249], etc.

Pancreatic diseases affect a significant number of people worldwide [250, 251]. For example,
pancreatitis is one of the most common pancreas diseases in the UK, resulting in 12000 hospital
admissions per year [252], and the problem is rapidly increasing worldwide [253]. Trypsin is an

important biomarker for monitoring pancreatic diseases [254].

General techniques or methods utilised for trypsin detection are Enzyme-linked immunosorbent assay
[255], mass spectrometry [256], gel electrophoresis [257], fluorescence-based biosensors [258, 259] ,
etc. The requirement for labelling and bulky complicated read-out instruments complicates all these
methods. Few studies have reported label-free sensors for trypsin detection to address this complication.
For example, Nemati and coworkers developed a nanoporous anodic alumina-based optical sensor for

trypsin detection [260]. The limit of detection reported in the study is 0.025 mg/mL for trypsin detection,
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and biofluid testing was not performed. In another work, Tabrizi et al. used a nanoporous anodic

alumina-based method to detect trypsin with a limit of detection achieved of 0.06 pg/mL [261].

There is no trypsin found or present in the urine of healthy people. However, in the urine of patients
who have performed pancreas transplants contains high levels of trypsin, i.e. concentrations on the order
of 10’s of pg/ mL [262, 263]. To perform effective trypsin monitoring, robust and highly sensitive
biosensors that can be cost-effectively deployed and can exhibit a wide dynamic range are required for
the purpose.

This chapter reports the development of a biological interface for a chirped-guided mode resonance-

based nanophotonic platform to detect trypsin in clinical human urine samples.
5.3. Materials:

-casein was purchased from Sigma Aldrich and trypsin from the porcine pancreas was purchased from

Sigma Aldrich

Human urine samples were collected from 13 healthy adults recruited from within the University of
York. Before utilisation, the urine samples underwent filter sterilisation using 0.22 pum syringe filters to
eliminate any cells present. Subsequently, the urine samples were pooled to create a combined human
urine sample. This was followed by the aliquotation of urine samples, and then samples were stored at
a —80 °C freezer. The urine samples were collected and handled according to procedures approved by
the University of York's Department of Biology Ethics Committee and in obedience with the UK
Concordat to Support Research Integrity (2019). Consent with full knowledge was obtained from all

the people who donated urine sample donors.

All other materials that were used in the work, the sources are reported in chapters 2,3 and 4.

5.4. Methods:

5.4.1. Trypsin detection experiments in phosphate buffer saline (PBS):

Guided mode resonance sensors used for the experiments were fabricated by electron beam lithography,
as described in Chapter 2, section 2.7.2. Following the functionalisation of the sensors with PDA
chemistry, as described in Chapter 3, microfluidics was placed together with the sensors, and the sensor
was clamped to a custom-made 3D-printed holder. First, the PBS solution was flown over the sensor
surface with a flow rate of 75 pL/min controlled by a syringe pump to achieve a stable baseline. Then,
a 100 pg/mL of B-Casein solution prepared in PBS was flown over the sensor surface, followed by the
washing step to remove any unbound -Casein. The temperature for the experiments was maintained at
20°C. Finally, the trypsin solutions (in PBS) were introduced into the fluidic channels at a range of

concentrations from 0.1 ng/mL to 1000 ng/mL.
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5.4.2. Trypsin detection experiments in human urine:

The enzyme detection experiments in human urine were performed at 20°C. A syringe pump controlled
the flow rate at 75 pL/min. After immobilising the sensor surface with B-Casein and washing off any
unbound B-casein, as described in section 5.4.1, unspiked human urine was first introduced into the
fluidic channels. Then urine spiked with trypsin was introduced into the fluidic channels at a range of

concentrations from 0.1 ng/mL to 1000 ng/mL.
5.5. Results and discussion:

A stable surface functionalisation method ensures sensitive detection of the analytes of interest from a
complex matrix. Figure 38 (a -d) describes the sensors' biological interface preparation to detect trypsin.
PDA surface chemistry was used to functionalise the sensor surface for biomolecule immobilisation, as
described in Chapter 3. The immobilisation of substrate B-casein molecules on the functionalised sensor
surface was performed in flow. Figure 38c shows the sensor surface immobilised with B-casein

molecules, and Figure 38d illustrates the trypsin action on the sensor.
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FIGURE 38: Structure of the sensor and biological interface for the detection of trypsin: (a) Sketch of
the silicon nitride-based grating sensor; (b) coating of the sensor surface with polydopamine surface
chemistry; (c) in-flow immobilisation of f-casein on the coated sensor surface; (d) sensor surface after

the action of the enzyme.
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5.5.1. Detection of trypsin using guided mode resonance-based sensors in PBS:

To start with, first, the detection of trypsin was performed in PBS. GMR sensors typically exhibit an
increase in resonance wavelength when proteins bind to the sensor surface. This occurs because the
bound material increases the refractive index of the cladding, thereby affecting the effective index of
the mode. In contrast, since trypsin digests the B-casein and breaks it into smaller peptides, we observe
a mass loss on the sensor surface. Hence, a reduction in resonance wavelength is observed. By tracking
the resonance position over time, the kinetics of unbinding by digestion of the -casein layers from the
sensor surface is monitored. Figure 39b shows the full assay for trypsin detection in PBS using -casein

as substrate.
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FIGURE 39: (a) Schematic illustrating the detection of trypsin enzyme in PBS; (b) Full assay for the
detection of trypsin in PBS; (c) dynamic range graph for trypsin detection between 0.1 ng/mL and 1000
ng/mL. The inset shows the unbinding curves for the different trypsin concentrations between 0.1

ng/mL-1000 ng/mL as the enzyme digests the B-casein.
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Figure 39c shows the dynamic range for different trypsin concentrations, varying from 0.1 ng/mL to
1000 ng/ mL. The resonance shift observed for a concentration of 0.1 ng/mL is~0.066 nm, which is well
above the 36 (mean 36 = 0.019 nm + 0.01 nm (n = 31 + SD)) value of the system. For the higher
concentrations up to 1000 ng/mL, we observe a linear trend with an R? value of 0. 99383 indicating that
the sensor is very suitable for quantifying different trypsin concentrations. The inset in Figure 39c
displays the individual unbinding curves for different concentrations ranging from 0.1 ng/mL to 1000
ng/mL of trypsin. To study the effect of interfering molecules in human urine on trypsin detection, urea
and glucose were as interferents and added into PBS. The resonance shift for 100 ng/mL of trypsin in
PBS was observed to be 0.228 = 0.02 nm (n=3). The resonance shift observed for 100 ng/mL of trypsin
in PBS buffer with 2% urea in it was 0.231+ 0.01 nm (n=3), and the resonance shift for 100 ng/mL of
trypsin in PBS buffer with 100 ug/mL of glucose in it the shift observed was 0.232+ 0.03 nm (n=3). As
the resonance shift observed for all three buffer types is comparable, it can be concluded that interferents

added in the PBS buffer had a negligible effect on trypsin detection.
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5.5.2. Detection of trypsin in undiluted human urine:
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FIGURE 40: (a) Schematic of the detection of trypsin in human urine; (b) Detection of trypsin in
undiluted human urine; (¢) Dynamic range data for the detection of different trypsin concentrations in
undiluted human urine, ranging from 0.1 ng/mL to 1000 ng/mL. The inset shows the digestion of 3-
casein by different concentrations of trypsin spiked in human urine for concentrations from 0.1 ng/mL

to 1000 ng/mL.

To assess the suitability of our sensor for enzyme detection in human biofluids, we conducted enzyme
detection measurements using undiluted human urine. The schematic in Figure 40a illustrates the
application of human urine spiked with trypsin to a layer of f-casein immobilised on the sensor surface.
The functionalised sensor surface is first immobilised with B-casein molecules, and a washing step with
PBS buffer is performed, which is the same as shown in Figures 39b-i and 39b-ii. The B-casein
immobilised sensor surface is then exposed to undiluted human urine Figure 40b-ii to observe if any
other enzymes or biomolecules presented in undiluted clinical human urine cause any reaction on the
sensor surface. A small resonance shift is observed because of the higher refractive index of urine Figure
40b-ii. We then flowed the urine spiked with trypsin across the sensor Figure 40b-iii, and a clear
unbinding curve was observed, indicating the specificity of the trypsin detection. We used the same

concentration range as for PBS, i.e., 0.1 ng/mL to 1000 ng/mL of trypsin spiked in undiluted human
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urine, and Figure 40c shows the corresponding resonance shifts for the different concentrations of
trypsin spiked in undiluted human urine. The average shift observed for 0.1 ng/mL is approx. 0.065 nm,
which is above the 3-sigma values of the systems. As before, we observe a linear trend with a high R?
value of 0.99469. The inset in Figure 40c shows unbinding curves of B-casein layers by trypsin enzyme

spiked in undiluted human urine.

5.6. Summary of the work reported in this chapter:

Overall, we optimised the biological interface for chirped-GMR sensor chips for the detection of the
trypsin enzyme in human urine. The sensor surface is functionalised with B-casein layers via PDA film.
The trypsin detection was performed via hydrolysis of B-casein layers by trypsin enzyme. The amount
of hydrolysis of B-casein layers is directly proportional to the concentration of the trypsin enzyme. The
trypsin detection assay was performed in phosphate buffer saline and undiluted human urine. The lowest
concentration detected in phosphate buffer saline and human urine was 0.1 ng/mL, with a linear trend

observed for trypsin detection from 0.1 ng/mL to 1000 ng/mL trypsin.

Considering the important biological functions that trypsin enzymes perform, developing efficient
biosensing platforms for the detection of trypsin and monitoring its activity can play an important role
in the efficient management of pancreatic and other diseases. Developing label-free and sensitive
biosensing devices that perform well in biological fluids for trypsin detection and have the potential for
commercialisation and wide-scale deployment. In brief, biosensors for trypsin detection can contribute
significantly to medical diagnostics, pharmaceutical research, food safety, and environmental

monitoring.

Table 6 compares the performance of the label-free sensing system developed for trypsin detection with

the other label-free sensors reported for trypsin detection in the literature.
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Table 6: Label-free biosensors for detection of trypsin enzyme.

Sr. Sensor type Lowest Substrate used Tested in | Reference
No. concentration biofluid
detection reported
1. Nanoporous anodic | 0.025 mg/mL Gelatin - [260]
alumina
2. Nanoporous 0.06 pg/mL Urease and fluorescein | 2 pg/mL | [261]
Anodic Alumina 5(6)-isothiocyanate concentration
detected  in
human urine
with 86 %
recovery
3. Electrical detection | 5 ng/mL Polylysine - [264]
nanochannels
4. Quartz crystal | 8.5 ng/mL Au nanoparticles | - [265]
microbalance functionalised with
mercaptoacetic acid
coupled to peptide chain
immobilised on  the
sensor surface.
5. Guided mode | Lowest B-Casein Range of | This work
resonance-based concentration concentrations

S€nsor

detected is 0.1
ng/mL in PBS and
human urine

detected in

undiluted
human urine
from 0.1

ng/mL to 1000
ng/mL
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6. Objectives achieved and Conclusions:

The thesis makes progress towards the development of an efficient bio-interface for silicon nitride-
based guided mode resonance-based photonic sensing chips by studying polydopamine-based surface
chemistry as a one-step method to immobilise bioreceptors. Polydopamine (PDA), inspired by the
adhesive properties of mussel foot proteins, offers a versatile and universal surface functionalisation
route. The thesis demonstrates that PDA forms a stable, reactive coating on silicon and silicon nitride-

based surfaces, allowing efficient one-step and robust immobilisation of bioreceptors.

Progress made towards each objective mentioned in the introduction:

1. To evaluate the performance of polydopamine-based surface chemistry for the immobilisation
of various bioreceptors using chirped guided mode resonance biosensors and stability of
polydopamine surface chemistry in different environmental conditions.

2. Toinvestigate the analytical performance of the functionalised chirped guided mode resonance-
based biosensors in detecting a range of clinically relevant protein biomarkers (IgG, CRP,
MMP-9, TNF-q, IL-6) and study the suitability of the polydopamine-based interface to perform

measurements in complex human biofluids.

The work reported in Chapter 3 reports the progress towards objectives 1 and 2. Conclusions and

future work are discussed below

6.1. Conclusions Chapter 3-Bioinspired polydopamine layer as versatile

functionalisation protocol for silicon-based photonic biosensor:

We have studied a bio-inspired polydopamine (PDA) based surface functionalisation protocol for
silicon-based sensors and have shown that it can be used as a simple, single-step method for the
immobilisation of functional bioreceptors on the sensor surface. The polydopamine based protocol
provides a higher surface density of immobilised biomolecules when compared to more familiar surface
chemistries based on surface silanisation and NHS crosslinkers and bioreceptor conjugation using
crosslinkers. We believe that this improvement is partially due to the insensitivity of the PDA film to
hydrolysis but also to its simplicity and the brevity of the process. Further, when tested on GMR
biosensors, we observe a wide dynamic range for the detection of IgG, CRP and MMP-9 biomarkers.
In addition, we also verified the compatibility of the protocol with complex biofluids (diluted human
serum) and were able to successfully perform measurements to ng/mL sensitivity. We also tested the
integrity of the film by exposing coated and uncoated sensors to alkaline media and observed a delay
in the onset of degradation, thus highlighting the high quality of the film and its ability to provide

additional functionality by protecting the sensor surface. Overall, we suggest that the wider adoption of
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this protocol should improve the consistency of photonic immunoassays and that its simplicity will
encourage researchers to engage more widely with surface functionalisation and the addition of

biorecognition elements to their experiments.
6.1.1. Future Work:

Future work in this area should involve studying other mussel-inspired chemistries, such as poly
levodopa and polynorepinephrine films, comparing their efficiency with the polydopamine films in
terms of bioreceptor immobilisation density and signal observed for the analyte detection. In addition,
it will be interesting to develop better antifouling strategies in combination with mussel-inspired

chemistries to perform analyte detection in undiluted human biofluids such as human serum.

3. To develop a bio-interface for the detection of wound biomarkers and perform the detection of
wound biomarkers in phosphate buffer, hydrogel-based wound dressings, and clinical wound
fluid-absorbed hydrogel dressings.

The results reported in Chapter 4 demonstrated the progress made towards the Objective 3 by

developing a biointerface for the detection of wound biomarkers.

6.2. Conclusions Chapter 4-Nanophotonic and hydrogel-based diagnostic system

for the monitoring of chronic wounds:

We report progress towards the development of a nanophotonic theranostic system for the non-invasive
monitoring and improved management of chronic wounds by developing a diagnostic element of the
system. We demonstrate the successful detection of two important wound biomarkers, i.e., TNF-a and
IL-6 in a clinically relevant matrix. Remarkably, we observe very similar resonance shifts for antigens
spiked into phosphate buffer saline (PBS), hydrogel and human matrix absorbed hydrogel dressings.
We have also studied the applicability of this system with clinical wound sample acquired from the
hospital and observed the similar resonance shifts for 1 ng/mL of TNF-a and IL-6 as we in the other
above-mentioned matrix. This similarity highlights the high quality and the robustness of the biosensing
interface we have developed. Both the sensitivity and the dynamic range are essential for the clinical
relevance of the developed test to account for variations between patients and for assessing different

stages of wound healing.
6.1.2. Future work:

The developed diagnostic system must be tested and validated with more clinical samples. Also, the
biological interface needs to be developed and tested with other biomarkers, such as proteases,

cytokines, enzymes, and microbes, to better monitor and predict the status of chronic wounds.
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Furthermore, a larger-scale patient study is required to better understand the correlation between
biomarker concentration and the wound healing process and to inform the clinically actionable outcome.
With these future improvements, we believe that our approach can be used with a wide range of
hydrogel-based wound dressings and form the basis of a low-cost near-patient theranostic wound

healing system.

4. To develop biointerface for detection of enzyme as analyte in phosphate buffer saline and

clinical urine using chirped guided mode resonance based biosensors.

Chapter 5 reports the development toward the objective 4 that is bio interface was optimised on

chirped guided mode resonance sensors using PDA chemistry for detection of enzymes.

6.2. Conclusions Chapter 5-Nanophotonic platform for the highly sensitive

detection of trypsin enzyme in human urine:

In this work, we developed a guided mode resonance-based nanophotonic test for the highly sensitive
detection of the trypsin enzyme in human urine. The biological interface we developed using -casein
layers immobilised on the polydopamine surface chemistry helped to detect a range of trypsin
concentrations from 0.1ng/mL to 1000 ng/mL in phosphate buffer saline and human urine. The test can
be used for the screening and timely treatment of diseases such as cystic fibrosis, pancreatitis, and
pancreatic cancer. In addition, the advancement of label-free nanophotonic-based approaches opens up

novel avenues for detecting enzyme activity at extremely low concentrations.
6.2.1. Future work:

The future work in this project should involve optimising the biological interface for more sensitive
detection by developing more sensitive guided-mode resonance sensor chips and biological interfaces.
We should explore other substrates, perform trypsin detection using different substrates, and compare
the sensitivities for the biological interface side. In addition, it would be interesting to optimise the
biological interface to detect trypsin enzymes in other biological fluids, such as human serum. The
development of the biological interface for the detection of other enzyme classes (e.g. proteases) of

clinical significance would be of great interest.

This thesis demonstrates that polydopamine surface chemistry, when integrated with chirped guided
mode resonance-based sensors, enables a simplified, reproducible and high-performance platform for

detection of biomarkers of clinical interest.

e The polydopamine surface chemistry helps in achieving bioreceptor immobilisation on the

sensor surface via a single-step functionalisation without loss of sensitivity.
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e tis solid and robust enough to perform detection in clinical matrices such as serum, urine, and
wound fluid absorbed by hydrogel dressings.
e Jtispossible to detect different types of biomarkers, such as antibodies, cytokines and enzymes

etc.

The work reported in this thesis helps in bridging the gap by a studying simple to perform polydopamine
surface chemistry to prepare a bio interface for the detection of a range of biomarkers in different type
of biofluids. These results make the way for broader translation of chirped guided mode resonance-

based biosensors into clinical and near-patient tests.
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