Evaluation of optical biosensing techniques towards point-
of-care diagnosis of active TB

Student: Charles Maphanga
(221116891)

Supervisor: Prof. Patience Mthunzi-Kufa
Co-supervisor: Dr. Yaseera Ismail
Co-supervisor: Dr. Saturnin Ombinda-Lemboumba

A thesis submitted in fulfilment of the requirement for the
degree of

Doctor of Philosophy in Physics

School of Chemistry and Physics
University of KwaZulu-Natal
South Africa

August 2024



As the candidate’s supervisor, I, Patience Mthunzi-Kufa, agree to the submission of this
dissertation.

Signed: Date:

I, Charles Maphanga declare that the work contained in herein has not been submitted in any
form for any degree or diploma to any other institution.

Signed.:.




Preface

The research discussed in this dissertation was carried out at the Council for Scientific and Industrial
Research (CSIR) Photonics Centre’s Biophotonics research group in collaboration with College of
Agriculture, Engineering and Science of the University of Kwa-Zulu Natal, Durban, from January 2020
until March 2023 by Charles Maphanga under the supervision of Prof. Patience Mthunzi-Kufa and co-

supervised by Dr. Yaseera Ismail, and Dr. Saturnin Ombinda-Lemboumba.

As the candidate’s supervisor, |, Patience Mthunzi-Kufa, agree to the submission of this dissertation.

As the candidate’s co-supervisor, |, Yaseera Ismail, agree to the submission of this dissertation.

Signed:..-

As the candidate’s co-supervisor, |, Saturnin Ombinda-Lemboumba, agree to the submission of this
dissertation.

I, Charles Maphanga, hereby declare that all the material incorporated in this dissertation are my own
original work, except where acknowledgement is made by name or in the form of a reference. The
work contained in herein has not been submitted in any form for any degree or diploma to any other

institution.

16 August 2024




Abstract

Tuberculosis (TB) remains one of the leading causes of mortality and morbidity globally even
though it is a treatable disease. South Africa is one of 22 countries with a high TB burden that
accounts for 83% of worldwide TB cases. Recent innovations in "near-patient™ or point-of-care
(POC) diagnostic technologies for TB have resulted in early treatment initiation. For instance,
the roll-out of GeneXpert MTB/RIF devices in resource-limited countries has resulted in
improved rapid and accurate diagnosis of TB and rifampicin resistance testing. Regardless, these
devices also have limitations, for example, requirements for specialized infrastructure, operation
by highly trained personnel, and high costs per test. This is a significant setback, especially in
developing countries. Thus, a rapid and effective diagnosis of TB is a crucial intervention
strategy for reducing the burden of TB. As a result, there is a need for a cost-effective, user-
friendly, and robust POC TB diagnostic device with high sensitivity and specificity. Hence, this
study focuses on the evaluation of optical biosensing techniques for the development of a POC
device for TB diagnosis. Biosensors offer great advantages over conventional analytical
techniques. Specifically, they can provide multiple capabilities such as user-friendly operation,
real-time analysis, rapid response, high sensitivity and specificity, portability, label-free
detection, and cost-effectiveness. This diagnostic approach possesses suitable features to
develop POC diagnostics and monitoring technologies. A novel optical biosensor chip was
developed to monitor biomolecular interactions between mycolic acid antigens and anti-
mycobacterium tuberculosis antibodies. Mycolic acid was successfully immobilized on a gold-
coated surface and a photonic crystal-based surface and allowed to react with anti-
mycobacterium tuberculosis antibody as an analyte. The biosensor chip surface was
characterized using various tests, including atomic force microscopy (AFM), scanning electron
microscopy (SEM), and energy dispersive X-ray (EDX) spectroscopy. To enhance the detection

signal from biomolecular binding events, gold nanoparticles (AuNPs) were bioconjugated with



goat anti-rabbit 1gG H&L secondary antibody and introduced on the biosensing surface.
Characterization of the AuNPs before and after bioconjugation was performed using ultraviolet-
visible (UV-vis) absorption spectroscopy, dynamic light scattering (DLS), transmission electron
microscopy (TEM), and further analyzed using Fourier-transform infrared (FTIR) spectroscopy.
The gold-coated biosensor chip was analyzed using a custom-built nanoplasmonic biosensing
setup to differentiate the experiment from control groups, and the photonic crystal-based
biosensor chip was analyzed using a similar setup using a white light source. The obtained results
showed that mycolic acid was successfully immobilized on the biosensing surface and made it
possible to capture anti-mycobacterium tuberculosis antibodies. The nanoplasmonic optical
biosensing technique was indeed successful in the detection of anti-mycobacterium tuberculosis

antibodies.

Keywords: Biomarker, Biosensor, Optical biosensing, Bioconjugation, Gold nanoparticle,
Localized surface plasmon resonance, Photonic crystal, Transmission spectroscopy,
Fluorescence microscopy, UV-vis absorption spectroscopy, Dynamic light scattering, Fourier-
transform infrared spectroscopy, Scanning electron microscopy, Energy dispersive X-ray

spectroscopy, Atomic force microscopy, Mycolic acid, Mycobacterium tuberculosis



Dedication

This thesis is dedicated to my brother Dre Scotch.
Thank you for your unconditional Jove.
Your wisdom and kindness keep me going and you will afways kave a special place in my
heart.

yﬁroujﬁyou, jﬁave SEeen an anje/z'n ﬁumanférm.

j Jove c}/ou, b'rot/tder./



Declaration 1 - Plagiarism

I, Charles Maphanga, declare that.
1. The research reported in this thesis, except where otherwise indicated, is my original research.
2. This thesis has not been submitted for any degree or examination at any other university.

3. This thesis does not contain other persons’ data, pictures, graphs or other information, unless

specifically acknowledged as being sourced from other persons.

4. This thesis does not contain other persons’ writing, unless specifically acknowledged as being

sourced from other researchers. Where other written sources have been quoted, then:

(@) Their words have been re-written, but the general information attributed to them has been

referenced,

(b) Where their exact words have been used, then their writing has been placed in italics and

inside quotation marks and referenced.

5. This thesis does not contain text, graphics or tables copied and pasted from the Internet, unless
specifically acknowledged, and the source being detailed in the thesis and in the references

sections.

Signed..

Vi



Declaration 2 - Publications

DETAILS OF CONTRIBUTION TO PUBLICATIONS that form part and/or include research

presented in this thesis.

Peer-reviewed journals:

1. C. Maphanga, S. Manoto, S. Ombinda-lemboumba, Y. Ismail, Sensing and Bio-Sensing
Research Localized surface plasmon resonance biosensing of Mycobacterium tuberculosis
biomarker for TB diagnosis, Sens. Bio-Sensing Res. 39 (2023) 100545.
https://doi.org/10.1016/j.sbsr.2022.100545.

2. M.A. Tjale, S. Ombinda-Lemboumba, C. Maphanga, P. Mthunzi-Kufa, TB diagnostic
insights, progress made on point of care diagnostics and bioinformatics as an additional tool for

improvement, Indian J. Tuberc. (2023). https://doi.org/10.1016/}.ijtb.2023.03.023.

Other peer-reviewed journals published during PhD study:
1. C. Maphanga, S. Manoto, C. Mabena, S. Ombinda-Lemboumba, M. Maaza, P. Mthunzi-
Kufa, Laser-enabled delivery of antiretroviral drugs into HIV-1 infected TZM-bl cells, J.

Biophotonics. 15 (2022) 1-11. https://doi.org/10.1002/jbi0.202200043.

Peer-reviewed conference proceedings:

1. Charles Maphanga, Saturnin Ombinda-Lemboumba, Yaseera Ismail, Patience Mthunzi-

Kufa, Photonic crystal-based biosensing for TB detection, South African Institute of Physics

(SAIP) Proceeding (2023) (In Press). https://events.saip.org.za/event/239/papers/9027/

2. C.P. Maphanga, S.L. Manoto, S.S. Ombinda-Lemboumba, Y. Ismail, P.T. Mthunzi-

Kufa, Optical biosensing of mycolic acid biomarker for TB diagnosis, Proc. SPIE 12387, Opt.

vii



Diagnostics  Sens.  XXIIl  Towar.  Point-of-Care  Diagnostics.  (2023)  25.

https://doi.org/10.1117/12.2650013.

3. C.P. Maphanga, S.S. Ombinda-Lemboumba, Y. Ismail, P.T. Mthunzi-Kufa, Photonic

crystal-based biosensor chip development for TB diagnosis, Proc. SPIE 12387, Opt. Diagnostics

Sens. XXIII Towar. Point-of-Care Diagnostics. (2023) 33. https://doi.org/10.1117/12.2650057.

4. Charles Maphanga, Saturnin Ombinda-Lemboumba, Sello Manoto, Patience Mthunzi-

Kufa, "Surface plasmon resonance (SPR) based biosensor for mycobacterium tuberculosis
diagnosis,” Proc. SPIE 11651, Optical Diagnostics and Sensing XXI: Toward Point-of-Care

Diagnostics, 1165103 (5 March 2021); doi: 10.1117/12.2578728

5. Charles Maphanga, Sello Manoto, Saturnin Ombinda-Lemboumba, Patience Mthunzi-

Kufa, "Detection of mycobacterium tuberculosis using gold nanoparticles conjugated to TB
antibodies,” Proc. SPIE 11651, Optical Diagnostics and Sensing XXI: Toward Point-of-Care

Diagnostics, 116510X (5 March 2021); doi: 10.1117/12.2578789

6. M. Y. Lugongolo, S. L. Manoto, C. Maphanga, S. Ombinda-Lemboumba, S. L.
Thobakgale, P. Mthunzi-Kufa, "Label-free detection of mutations in the HIV genome using a
surface plasmon resonance biosensor,” Proc. SPIE 11661, Plasmonics in Biology and Medicine

XVIII, 116610M (5 March 2021); doi: 10.1117/12.2578317

7. Charles Maphanga, Sello Manoto, Saturnin Ombinda-Lemboumba, Lerato Hlekelele,

Patience Mthunzi-Kufa, "Optical biosensing of mycobacterium tuberculosis for point-of-care
diagnosis,” Proc. SPIE 11251, Label-free Biomedical Imaging and Sensing (LBIS) 2020,

112510R (20 February 2020); doi: 10.1117/12.2545842

8. Saturnin Ombinda-Lemboumba, Sello Manoto, Charles Maphanga, Rudzani Malabi,

Patience Mthunzi-Kufa, "Development of collinear transmission plasmonic biosensor for

detection of HIV-1," Proc. SPIE 11257, Plasmonics in Biology and Medicine XVII, 112570L

viii



(21 February 2020); doi: 10.1117/12.2546496

9. Saturnin Ombinda-Lemboumba, Sello Manoto, Charles Maphanga, Rudzani Malabi,

Lebogang Thobakgale, Masixole Y. Lugongolo, Patience MthunziKufa, "Raman spectroscopy
and gold thin film for biosensing and detection,” Proc. SPIE 11251, Label-free Biomedical

Imaging and Sensing (LBIS) 2020, 112512P (20 February 2020); doi: 10.1117/12.2546617

Signed.

Achievements:

1. July 2022: Best Oral Presentation by PhD student, Council for Scientific and Industrial

Research (CSIR), Emerging Researchers Symposium.

2. December 2021: Biggest Impact Research by PhD student, University of KwaZulu-Natal,
College of Agriculture, Engineering and Science, School of Chemistry and Physics, UKZN

Postgraduate Research and Innovation Symposium.
3. June 2019: Mail&Guardian 200 Young South Africans (Health Category)

4. December 2017: Best masters’ studentship, National Laser Centre (NLC) excellence awards,

Council for Scientific and Industrial Research (CSIR), Pretoria, South Africa.



Acknowledgements

First and foremost, | would like to thank GOD for the wisdom, grace, and strength that has
carried me throughout my studies. | am truly grateful to my supervisor Prof. Patience Mthunzi-
Kufa for giving me a chance to pursue a PhD degree within the Biophotonics research group of
the CSIR’s Photonics Centre. It has been a great journey from MSc to PhD. | am very thankful
to my co-supervisors Dr. Saturnin Ombinda Lemboumba and Dr. Yaseera Ismail for their
guidance and support. Thank you all for the opportunities you exposed me to during my studies.
| am so grateful to the Biophotonics research team for their continued support. You guys rock!
To the staff at the UKZN School of Chemistry and Physics, thank you very much. To my family,
I am still standing today, and it is because of your support, especially my brother Bro Scotch, |
love you so much. To my nephews and nieces, | appreciate how you are so proud of me, and |
wish the Almighty blesses you in your respective life journeys. To everyone in my circle, thank
you for listening, encouraging, and believing in me. | thank the CSIR, NRF, and the DSI for the
financial support. And lastly, [ would like to say, “I love you so much” to my late mom Makhapa
Rebecca Pebetsi Nkoshana Moela. You will always live in my heart “kgarebe ya Bakwena ba

Moela meetse a pula”.



List of Acronyms

1-dimensional
1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide
2019 coronavirus disease
3-Aminopropyl triethoxysilane
Acid-fast bacilli

Acquired immunodeficiency syndrome
Aluminium

Amikacin

Antigen85

Arabinogalactan

Atomic force microscopy
Bacillus Calmette-Guerin
Backward inner primer
Backward loop primer

Base pair

Biosafety level

Bovine serum albumin
Calcium

Capreomycin

Centimeter

Centipoise

Charge-coupled device
Ciprofloxacin

Cluster of differentiation 4

Xi

1-D
EDC

COVID-19

APTES

AFB

AIDS

Al

AMK

Ag85

AG

AFM

BCG

BIP

BLP

BSL
BSA
Ca
CPR
cm

cP
CCD
CPFX

CD4



Colony forming unit

Culture filtrate protein
Cycloserine

Cysteamine

Deoxyribonucleic acid

Drug sensitivity test

Dynamic light scattering

Early secreted antigen target
Electromagnetic wave
Energy-dispersive X-ray
Enzyme-linked immunosorbent assay
Ethambutol

Ethionamide

Extensively drug-resistant
Extrapulmonary TB

Fluorescent microscopy
Forward inner primer

Forward loop primer
Fourier-transform infrared

Gas chromatography

Genomic DNA

Gold

Gold nanoparticle
High-resolution transmission electron microscope
Human immunodeficiency virus

Isoniazid

Xii

CFU
CFP
CYS
Cys
DNA
DST
DLS
ESAT
EMW
EDX
ELISA
EMB
ETA
XDR
EPTB
FM
FIP
FLP
FTIR
GC
gDNA
Au
AUNP
HRTEM
HIV

INH



Kanamycin
Kilohertz

Kilojoule

Kilovolt
Light-emitting diode
Limit of detection
Line probe assay
Lipoarabinomannan
Lipomannan

Localized surface plasmon resonance

Loop-mediated isothermal amplification

Lowenstein-Jensen
Magnesium

Mass spectrometry
Mercury vapour lamp
Methyl nicotinate
Methyl p-anisate
Methyl phenylacetate
Meter

Milligram

Millilitre

Milliwatt
Micrometer
Multidrug resistant
Mutant

Mycobacterial growth indicator tube

Xiii

KM
kHz
kJ
KV
LED
LOD
LPA
LAM
LM
LSPR
LAMP
LJ
Mg
MS
MVP
MN
MP

MPA

mg
ml
mW
um
MDR
MUT

MGIT



Mycobacterium tuberculosis complex
Mycobacterium tuberculosis
Mycolic acid
Mycolyl-arabinogalactan-peptidoglycan
Nanometer
N-hydroxysuccinimide
Nucleic acid amplification test
o-phenylanisole

Outer backward primer

Outer forward primer
Palladium
para-Aminosalicylic acid
Peptidoglycan

Phosphate buffered saline
Photonic band gap

Photonic crystal
Physical vapour deposition
Platinum

Point-of-care

Polyethylene glycol
Polymerase chain reaction
Pulmonary TB

Pyrazinamide

Refractive Index Unit
Rifampicin

Scanning electron microscopy

Xiv

MTBC

MTB

MA

mMAGP

nm

NHS

NAAT

OPA

B3

F3

Pd

PAS

PG

PBS

PBG

PhC

PVD

Pt

POC

PEG

PCR

PTB

PZA

RIU

RIF

SEM



Second-line injectable drug
Self-assembled monolayer
Silver

Sputum smear microscopy
Stearic acid

Surface plasmon resonance

Titanium

Transmission electron microscopy

Transrenal DNA
Tuberculin skin test
Tuberculosis

Ultra-violet visible
Volatile organic compound
Wild-type

World Health Organization

Ziehl-Neelsen

XV

SLID
SAM
Ag
SSM
STA
SPR

Ti
TEM
Tr-DNA
TST
B
UV-vis
VOC
WT
WHO

ZN



List of Figures

Figure 1: Model of the mycobacterial cell envelope [37]. The cell envelope consists of a phospholipid
bilayer plasma membrane, periplasmic space, cell wall, and the outermost capsule responsible for the
pathogen’s virulence. The periplasm consists of a granular layer. The cell wall is formed by
peptidoglycan, arabinogalactan, and mycolic acid residues. The capsule is composed of proteins,
lipopolysaccharides, and some lipids. (TMM: Trehalose monomycolate, PL: Phospholipid, GL: Granular
layer, LAM: Lipoarabinomannan, PIM: Phosphatidyl inositol mannose, MmpL: Mycobacterial

membrane protein large, TDM: Trehalose dimycolate, AM: Arabinomannan)............c.ccoceeererveienieniens 10

Figure 2: Hlustration of how Mycobacterium tuberculosis spreads through the air from one person to
another. Droplet nuclei are released from an infected person with TB disease through coughing, speaking,
or singing. After inhalation of Mycobacterium tuberculosis by an uninfected person, the bacilli settle

throughout the airways, and infection is initiated. ...........ccccceii e 12

Figure 3: An illustration of how a granuloma is formed. The granuloma is formed by various immune
cells, thus creating a microenvironment that slows down the replication and spread of MTB. This
environment destroys infected macrophages and produces early solid necrosis at the center of the lesion;
however, the bacilli can adapt and survive. When the immune system is compromised, the wall of the

granuloma loses integrity, and the bacilli can escape and SPread. ..........ccoevevevieeiieniesieenese e 14

Figure 4: Illustration of the process of Transrenal (Tr) DNA production in a patient with pulmonary
tuberculosis. Mycobacterium tuberculosis bacilli in the lungs are destroyed by the immune cells, thus
releasing cell-free nucleic acids in plasma. Small-sized cell-free nucleic acids pass through the kidneys

during glomerular filtration to produce Tr-DNA detectable in Urine..........ccoccoooviveiiiiiieiinne e, 20

Figure 5: Chemical structures of alpha, keto, and methoxy-mycolic acid derived from Mycobacterium

TUDBICUIOSIS. ...ttt ettt e et e et et e e et e e e e eteeeeeeeea et eeeeeseea e eteeesesaeanteneeeneeesnanines 22

Figure 6: Photomicrographs of TB bacilli. A) Ziehl-Neelsen stain sputum smear showing TB bacilli

stained red against a blue background, B) Conventional fluorescent micrograph of Auramine O stain

XVi



sputum smear, C) Light Emitting Diode (LED) fluorescent micrograph of Auramine O stain sputum

smear showing brighter spots of TB bacilli compared to conventional fluorescent microscopy [119]. .26

Figure 7: The Alere DETERMINE TB-LAM lateral flow antigen test. It was recently commercialized
for point-of-care testing of TB to detect mycobacterial lipoarabinomannan antigen biomarkers present in

the urine of severely immunocompromised HIV Patients. ...........ccooiiriniiiieieine e 29

Figure 8: The HEX benchtop thin film deposition system used to develop Au-coated slide (A). (B) The

p AT oo 1 (=10 I [T [T 39

Figure 9: Fluorescence images of mycolic acid TB antigen reaction with anti-mycobacterium
tuberculosis antibody used as primary antibody. Image A, showing green fluorescence, is the experiment
sample consisting of SAM of mycolic acid, a primary antibody, and a fluorescent-labeled goat anti-rabbit
IgG H&L (Alexa Fluor) secondary antibody. Image B shows the control sample with SAM of mycolic
acid and the goat anti-rabbit 1IgG H&L (Alexa Fluor) antibody introduced on the surface in the absence
of an anti-mycobacterium tuberculosis antibody. No fluorescence was observed in the control sample.

Images were captured with a CKX41 Olympus microscope, and the length of the scale bar is 50um... 44

Figure 10: The SEM image of untreated gold-coated thin film surface captured with the JSSM-1T800
Schottky field emission scanning electron microscope. The surface shows the distribution of tightly

packed Au microstructures. There are no signs of surface contaminants. ...........coccocevererenercreiniinens 45

Figure 11: Transmission electron micrograph of gold NanoUrchins. The nanoparticles displayed a
multibranched, spiky, uneven surface morphology with an average size of 60nm. The length of the scale

T 1S DO, ettt ettt e e et e ettt e e e e e ee et teeeeeee e atteteeeteae———teteeeaaa e ———teaeeeiaaa————aaaaaan 46

Figure 12: Absorbance spectra of AuNPs, covalent conjugated AuNPs (TB-Bioconjugate-C), and
physical bioconjugated AuNPs (TB-Bioconjugate-P). There are clear differences in absorbance intensity
of the antibody (A250 nm — 350 nm) and the AuNPs (A500 nm — 750 nm) when comparing the two

DIOCONJUGALION TECNNIGUES. ... ..eiiiiieici ettt bt 48

XVil



Figure 13: Schematic illustration of plasmon oscillation around a nanoparticle, showing the

displacement of the electron charge cloud relative to the nanoparticle. ............ccoooviiiiiiiiicice 55

Figure 14: A schematic representation of the gold-coated slide functionalization steps. Schematic key
steps include the following: (1) a biosensor chip with a layer of gold deposited on a thin layer of Ti
sputtered on a glass substrate, (2) immobilization of cysteamine monolayer on the thin gold surface, (3)
covalent attachment of STA to cysteamine and formation of amide bonds using NHS and EDC, (4)
development of a SAM of mycolic acid through inter-molecular forces existing between stearic acid and
mycolic acid, (5) introduction of BSA to prevent non-specific binding of molecules, (6) binding of anti-
mycobacterium tuberculosis primary antibody to mycolic acid, (7) binding of gold-bioconjugated

secondary antibody to the primary antibody. (BSA: Bovine serum albumin) ..........cccccoocvviviiinvinennnnn. 58

Figure 15: Experimental setup of the transmission spectroscopy setup used for LSPR biosensing. The
setup consists of a 512 nm green light source with a power of 3.1 mW, collimating lenses (L1 and 2),
XYZ stage, a 10x microscope objective, and an imaging system consisting of a CCD camera and

computer, focusing lens (L3), an optical fiber, and a portable USB spectrometer connected to a computer.

Figure 16: A graphical representation of UV-vis absorption spectrograph for the bioconjugation of
AUNPs to goat anti-rabbit IgG H&L secondary antibody. Measurements were taken before and after
bioconjugation. The black line represents the spectrum of AuNPs before conjugation, and the red line

represents the spectrum of AuNPs after bioconjugation with a secondary antibody. ............cccceeevnee. 63

Figure 17: DLS data showing (A) size distribution by the intensity of AuNPs before and after
bioconjugation (TB-Bioconjugate) and bioconjugate in the presence of mycolic acid, (B) particle size
differences, and (C) average peak intensity differences. DLS was performed on a Zetasizer instrument

using water as a dispersant at 25°C. Samples were analyzed in triplicates and repeated three times (n=3).

XViii



Figure 18: SEM images of the biosensing surface of the thin bare gold surface (A), experiment sample
(B)) and control sample (C). The experiment sample surface consists of a self-assembled monolayer of
mycolic acid TB antigen, anti-mycobacterium tuberculosis antibody, and a secondary antibody
bioconjugated to AuNPs. The control sample lacks an anti-mycobacterium tuberculosis antibody on the
surface. The AuNPs (NanoUrchins) under SEM are visualized as tiny bright spots resembling stars. A

small number of bioconjugated AuNPs were observed on the biosensing surface of the control sample.

Figure 19: EDX spectrographs of the bare gold-coated surface (A), the experiment sample (B), and the
control sample (C). The biosensing surface of the experiment sample consisted of mycolic acid TB
antigen, an anti-mycobacterium tuberculosis primary antibody, and a goat anti-rabbit IgG H&L
secondary antibody bioconjugated to AuNPs. The main elements obtained from all three samples are Au,
Si, Ti, Na, Mg, Ca, and ClI. There were significant differences in the weight and atomic percentage of Au
detected between the experimental sample compared to the control and reference samples which had

approXimately Similar PEICENTAGES. ......ccvii ettt te et s e e e besreestesreeneennas 67

Figure 20: Atomic force microscopy micrographs of the five sample groups captured at different stages
of the biosensor chip functionalization. Sample groups include Au thin film layer (A), MA (B),
MA+1°Ab (C), MA+1°Ab+2°Ab (D), and MA+2°Ab (E). A sharp increase in height and surface
roughness was observed in MA+1° Ab+2°Ab sample (D), confirming the successful binding of the
bioconjugated AuNPs with the goat anti-rabbit IgG H&L secondary antibody added on a surface
containing anti-mycobacterium tuberculosis primary antibody. The binding of the bioconjugated AuNPs

to the surface is critical for detection signal enhancement during optical biosensing. ...........c.cccceoeenne. 70

Figure 21: FTIR spectra of AuNPs (A), TB-bioconjugate (B), and the TB-bioconjugate reacted with

mycolic acid TB antigen (C) diSSOIVed iN NEXANE..........coviiiieie et 72

Figure 22: Transmitted intensity measurements for LSPR biosensing of anti-mycobacterium tuberculosis
antibody. The transmitted intensity between the Au thin film layer, MA, MA+1Ab, MA+1Ab+2Ab, and
MA+2ADb. The Au-thin layer was used as the background sample since all the sample groups were

developed from it. The MA sample was used as a reference sample since all the sample groups except
Xix



the background sample have MA on the surface as the biorecognition element. (A) shows transmitted
intensity peaks of the five sample groups, whereby the Au-thin layer transmitted a high percentage of
light, followed by MA, MA+2Ab, MA+1Ab, and the MA+1Ab+2Ab sample reported the lowest
transmitted intensity. (B) show differences in height (B) and area under graph (C) for each sample group
spectrum observed in (A). Sample groups were prepared in triplicates under the same conditions and

repeated three tIMES (NT3)....iii ittt st e te et e s beere e besaeesbesteeeesteeneerens 74

Figure 23: A custom-built photonic crystal biosensing setup used to measure transmitted light. This setup
uses a broadband LED light source instead of the 512 nm green light source used on the LSPR-based
biosensing setup in Figure 15, collimating lenses (L1 and 2), polarizer, XYZ stage, a 10x microscope
objective, and an imaging system consisting of a CCD camera and computer. The focusing lens (L3) was
used to focus the light into the optical fiber, and the portable USB spectrometer connected to a computer

Was USed FOr data aCQUISITION. .......ccviiiie ettt e e sreeraeseesre e e 87

Figure 24: Atomic force microscopy micrographs of the PhC, control, and experiment group displayed
in 3-dimensional and 1-dimensional view projection. Figures A and D show the 1-D PhC used as the
reference sample displayed in 3-D and 1-D view. Figures B and E show the control sample in 3-D and
1-D view projection. Figures C and F show the experiment sample in 3-D and 1-D view. The PhC surface
was smooth with no debris detected on it. The experiment sample displayed much more surface

roughness compared to the CONTrol SAMPIE. ..o 89

Figure 25: Photonic crystal spectrograph for the detection of anti-mycobacterium tuberculosis
antibodies. The untreated PhC spectrum is represented by the black line, the control is represented by the
red spectrum, and the experiment is represented by the blue spectrum. There were clear detectable
wavelength differences between the three sample groups, and a reduction in transmitted intensity was

o O T =T o0] (0 (<10 [N 90

XX



Preface i
Abstract ii-iii
Dedication iv
Declaration 1 - Plagiarism v
Publications Vvi-viii
Acknowledgements iX
List of Acronyms X-Xiv
List of Figures XV-XX
TABLE OF CONTENTS
INTRODUGCTION ...ttt bbb bbb bbbt bbb b b ekt b e bbb n e 1
i.  Background and MOTIVALION. .........ccoiiiiiiiee e 1
ii.  Research aims and ODJECTIVES: ..o 4
1. SYNOPSIS OF the TNESHS ... 4
CHAPTER L et e b h bbb bbb bbbt bbbt b et b et b e 6
LITERATURE REVIEW ....cooiiiiiiiiiiie ettt ettt b ettt ettt 6
1.1. INTFOTUCTION 10 TB ...c.viiiee ettt sttt st e st s e e saesteenaesreereenee s 6
1.1.1. TB as a global pandemiC. ..o 6
1.1.2. Mycobacterium tuberculosis diSCOVETY ..o 7
1.1.3. Structure of Mycobacterium tuberculosis...........ccocvvviiiiiiic e, 8
1.1.4. Mycobacterium tuberculosis tranSMISSION. .........cccviiiirireieeee s 11
1.1.5. TB PAINOGENESIS ...ttt 12
1.1.6. SIGNS AN SYMPLOMS ...ttt sttt estesre e e e ste e e saesreeneeas 15
1.1.7. TB prevention through VACCINALION..........c.coviiiii e 15
1.1.8. TB ArBAIMENT. ...ttt sttt st e re e nareean 16
1.2. Biomarkers of active TB iNfECLION .........ccceiiiiiiicice e 17
1.2.1. Breath DIOMAIKEIS........ooveiiciec et nas 17
1.2.2. UriNg DIOMAIKELS ... 18
1.2.3. SPULUM DIOMAIKETS ...ttt eesae e saeeree e 20
1.2.4. 2T ool l o To] 0T T =] £ ST 23
1.3 Current TB diagnostic MEtNOAS............ooviiiiiee e 24
1.3.1. WHO-accredited active TB diagnOStiC eSS .....cvviviieiiiecie e 25
1.4. Introduction to biosensors and biosensing teChNIQUe ..........ccocvereiiie e 33

XXi



1.5. Optical biosensing techniques used in this study to detect anti-mycobacterium

tUDErCUIOSIS ANTIDOTIES ... bt 35
1.5.1. Localized surface plasmon resonance DIOSENSING........cccoovrerreieienienieseseseseseeeeeeiens 35
15.2. Photonic crystal-based DiOSENSING .......cccvciveiiiiieiiiice e 36
(O o AN I USSR 38
BIOSENSING SURFACE COATING AND OPTIMIZATION OF CHARACTERIZATION
TECHNIQUES ...ttt ettt et et st e e e e s e s e e seebestesbesae e e saeneenaaranrens 38
2.1, INTRODUCTION ...ttt sttt te e beste st et e e s e eseeseaseebessesteseeseeseeneenennenns 38
2.2. MATERIALS AND METHODS.......coiiiiiiie ettt 41
2.2.1. Characterization of functionalized glass surface using fluorescence microscopy ........ 41
2.2.2. Au-coating Of glass SUDSIIALES ..........ccoiieriiieieiser e 42
2.2.3. Characterization of the untreated gold-coated SUrface.............ccoovvvrvereieneneicieen 42
2.24. Transmission electron microscopy (TEM) characterization of AUNPS .............cccoveue.. 42
2.2.5. Evaluation of bioconjugation Strategies.........cccvevveiiiiieieiecie e 43
2.3, RESULTS ..ttt bt s bbbt st b b et e st b e bt e bt et e et et b et et e neeneene e 44
2.3.1. FIUOIESCENCE MICTOSCOPY ....vvvititiite sttt 44
2.3.2. SEM analysis of the gold-coated thin film surface..........ccccoovevieiiiiiiccece, 45
2.3.3. Transmission electron MicrosCoOPY (TEM) .....oiiiiiiiiiiiiei e 45
2.34. UV-ViS abSOrption SPECIIOSCOPY .....verververereieiieiinieste sttt sttt 46
2.4, DISCUSSION ....oiiiiiiiiiieieieee ettt sttt ettt st b et e eneeneareas 48
(O 1 I TP SRS PR 53
LSPR BIOSENSING OF ANTI-MYCOBACTERIUM TUBERCULOSIS ANTIBODIES USING A
CUSTOM-BUILT OPTICAL SETUP ...ttt 53
3.1 INTRODUCGTION.......citiiiiieieieee ettt sttt sne st e e eneeneens 53
3.2. MATERIALS AND METHODS ......coooiiiiieeeese e 57
3.2.1. Gold-coated slide surface functionalization............cccccooeveveieininicne e 57
3.2.2. Characterization of gold nanoparticles before and after bioconjugation ...................... 59
3.2.3. Characterization of the functionalized gold biosensing surface ...........c.ccoceeevviinnnnnn 59
3.24. Fourier-transform infrared spectroscopy detection of anti-mycobacterium tuberculosis
antibody 61
3.2.5. LSPR biosensing and detection of anti-mycobacterium tuberculosis antibodies ......... 61
TR TR = {2 U | S TSSOSO 62
3.3.1. UV-ViS abSOrption SPECIIOSCOPY .....verververieierieiisiesie sttt sttt 62
3.3.2. Dynamic HGNE SCATEIING ....c.veveiveieiiieieite e 63
3.3.3. Scanning electron MICIOSCOPY ......ueiueeeirieiierieieeiese et nie et see e eeseeeseeseesne e e 64
3.34. Energy-dispersive X-ray SPECIIOSCOPY .....ccveveerreririerienienieieeesesiesie st see e eesesnes 66
3.3.5. ALOMIC TOICE MICTOSCOPY ....vvviieiiitiste ettt sttt eie s 68
3.3.6. Fourier-transform infrared spectroscopy detection of anti-mycobacterium tuberculosis
antibody 71
3.3.7. Localized surface plasmon resonance biosensing and detection of anti-mycobacterium
TUDErCUIOSIS ANTIDOTIES......cveiiiei ettt ere 73
34, DISCUSSION ...ttt b e bbbt sb et bbb e e e eteas 74



CHAPTER 4 e E e Rt Rt et E e e Rt e s et e R e s Rt b e resne e renneerenns 83
PHOTONIC CRYSTAL-BASED BIOSENSING OF ANTI-MYCOBACTERIUM TUBERCULOSIS

ANTIBODIES ..ottt ettt e bt e bt e e et e et et be e s b e e nte e 83
4.1. INTRODUCTION .....cittiiitisieistee ettt st sn e b sse s 83
4.2. MATERIALS AND METHODS .......cooiiieieiee et 85
4.2.1. Characterization of AuUNPs using UV-vis absorption SpectrosCopy ..........ccocvevvrvenne. 85
4.2.2. Functionalization of the photonic crystal biosensor Chip..........cccoovviiviiineiciciee, 85
4.2.3. Biosensing surface characterization using atomic force microScopy...........ccoceevevverenne. 86

4.2.4. Photonic crystal-based optical biosensing and detection of anti-mycobacterium
TUDErCUIOSIS ANTIDOTIES. ...t ettt b et nreas 86
4.3, RESULTS .ottt ettt sttt e e s e s e e beese et et e st et et enaeneereans 88
4.3.1. UV-ViS abSOrption SPECIIOSCOPY ......erverveirereieiieiiriesie sttt st 88
4.3.2. ALOMIC TOICE MICTOSCOPY ....vvviitiiiiste sttt b e neene s 88

4.3.3. Photonic crystal-based optical biosensing and detection of anti-mycobacterium
tUDEICUIOSIS ANTIDOAY ......ecviiii e et re et re s 90
4.4, DISCUSSION ...ociiiiiiieieiieteie sttt ettt e se st et st e st st e R e s s e st ke se et et e b et et et abe e ese st ateneenennns 91
CHAPTER 5.ttt ettt et et e Rt e Rt R e b e st e b et et et bt b et e se st et e st e neeneneanenes 95
CONCLUSITON ...ttt et e s e st e be e b e e b e st e b et et e st e s e e be e s e abe et e be e et enseneeneene e 95
B.  APPENDICES ......ooitiiiieiee ettt ettt bR st e et ettt renas 102
6.1.  Appendix A: Published peer-reviewed journal articles...........cccoovvvveviieiic i, 102
6.2.  Appendix B: Published peer-reviewed conference proceedings.........ccocevveveevereieennenn. 121
7. e o VL 8 SR 176

XXiii



INTRODUCTION

i.  Background and motivation
Tuberculosis (TB) is a contagious disease and one of the world’s deadliest infectious diseases
caused by the Mycobacterium tuberculosis (MTB) pathogen [1,2]. It is an airborne bacillus and
can spread through microscopic droplets or particles called droplet nuclei generated when a
person with untreated active pulmonary tuberculosis (PTB) coughs, sneezes, talks, or sings [3,4].
People who become infected with TB have approximately a 10% risk of developing active TB
during their lives, with greater risk in the first two years after infection and much greater risk in
HIV-co-infected individuals [5]. The infection usually lasts throughout life as a latent infection
in more than 90% of infected individuals [6]. MTB typically affects the lungs as PTB; however,
it can also occur in other organs of the body as extrapulmonary TB (EPTB) infection [1,6-8].
When TB infection occurs in combination with other serious infections, such as human
immunodeficiency virus (HIV), it can severely compromise the host immune system and

complicate effective forms of therapy [6].

TB infections remain a major public health problem worldwide, especially in developing and
some industrialized countries, associated with high morbidity and mortality rates. According to
the World Health Organization (WHO), despite the availability of treatment that is curative in
about ninety percent of detected cases, approximately one-third of the world’s population is
affected by TB, and new infections occur in about one percent of the population each year [9].
About one-third of TB cases are undetected, and these cases pose serious hurdles for TB control.
Therefore, early, rapid, and accurate TB diagnosis is essential in lowering the global burden of
the disease [10,11]. The estimated incidence of TB infections remains high in both Asia and
Africa, and sub-Saharan Africa has the highest estimated TB incidence [12]. The notable high

rate of TB in sub-Saharan Africa is influenced by a high prevalence of HIV infections [12].



Despite a slow decline in global TB rates, the progress in closing detection/diagnosis and
treatment gaps is notably slow, particularly in Africa [12]. Regardless of the improvements in
TB control programs, active disease cases in many regions remain at unacceptable levels [13].
Advances in TB diagnosis in recent years have contributed to increased survival rates; however,

there are still reported limitations associated with early diagnosis [14].

Currently, the WHO has endorsed several TB diagnostic methods for TB diagnosis. These
include light-emitting diode (LED) fluorescence microscopy, TB culture using the BACTEC
MGIT960 instrument, urine lipoarabinomannan (LAM) assay, and various nucleic acid
amplification tests (NAATS) for TB detection and drug sensitivity testing (DST) [13-15]. There
are also commonly used indirect immunological screening methods which include tuberculin
skin test (TST) and interferon gamma release assays; however not endorsed by the WHO but are
commonly used to screen for TB exposure in developed countries [13]. However, some of these
tests are expensive, require specialized infrastructure, sophisticated equipment, and trained

personnel, and thus hinder TB diagnosis, particularly in resource-limited settings [14].

For these reasons, the WHO recognizes the need for new and more sensitive and specific
techniques to improve early TB diagnosis, such as the use of point-of-care (POC) devices [16].
Herein, a custom-designed optical biosensor chip was developed and analyzed using a custom-
built optical biosensing transmission spectroscopy platform. For biosensor chip analysis,
localized surface plasmon resonance (LSPR) biosensing and photonic crystal (PhC) biosensing
are applied toward the development of a point-of-care TB diagnostic device platform. The LSPR
method, over other label-free biosensing techniques, offers the advantage of obtaining results in
real-time, is robust, precise, and has high sensitivity [16,17]. In biosensing, LSPR sensors can
monitor a variety of binding events, including protein-ligand interaction, deoxyribonucleic acid

(DNA) hybridization, and biomarker interaction [18]. Like other optical biosensors, PhC-based



biosensors have also been utilized as label-free biosensors for various biomolecular assays. They
can detect biomolecular interactions on the surface of a transducer [19]. In contrast to other
optical detection techniques, which measure layer thickness for detection, PhC biosensing is
primarily based on refractive index change induced by the adsorption of biomolecules and
allows direct measurement of the binding affinities and binding kinetics to characterize
biomolecular interactions in real-time [19-23]. With variations in refractive index on the
biosensing surface, the resonant wavelength shifts. This resonant wavelength shift is preferred
in biosensing as an indication and measure of sensitivity, which forms the basis of detection in

label-free PhC-based biosensing [22].

The diagnostic approach applied in this study aims to use a TB pathogen-specific biomarker
immobilized on a biosensor chip to detect anti-mycobacterium tuberculosis antibodies. To
functionalize the biosensor chip, mycolic acid TB antigen was immobilized on a gold-coated
and PhC biosensing surface of the chip as the biorecognition element to react with the anti-
mycobacterium tuberculosis antibody as the analyte of interest. To enhance the detection signal
on the biosensing surface, gold nanoparticles (AuNPs) were covalently conjugated with a
secondary antibody, also called signal antibody, and subsequently introduced on the biosensing
surface. The AuNPs were further optimized for changes in refractive index before and after
bioconjugation using ultraviolet-visible (UV-vis) absorption spectroscopy and for changes in
hydrodynamic size using dynamic light scattering (DLS). The biosensing surface was
characterized using scanning electron microscopy (SEM), energy-dispersive X-ray (EDX)
spectroscopy, and atomic force microscopy (AFM). The optimized biosensor chip was further
analyzed using the custom-built optical biosensing setup to perform nanoplasmonic biosensing,
and the acquired data were analyzed using OriginPro software. The obtained spectra of the
reference, control, and experiment samples were interpreted for the detection of the anti-

mycobacterium tuberculosis antibody.



ii.  Research aims and objectives:

The proposed research study aims to evaluate two optical biosensing techniques for detecting

anti-mycobacterium tuberculosis antibodies.

The objectives of this study are:
i.  Design and development of a custom-built optical biosensing setup.
ii.  Development of a novel biosensor chip for the detection of anti-mycobacterium
tuberculosis antibodies.
iii.  Evaluation of a localized surface plasmon resonance optical biosensor for the detection
of anti-mycobacterium tuberculosis antibody.
iv.  Evaluation of a Photonic crystal-based optical biosensor for the detection of anti-

mycobacterium tuberculosis antibody.

lii.  Synopsis of the thesis

This thesis contains five chapters. Chapter 1 gives an overview of Mycobacterium tuberculosis
as the causative agent for TB and its microscopic structural arrangement focusing on the cell
envelope. It continues to provide the state of TB epidemiology, the various types of TB
biomarkers, and the current WHO-endorsed TB diagnostic methods. Since this study focuses on
optical biosensing techniques, this chapter provides a detailed summary of biosensors,
transducer methods, applications of optical biosensors in diagnostics, and the role of LSPR and

PhC biosensing in diagnostics.



Chapter 2 primarily focuses on research study preparations. It particularly focuses on
biosensing surface coating for LSPR biosensor chips and characterization of the coated surface.
Fluorescence microscopy is introduced for a proof-of-concept experiment between the
biorecognition element and the analyte of interest to test for reactivity or binding. It also provides
an overview of the design and development of a custom-built optical biosensing detection setup.
Additionally, various protocols are optimized in this chapter, including optimization of the
bioconjugation method protocol, preparation of the microscope glass surface protocol, which is
also used for PhC surface functionalization, and, lastly, optimization of the gold-coated surface

protocol.

Chapter 3 provides an overview of how the optimized protocols are applied to perform LSPR
biosensing of anti-mycobacterium tuberculosis antibodies. In this chapter, various
characterization techniques are used to perform the characterization of AuNPs before and after
bioconjugation. The biosensing surface is also characterized using various techniques before

LSPR biosensing is performed.

Chapter 4 focuses on the application of a PhC-based optical biosensing platform for the
detection of anti-mycobacterium tuberculosis antibodies using optimized protocols from
Chapter 2 and characterization techniques from Chapter 3. In this chapter, a white light source
was used instead of the green light source used in Chapter 3. The 1-dimensional (1-D) PhCs
used in this chapter are detected at a resonance wavelength between 636 — 651 nanometers (nm)

range, hence the use of white light.

Lastly, Chapter 5 summarizes the contents of the thesis while putting special emphasis on the
significance of optical biosensing platforms in the detection of biomolecules and their potential

for the future development of POC diagnostic devices.



CHAPTER 1:

LITERATURE REVIEW

This chapter provides an overview of the discovery of Mycobacterium tuberculosis as a
causative agent for TB. The pathogenesis, clinical symptoms, transmission, and global
epidemiology of TB infection, focusing primarily on active TB. The current TB diagnostic
platforms endorsed by the WHO, with their advantages and limitations, are explored. This
chapter also investigates the discovery and significance of TB biomarkers used in diagnostics
and their potential applications in the development of POC diagnostic devices, emphasizing
myecolic acid as a recommended biomarker for TB diagnosis. Furthermore, optical biosensors,
mainly LSPR and PhC-based optical biosensing platforms, are presented as potential optical

detection techniques for the possible development of a POC TB diagnostic device.

1.1. Introduction to TB

1.1.1. TB as a global pandemic
TB is an airborne infection caused by Mycobacterium tuberculosis. Until the 2019 coronavirus
disease (COVID-19) pandemic, TB was the leading cause of death from a single infectious
agent, ranking above HIV, acquired immunodeficiency syndrome (HIV/AIDS) [24]. TB
primarily affects the lungs as pulmonary TB and constitutes about 80% of total TB cases [13,25].
TB can affect other sites of the body and is referred to as extrapulmonary TB. It can affect the
bones, joints, meninges, lymph nodes, kidneys, intestines, and the skin [13]. Approximately one
in four people worldwide demonstrate an immunological response to MTB infection, which can
remain dormant (TB infection) or later progress into active TB disease. Patients with TB
infection may present with no signs or symptoms of TB disease and have a 5-10% lifetime risk

of developing TB disease, which increases in varying states of immunodeficiency up to 16%
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annual risk in HIV patients [26]. According to the global report released by the WHO in 2022,
there were an estimated 1.4 million deaths among HIV-negative people and 187 000 deaths
among HIV-positive people in 2021, for a combined total of 1.6 million. This represents an
increase from 1.5 million in 2020 and 1.4 million in 2019. This reported increase in TB mortality
has been severely impacted by the COVID-19 pandemic [24]. South Africa is counted among
the high TB-burden countries [27]. In 2021, approximately 2.5 million people in Africa
contracted TB, resulting in about 500 000 deaths [28]. The estimated number of deaths in 2021
in the Democratic Republic of Congo, Nigeria, and South Africa accounted for 48% of all TB
deaths in the African continent [28]. The high prevalence of HIV in Africa is directly reflected
in the 20% of new TB cases reported among people living with HIV and AIDS [28]. Drug-
resistant TB is also an increasing concern in the management of TB, with 450 000 cases of
rifampicin-resistant TB and 77 000 cases of multi-drug-resistant TB reported. Of these, 53% of

cases are reported from Nigeria and South Africa [28].

1.1.2.  Mycobacterium tuberculosis discovery
Mycobacterium tuberculosis pathogen belongs to the Actinomycetales order, Actinomycetes
class, Mycobacteriaceae family, and in the genus Mycobacterium which comprises more than
170 species which are environmental organisms [29,30]. On the evening of 24 March 1882,
German doctor Robert Koch made a presentation to the Berlin Physiological Society and
announced that he had successfully identified the tubercle bacillus [31]. After centuries of
speculations and uncertainty as to the possible direct cause of TB, Koch, in his presentation,
proved conclusively from his findings that the cause of the disease was a microorganism that he
successfully isolated and cultured [32]. To achieve this discovery, Koch and his research team
stained the Mycobacterium tuberculosis to determine the presence of unique or foreign parasitic
structures indicative of the pathogen. Koch developed the staining methods for Mycobacterium

tuberculosis used to date as an improvement of previously used stains which were unsuccessful
7



in the detection of this pathogen [33]. Koch reported using the new staining methods that the
tubercle bacteria are rod-shaped microorganisms when observed under the microscope. He
embarked on his second innovation by isolating the bacilli in pure solid culture instead of the
liquid broths used at that time. He used heat-sterilized solidified cow or sheep serum, poured
and solidified in slanted tubes for a larger surface area for inoculation [33]. After inoculation,
tubes were incubated at 37 — 38 °C, and growing colonies were detected by the naked eye over
a few days. Koch further demonstrated the mode of transmission of the illness in animal studies
and based on his understanding of the spread of the disease, recommended the isolation of
patients with TB. Koch was awarded a Nobel Prize of Medicine in 1905 for his inventions and

discoveries about TB and gained a global reputation in the scientific community to date [33,34].

1.1.3.  Structure of Mycobacterium tuberculosis
A mycobacteria cell typically measures 0.5 —3 um and is classified as an acid-fast gram-positive
bacterium with a unique cell wall structure essential to its survival [4,35]. The cell envelope
consists of a plasma membrane (PM), periplasm, cell wall, and the outermost layer capsule only
present in pathogenic mycobacteria species (Figure 1). Additionally, the cell envelope
constituents are involved in adhesion, motility, cell division, and the cellular transport
mechanism of solutes, ions, and proteins [36]. The bacterial cell wall, defined as the structure
that surrounds the cytosol, is of great research interest and imperative for the pathogen’s
physiology because various crucial biological processes take place in this compartment. It
specifically contributes to the microorganism’s shape, and mechanical resistance and forms
protection against hostile environments [36]. It forms a barrier responsible for resistance against
antibiotics and hosts defense mechanisms [4]. The mycobacteria cell wall is a complex
constituted of a 7 — 8 nm thick outer membrane (also called mycomembrane) like that of the
plasma membrane, arabinogalactan (AG), and peptidoglycan (PG). The composition of the cell

wall of mycobacteria and related genera differs from those of other Gram-positive and Gram-
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negative bacteria significantly. The cell wall is key to the survival of mycobacteria, and its
various components interfere with the host defense pathways to establish its survival within
phagosomes [4,35]. The peptidaglycan is just external to the plasma membrane, responsible for
cell wall rigidity, and also a contributing structure to the permeability barrier of mycobacteria
[4]. Mycolic acids form the inner leaflet of the mycomembrane, covalently attached to AG,
which is covalently linked to PG and forming a complex polymer called Aly representing
mycolyl-arabinogalactan-peptidoglycan (mAGP) formerly known as the cell wall skeleton [36].
Mycobacterial cell wall is composed of over 60% of lipids. The lipid content of MTB comprises
three major components, namely mycolic acid, cord factor, and wax-D [35]. These lipids are
species-specific and, therefore, can be used as biomarkers to detect mycobacterial infections and
to determine the species responsible for the infections. Of interest, mycolic acids are unique
alpha-, keto-, and methoxy-branched lipids present in the cell wall of Mycobacterium and
Corynebacterium. Their hydrophobic nature allows them to act as primary permeability
determinants of the mycobacterial cell wall and are also considered to be important virulence

factors of Mycobacterium tuberculosis [35].
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Figure 1: Model of the mycobacterial cell envelope [37]. The cell envelope consists of a phospholipid bilayer

plasma membrane, periplasmic space, cell wall, and the outermost capsule responsible for the pathogen’s
virulence. The periplasm consists of a granular layer. The cell wall is formed by peptidoglycan, arabinogalactan,
and mycolic acid residues. The capsule is composed of proteins, lipopolysaccharides, and some lipids. (TMM:
Trehalose monomycolate, PL: Phospholipid, GL: Granular layer, LAM: Lipoarabinomannan, PIM: Phosphatidyl
inositol mannose, MmpL: Mycobacterial membrane protein large, TDM: Trehalose dimycolate, AM:

Arabinomannan).

The abundance of mycolic acids in the cell wall thus forms a barrier responsible for most of the
medically challenging physiological characteristics of TB, including resistance to antibiotics and
host immune responses [4,38]. The mycobacteria plasma membrane is formed by a phospholipid
bilayer. It acts as a separation barrier between the inner cytosol of the bacterial cell and the
periplasmic space located between the plasma membrane and the peptidoglycan layer [36,39].
It consists of phospholipids and proteins specific to the cell’s metabolic functions. Additionally,
it acts as the active site for the cell’s anabolic and catabolic functioning, responsible for allowing

essential nutrients to flow into the cell [36,39].
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This bilayer structure is like that of other Gram-positive and Gram-negative mycobacteria. It
consists of diphosphatidylglycerol, phosphatidylethanolamine, phosphatidylinositol, and
phosphatidylmannoside family (PIMs) as the main phospholipids (Figure 1) [39]. These lipids
contribute to the integrity of the membrane and have significant physiological functions [36].
LAM and lipomannan (LM) lipopolysaccharides are found in the outer leaflet of the PM. LAM
is a carbohydrate structural antigen also present in the capsular layer. It is immunogenic and

facilitates the survival of the pathogen within infected macrophages [4].

Several transmembrane proteins, such as mycobacterial membrane protein large (MmpL), are
also present in the plasma membrane and are involved in the transport of various lipids across
the membrane [36]. The outermost capsular layer is a matrix of proteins as the main components,
(lipo)polysaccharides, and rarely present small amounts of lipids [36]. Several studies have also
demonstrated that the outermost capsular layer of the mycobacterial cell envelope plays a role
in TB pathogenesis and modulates the uptake of the pathogen by lung cells [40]. The
mycobacteria cell envelope structure is of great research interest since it consists of significant

immunogenic components that can be used as biomarkers to develop TB diagnostic assays.

1.1.4. Mycobacterium tuberculosis transmission
Mycobacterium tuberculosis bacilli can be transmitted as droplet nuclei that are residues of dried
respiratory droplets (Figure 2). The droplet nuclei are small airborne particles that contain 1 —
10 TB bacilli of 1 — 5 um in diameter expectorated by individuals with active pulmonary TB,
typically when the person coughs [5,41]. Other reported effective aerosol-generating activities
include sneezing, talking, and singing [4,42—45]. Due to their small size, the droplet nuclei can
remain suspended in the air for several minutes (min) to hours [5]. On the other hand, respiratory
droplets that are greater than 100 pm will fall to the ground within 1 meter (m) from the source

and will be deposited in the upper airway [41].
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Figure 2: Illustration of how Mycobacterium tuberculosis spreads through the air from one person to another.
Droplet nuclei are released from an infected person with TB disease through coughing, speaking, or singing.
After inhalation of Mycobacterium tuberculosis by an uninfected person, the bacilli settle throughout the airways,

and infection is initiated.

Respiratory secretions surrounding droplet nuclei protect the TB bacilli from UV light,
dehydration, oxygen injury, and other potential environmental stresses [41]. Transmission or the
risk of infection is influenced by several factors, such as the number of bacilli in the droplet, the
bacillary load inhaled, the degree of exposure, exposure of the bacilli to natural irradiation, the
degree of virulence of the bacteria, poor ventilation, and the immune status of the potential host

[4,5,46].

1.1.5. TB pathogenesis

The primary route of infection involves the lungs in most TB cases. After inhalation of
Mycobacterium tuberculosis within aerosols of droplet nuclei, the bacilli settle throughout the
airways [4]. Typically, the bacilli are trapped in the upper, containing mucus-secreting goblet

cells. In the upper airway or oropharynx, Mycobacterium tuberculosis can potentially cause TB
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of the oropharynx or cervical lymph nodes [47]. The mucus produced by goblet cells traps
foreign bodies, and the cilia on the surface of goblet cells continuously beat the mucus and its
entrapped particles upward for removal [4]. This mucociliary system is the host’s initial defense
against invading foreign bodies and potentially prevents infection in most TB-exposed
individuals. The bacilli that bypass the mucociliary system and reach distant segments of the
bronchoalveolar tree, particularly in the lower lobes of the lungs, are phagocytosed by alveolar
macrophages (the most abundant immune effector cells present in alveolar spaces) as the first
line of defense or innate immune response that most often can kill the invading bacteria

[4,46,48-50].

Macrophages are phagocytic cells that destroy most pathogens, requiring no previous exposure
to the microorganism [4]. Within macrophages, Mycobacterium tuberculosis resides primarily
inside phagosomes [51]. Several mechanisms (e.g., the complement system) and macrophage
receptors are involved in phagocytosis of this pathogen. The outcome of bacterial control at this
level is essentially determined by the quality of host defenses and the balance between the host
defense mechanism and the virulence of the invading mycobacteria. Should the bacilli escape
the first line of defense, it starts actively replicating in macrophages and diffuses to nearby cells,
including epithelial and endothelial cells [49]. Within a few weeks of exponential growth, a high
bacterial burden is established to fully elicit the cell-mediated immune response, which can be
detected by a tuberculin skin test. During these early stages of infection, the pathogen can diffuse
to other organs through lymphatic and hematogenous dissemination affecting multiple organs,
which may eventually result in extrapulmonary TB disease [46,49]. For individuals with intact
cell-mediated immunity, local pro-inflammatory responses lead to the recruitment of additional
neutrophils, T-lymphocytes, and other immune cells (e.g. dendritic cells), which in turn
assemble around infected macrophages to contain MTB within an organized cellular structure

known as a granuloma (nodular-type lesion) (Figure 3) [4,49,52].
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Figure 3: An illustration of how a granuloma is formed. The granuloma is formed by various immune cells, thus
creating a microenvironment that slows down the replication and spread of MTB. This environment destroys
infected macrophages and produces early solid necrosis at the center of the lesion; however, the bacilli can adapt
and survive. When the immune system is compromised, the wall of the granuloma loses integrity, and the bacilli

can escape and spread.

The granuloma creates a microenvironment that limits replication and the spread of MTB. This
environment destroys the infected macrophages and produces early solid necrosis at the center
of the lesion; however, the bacilli can adapt and survive. Over time (by two to three weeks), the
necrotic environment resembles soft cheese, commonly referred to as caseous necrosis, and is
characterized by low oxygen levels, low pH, and limited nutrients. Subsequently, these
conditions restrict further growth, establish latency, and MTB persists in a prolonged state of
slowed replication in immunocompetent individuals [4,52]. In the majority of individuals, the
disease stays dormant indefinitely; however, a defect in cell-mediated immunity in weaker
immune systems may result in reactivation [5]. When the immune system is compromised, the

wall of the granuloma loses integrity, and the bacilli can escape and spread [4]. Persons at risk
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for reactivation include end-stage renal disease patients, silicosis (prevalent in mine workers due
to exposure to silica dust), HIV-infected individuals, the elderly, patients with diabetes,
prisoners (due to poor ventilation), illicit-drug users, homeless individuals, malnutrition patients,
healthcare workers, and medical students [9,46]. These risk groups populations should be
prioritized in the primary healthcare system for clinical management of latent TB to prevent

reactivation and many individuals with active disease.

1.1.6.  Signs and symptoms
A large percentage of individuals are latently infected and have no clinical signs of TB.
Pulmonary TB typically develops slowly with no precise date of onset. Unless the disease is far
advanced, symptoms are very minimal and often attributed to other cases such as excessive
smoking, pregnancy, and other conditions [45,53]. The frequency and severity of symptoms may
differ according to whether the patient has primary TB or reactivation. Patients with primary TB
infection present with minimal symptoms and, in other cases, may be asymptomatic. Symptoms
and signs of active pulmonary TB include cough (commonly hemoptysis), and fever, which
develop in the evening and may lead to classic “night sweats” and loss of appetite resulting in
weight loss, wasting, fatigue, and dyspnea [13,53,54]. Patients with a full spectrum of symptoms
are rare in developed countries, and commonly found in developing countries, typically among
very poor people and those who are severely malnourished and HIV-positive [54]. Hence TB is

referred to as the disease of the poor.

1.1.7.  TB prevention through vaccination
In high-prevalence countries especially developing countries, the WHO and the International
Union Against Tuberculosis and Lung Disease still recommend the neonatal Bacillus Calmette-
Guerin (BCG), pending the development of a more effective vaccine [54]. The BCG, an

attenuated strain of Mycobacterium bovis (M. bovis), remains the only licensed vaccine against
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TB. Vaccination with BCG can provide protection, especially from severe forms of TB in
children, but has variable efficiency in preventing pulmonary disease in children and adults
[24,25]. BCG vaccination in children provided protection against severe forms of TB, especially

against the deadly TB meningitis and disseminated TB [54].

1.1.8. TB treatment
Treatment of TB is a challenging task for both the healthcare system and the patient. It requires
the administration of multiple antibiotics over an extended period. The administration of
multiple antibiotics in treating active TB, as opposed to treatment with one antibiotic in latent
TB treatment, is implemented to reduce the risk of drug resistance [9]. Treatment with antibiotics
is the most effective regimen against actively replicating MTB. Treatment challenges originate
from the uncommon structural and chemical composition of the MTB cell envelope described
in section 1.1.3, which hinders the entry of drugs and subsequently complicates treatment. TB
Is treated over six months. A combination of first-line anti-TB drugs, which include isoniazid
(INH), rifampicin (RIF), pyrazinamide (PZA), and ethambutol (EMB) is administered for the
first two months, followed by a continuation phase treatment with INH and RIF for four months
[9]. Mycolic acid synthesis inhibition is one of the primary effects of INH [37]. Of note, RIF
reduces the efficacy of oral contraceptives and may result in unplanned pregnancies and EMB
should not be given to children younger than eight years. In the case of laboratory-diagnosed
multidrug-resistant TB (MDR-TB) and extensively drug-resistant TB (XDR-TB), second-line
anti-TB drugs are administered. The second-line anti-TB drugs may be less effective than the
first-line anti-TB drugs; hence they are administered over a period longer than six months.
Additionally, they may have toxic side effects (e.g. cycloserine) and may be unavailable in most
developing countries [9]. The second-line anti-TB drugs include amikacin (AMK), kanamycin
(KM), para-Aminosalicylic acid (PAS) (also known as 4-Aminosalicylic acid), cycloserine

(CYYS), ethionamide (ETA), capreomycin (CPR), and ciprofloxacin (CPFX) [9].
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1.2. Biomarkers of active TB infection

1.2.1. Breath biomarkers

Volatile organic compounds (VOC) metabolites

The detection of MTB-specific VOCs for early diagnosis of TB has been a topic of research
interest recently [55]. During infection, specific VOC metabolites are released by the host (in
response to microbial infection) or pathogen and can be qualitatively detected or quantitatively
measured to provide information on the disease and its prognosis [56]. This can be used to
determine the physiological reflection of host-pathogen interaction during infection or treatment.
It is believed that VOCs are transported from various organs via blood to the lungs and
subsequently excreted from the lungs by diffusing across the pulmonary alveolar membrane and
exhaled via breath [57]. VOCs represent a wide range of stable chemicals that are volatile at
ambient temperature and can be detected in exhaled breath, sweat, urine, and stool specimens
[57]. Although VOCs are detectable in different specimens, an exhaled breath sample is
recommended for the diagnosis of pulmonary TB [56,58,59]. Exhaled breath is considered a
lung-derived biological specimen, easy to collect, non-invasive, and therefore an ideal sample
for TB diagnosis in children and critically ill patients [56]. Four VOCs produced exclusively by
the metabolism of M. tuberculosis and M. bovis, that have not been associated with
nontuberculous mycobacteria or other respiratory pathogens have been identified. These are
methyl phenylacetate (MPA), methyl nicotinate (MN), methyl p-anisate (MP), and o-
phenylanisole (OPA) [55,59-61]. Methyl nicotinate is the most representative TB breath
biomarker [55]. Gas chromatography and mass spectrometry (GC-MS) are commonly used for
the detection of TB-related VOCs. However, analysis using these techniques is time-consuming
and requires trained personnel [55]. The initial investment in the instrument is not cost-effective,
and breath analysis can also be limited by the loss of analytes and contamination from the

collection device [61]. To date, limited progress has been made in diagnosing TB using M.
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tuberculosis-related VOC:s.

1.2.2. Urine biomarkers

1.2.2.1. Lipoarabinomannan (LAM)
LAM is a 17.5 kD amphiphilic glycolipid found in the capsular layer (outer layer) of
mycobacterial species [15,62-64]. It is a major constituent of the cell wall and constitutes up to
15% of the total bacterial cell weight [10,65-68]. LAM is one of the three interrelated
polysaccharides within the mycobacterial cell wall. These three molecules are non-covalently
linked to the mycobacterial plasma membrane through the glycophospholipid anchor and extend
to the surface of the cell wall [15,69]. LAM is immunogenic and a major mycobacterial virulence
factor promoting the survival of the microorganism within the host. During mycobacterial
infection, LAM is released from metabolically active or degrading mycobacterial cells and is
present in body fluids [66,70,71]. It is, therefore, a potentially significant biomarker for
identifying infected individuals. Additionally, the immune responds by producing anti-LAM
antibodies during mycobacterial infection to circulating LAM in body fluids, and therefore it
can also serve as a crucial diagnostic marker [65,72]. LAM is filtered by the kidneys and
detectable in urine samples of severely immunosuppressed individuals [62,73]. Urine specimens
are commonly used for LAM detection in lateral flow assays; however, these biomarkers can
also be detected from sputum and blood specimens using enzyme-linked immunosorbent assay
(ELISA) [74]. Since it is a carbohydrate (polysaccharide) antigen, it is inherently heat stable and

can still be detected even after heat treatment (when required) of urine samples [75,76].

1.2.2.2. Transrenal DNA
Mycobacterial transrenal DNA (Tr-DNA) are small fragments of DNA originating from the
mycobacterial genome [77]. These small DNA fragments are derived from cell-free nucleic

acids in plasma and blood, resulting from the breakdown of dying human cells and
18



microorganisms [78-82]. However, the quantity of Tr-DNA in urine is significantly lower than
cell-free nucleic acids in plasma and blood. TB-related Tr-DNA is released during mycobacterial
cell lysis. It can bypass the glomerulus and be detected in urine samples of patients with active
TB [77]. Tr-DNA is considered much smaller than genomic DNA (gDNA), which is believed
to be the reason why it can pass through the kidneys into the urine (Figure 4) [78]. These Tr-
DNA fragments are usually less than 200 base pairs (bp) in size [83]. Like other NAATS, the
molecular detection of Tr-DNA can be much more sensitive than sputum smear microscopy.
However, the cost and complexity of the test will limit its applications in resource-limited
settings and countries with a high prevalence of TB, providing fewer chances of developing a
POC diagnostic test [78]. To date, only a few studies have looked at the diagnostic efficacy of
urine-detectable mycobacterial Tr-DNA fragments as biomarkers for diagnostic purposes, and

no Tr-DNA diagnostic test is yet commercially available [77].
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i. Metabolically active infected
mycobacterial cells within a
granuloma

ii. Destruction of infected
mycobacterial cells during cell-
mediated immunity, resulting in
cell-free nucleic acid which
enters the bloodstream

iii. Glomerular filtration of Tr-DNA

iv. Filtered Tr-DNA enters the
urinary bladder

v. Tr-DNA collected in urine
sample

Figure 4: Illustration of the process of Transrenal (Tr) DNA production in a patient with pulmonary tuberculosis.
Mycobacterium tuberculosis bacilli in the lungs are destroyed by the immune cells, thus releasing cell-free nucleic
acids in plasma. Small-sized cell-free nucleic acids pass through the kidneys during glomerular filtration to produce
Tr-DNA detectable in urine.

1.2.3. Sputum biomarkers

1.2.3.1. Mycolic acid
Mycolic acids are a complex group of long-chain (60 — 90 carbons long) highly hydrophobic
branched a-alkyl B-hydroxy fatty acids found in the cell wall of bacteria belonging to the
mycolate family of actinomycetes, which includes Rhodococcus and Mycobacterium [84-88].
Mycolic acid consists of a long saturated 2-alkyl branch and a long fatty alcohol part known as
a “mero” chain. It is an asymmetrical structure consisting of a hydrophilic head group (C-C with

COOH and OH), as shown in Figure 5, and the COOH acts as the antibody binding site [85].
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Initially, they were first isolated from a human strain of M. tuberculosis; however, they have
since been found in a variety of Mycobacteria species [89]. To date, several mycolic acids have
been isolated and characterized, and they have been found to possess the same basic structure
with differences in functional groups (e.g. carbonyl, carboxyl, methoxyl branches, cyclopropane
rings, and carbon-carbon double bonds) used to differentiate between species [89]. The
functional groups vary in type, stereochemistry, spacing, and the number of carbon atoms also
varies between genera. The mycolic acids of mycobacteria have a large diversity of chain lengths
and chemical functions that result in different classes of mycolic acids (e.g. alpha, keto, and
methoxy) (Figure 5) [85]. The alpha-mycolates contain no oxygen substitutions in their

meromycolic chains and are the most widely distributed type of mycolic acids [84].

The keto and methoxy-mycolates are characterized by cis and trans cyclopropane rings in the
proximal positions of their chains and are notably less common forms of mycolic acids [84].
Within the cell wall, mycolic acids are arranged orderly in parallel and covalently attached to
peptidoglycan via arabinogalactan, as seen in Figure 1 in 1.1.3. Besides being an important
component of the mycobacterial cell wall, mycolic acid has also been reported as being a
virulence factor of M. tuberculosis. Mycolic acids are immunogenic and capable of eliciting a
cellular and humoral response [86,87]. Several studies have also shown the prevalence of anti-

mycolic acid antibodies in TB patient’s sera using ELISA [90].
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Figure 5: Chemical structures of alpha, keto, and methoxy-mycolic acid derived from Mycobacterium

tuberculosis.

Mycolic acids seem to be relevant diagnostic indicators for various reasons. Firstly, they are
pathogen-derived diagnostic markers and not produced by the host; hence are considered classic
indicators of active infection. Secondly, they are present in high concentrations regardless of
bacterial growth conditions. Lastly, they are chemically stable and can be easily extracted from
the bacterial cell wall [84]. Although it has been demonstrated in various studies that MAs are
secreted during mycobacterial infection, no standardized immunoassay enabling the detection
of such antibodies has been developed to date. Hence, this study aims to develop and/or evaluate
mycolic acid as a potential biomarker for use in optical biosensing immunoassay techniques for

the detection of anti-mycobacterium tuberculosis antibodies.

1.2.3.2. Early secreted antigenic target - 6
The 6 kDa (kilo Dalton) early secreted antigenic target (ESAT-6) is a crucial secretory antigen
and a major virulence factor of M. tuberculosis. It is detectable in the sputum and blood

specimens of TB patients during the acute phase of active infection [91]. It has also been reported
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to be prominent during the progression to TB infection, hence considered a key mediator in
mycobacterial virulence [91-93]. It is secreted only by the pathogenic Mycobacterium species,
thus a potential biomarker for active TB diagnosis [91]. There are several advantages of using
ESAT-6 as a biomarker for TB. It is detectable in the early stages of TB infection and has been
easily detected using immunoassays in infected patients; however, it often results in false
positives in individuals vaccinated with BCG [94]. This antigen is detectable in individuals with
latent and active TB, and, therefore, not the best biomarker for the detection of TB disease [95].
It is commonly used in most immunological studies, including vaccine designs, and in the blood,
it forms a heterodimer with another antigenic protein secreted by M. tuberculosis called 10 kDa
culture filtrate protein (CFP-10), leading to virulence [93,96]. The ESAT-6/CFP-10 complex
induces a significant T-cell response in the blood and is a common target for interferon-gamma

release assay (IGRA) used for the diagnosis of latent TB [97].

1.2.4. Blood biomarkers

Antigen85 (Ag85)

The antigen85 complex represents the most abundant secreted protein antigens of actively
replicating M. tuberculosis of all mycobacterial species and is not detectable in non-M.
tuberculosis complex strains [98-101]. It plays a significant role in the pathogenicity of M.
tuberculosis [101]. The complex comprises Ag85A (30 kDa), Ag85B (32.5 kDa), and Ag85C
(32.5 kDa) that are encoded by genes FbpA, FbpB and FbpC2 respectively [99]. These proteins
belong to the Corynebacterium, Mycobacterium, and Norcadia genera, all characterized by the
presence of mycolic acids on the surface of the cell wall [100]. The Ag85A is involved in the
survival of tubercle bacilli within cultured macrophages. Ag85B has the greatest expression
levels and is the most abundant secreted protein compared to Ag85A and C, making it a potential

biomarker for TB diagnostics. Ag85C is the most biologically active of the three [99,102]. The
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Ag85 complex possesses a mycolyltransferase activity that is essential for the biosynthesis of
the mycobacterial cell wall and survival of the mycobacteria [98,99,103,104]. This complex is
involved in the final step of assembly and is required to maintain the bacterial cell envelope
integrity, thus stimulating humoral and cell-mediated immune response [105]. The production
and abundance of anti-Ag85 antibodies in TB patients support the use of Ag85 as a promising
TB diagnostic biomarker [106]. Several studies have reported elevated levels of Ag85 complex
TB meningitis patients, suggesting the possibility of using this secreted protein complex for
diagnosing extrapulmonary TB meningitis [99,107]. Various immunodiagnostic tests such as
ELISA, direct liquid chromatography-tandem mass spectroscopy, immunoblotting, and
waveguide-based biosensor assays have been reported for the detection of Ag85 [98]. However,
these tests are complicated laboratory-based assays that cannot be performed in a point-of-care

setting.

1.3. Current TB diagnostic methods
Difficulty in TB diagnosis is one of the main contributing factors in the struggle to control TB
[108]. As indicated in section 1.1.8, individuals who develop active pulmonary TB disease can
be treated; however, rapid and early detection of TB, especially in the point-of-care setting, is
required to reduce the interval between infection and treatment initiation [109]. Therefore, TB
diagnostics need to provide timely, accurate, cost-effective results in settings where access to
electricity, equipment, and technical expertise remains a challenge. Currently, there are
numerous methods used for screening and diagnosis of TB. TB diagnostic tests recommended
and endorsed by the WHO include LED fluorescence microscopy, commercial liquid culture
and drug susceptibility testing, rapid speciation strip technology for identification of M.
tuberculosis, Xpert MTB/RIF, lateral flow urine LAM assay to detect TB in severely ill HIV
patients or those with cluster of differentiation 4 (CD4) count < 100 cells/uL, loop-mediated
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isothermal amplification (LAMP), line probe assay to detect resistance to INH and RIF in the
smear-positive specimen or cultured colonies, and second-line line probe assays (SL-LPA) to
detect fluoroquinolone and second-line injectable drug (SLID) resistance assays [13]. The
availability of these advanced tools comes with limitations, especially where the TB burden is
high, and most of them require specialized infrastructure, power, and trained personnel, are
costly, and cannot be performed in a point-of-care setting [13,26,110,111]. Hence this study
focuses on the use of optical biosensing techniques for the detection of anti-mycobacterium

tuberculosis antibodies as an alternative.

1.3.1. WHO-accredited active TB diagnostic tests
1.3.1.1. Microscopy

Direct sputum smear microscopy (SSM) detecting acid-fast bacilli (AFB) in smears is the most
commonly used diagnostic test for the evaluation of patients with symptoms suggestive of
pulmonary TB in most resource-limited settings, particularly in developing countries [112—-115].
In general, microscopy examination of smears can be performed using conventional light
microscopy, acid staining Ziehl-Neelsen (ZN), and fluorescent microscopy using auramine O
(Figure 6) [116]. SSM is used in most primary healthcare laboratories at the health center level
[117]. In these settings, conventional light microscopy is used to examine ZN-stained direct
smears. This technique has shown to be highly specific, especially in areas with a high
prevalence of TB, but with varying sensitivity (20 — 80%) [117]. Additionally, the sensitivity of
this technique is reduced further in child and TB patients co-infected with HIV [113,118]. The
sensitivity of this assay is limited by the requirement for high bacillary content of 5000 — 10 000
colony forming units (CFU)/milliliter (ml) [13]. Fluorescent microscopy (FM) has advantages
over conventional light microscopy. It uses an acid-fast fluorochrome dye and a high-pressure

mercury vapour lamp (MVP) as a light source [113]. The higher contrast obtained in FM allows
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the user to lower the power magnification, reducing the time required to screen each slide. The
increased contrast in FM reduces operator fatigue and has been reported to increase detection
sensitivity [116]. However, its low sensitivity and requirement for high bacilli count is a major
limitation. The MVP-FM can only be used in a dark room [118]. The use of MVP light source
in FM poses major cost limitations, especially for initial investment (purchase) and ongoing
maintenance costs [116]. MVP lamps are costly, require an expensive power supply, and have a
short lifespan (200 — 300 hours). MVP lamp lifespan is also affected by switching on and off,
emitting UV rays as by-products, and MVP may release toxic mercury, which is a health hazard

to the operator [113,116].

Figure 6: Photomicrographs of TB bacilli. A) Ziehl-Neelsen stain sputum smear showing TB bacilli stained red

against a blue background, B) Conventional fluorescent micrograph of Auramine O stain sputum smear, C) Light
Emitting Diode (LED) fluorescent micrograph of Auramine O stain sputum smear showing brighter spots of TB
bacilli compared to conventional fluorescent microscopy [119].
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In 2010, the WHO recommended that conventional fluorescence microscopy (MVP-FM) be
replaced with LED-FM in all settings where MVVP-FM is used, including both high and low-
volume laboratories, and that LED-FM be used as an alternative to ZN microscopy [120]. The
LEDs used in LED-FM can produce very narrow spectrum light and can excite auramine O and
other commonly used fluorescent dyes/stains used in FM. The LED-FM has several advantages
over MPV-FM. It does not require operation in a dark room and can still produce high-resolution
quality images. It has a bulb lifespan of approximately 50 000 hours (compared to 200 - 300
hours in MVVP-FM), does not produce UV light, has low power consumption, and can be solar
or battery-operated. LED-FM produces minimal heat and contains no life-threatening hazardous
materials [112,117,118,120,121]. Several studies have demonstrated similar sensitivity between
the MVP-FM and the LED-FM [120]. These advantages and cost benefits make LED-FM

suitable for high TB burden resource-limited settings [122].

1.3.1.2. TBculture
Culture remains the gold standard for the diagnosis of TB and drug resistance detection of
existing and emerging mutations [15]. This sputum culture bacterial isolation method can detect
a minimum of 10 — 100 viable bacilli in cultured material. Traditional egg-based Lowenstein-
Jensen (LJ) and agar-based Middlebrook 7H10/11 media are used. The LJ medium is commonly
used for the isolation of human strains of M. tuberculosis and most other mycobacteria [13].
Bacterial growth in LJ medium takes 4 — 8 weeks, with an additional four weeks for drug
sensitivity testing using the conventional culture method [15]. The presence of glycerol in the
LJ medium improves the growth of M. tuberculosis. When formed, colonies appear dry, raised,
rough, and irregular with wrinkled surfaces [13]. They are creamy white initially and become
yellowish or buff-colored over time [13]. M. tuberculosis bacilli is an obligate aerobe that grows

optimally at 37 °C (range: 20°C - 40°C) and at a pH of 6.4 — 7.0. It is a slow-growing
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microorganism with a generation time of 14 — 15 hours, and the colonies appear in approximately
two weeks and, if delayed up to 6 — 8 weeks, which is a major limitation for treatment initiation.
Other limitations include the requirement for specialized infrastructure with biosafety facilities
and highly trained laboratory personnel to perform the tests [15].

In 2007 the WHO endorsed a liquid culture system for the identification and DST of TB [13].
Initially, the semi-automated radiometric BACTEC 460 TB system (Becton Dickson Diagnostic
System, Sparks, MD, USA) was used as the gold standard for DST for both first-line and second-
line anti-TB drugs. However, this system has limitations, including using radiometric materials,
inconvenient manual loading and unloading of samples, risk of cross-contamination, and lack of
computerized data management [123]. Recently, the BACTEC Mycobacteria Growth Indicator
Tube (MGIT) system (Becton Dickson Diagnostic System, Sparks, MD, USA) was introduced
as an alternative to the radiometric BACTEC 460 for growth and detection of TB, and drug
sensitivity testing of M. tuberculosis isolates [13,123,124]. It is a non-radioactive, fully
automated, and continuously monitoring system [123]. For M. tuberculosis detection, it utilizes
a 7 mL modified 7H9 Middlebrook broth base containing 0.25% glycerol containing oxygen
quenching fluorescent sensor embedded in silicon at the bottom to detect microbial growth
directly from clinical specimens [125,126]. The fluorescent sensor responds to the concentration
of oxygen in the culture media [127]. As the microorganisms grow in the media utilizing oxygen,
the oxygen gets depleted, and fluorescence is released and detected automatically by the
photodetector every 60 min. When a certain level of fluorescence is reached, the instrument

indicates that a specific vial has a positive result [15,126,127].

1.3.1.3. Lateral flow urine lipoarabinomannan assay
The DETERMINE TB-LAM Ag test (Alere, Waltham, MA, USA) assay was recently
commercialized for POC testing of TB (Figure 7). It is a lateral flow immunochromatographic

strip test used to detect mycobacterial LAM antigen biomarkers released from metabolically
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active and degrading mycobacterial cells during TB infection [10,73]. It can provide results in

20 - 30 min [15,63,73].

Alere Determine™ TB LAM Ag
Reference Scale Card

* Hold the card alongside the patient window and read the result
* Store the card in the kit pouch away from direct light and heat
* Do not use the card beyond the expiration date

Positive Negative

Grade2  Gradel
cut-point  cut-point

. - Y
ETE | N -

Urine loading platform Control window (band
(60pL urine) required for valid test)

Patient window (band intensity
interpreted with reference scale card)

Figure 7: The Alere DETERMINE TB-LAM lateral flow antigen test. It was recently commercialized for point-
of-care testing of TB to detect mycobacterial lipoarabinomannan antigen biomarkers present in the urine of

severely immunocompromised HIV patients.

The detection of LAM in urine samples has several potential advantages. Urine is easy to collect,
process, and store. There are fewer infection control measures to consider when compared to
sputum. It is a convenient specimen for young children who often cannot produce sputum and
bedridden patients who are severely ill or in a coma [10]. The WHO recommends that this test
should not be used for TB diagnosis. However, it should only be used to diagnose TB in HIV

in-patients with signs and symptoms of pulmonary and/or extrapulmonary TB, who have a CD4
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cell count of < 100 cells/uL, or severely ill HIV-patients regardless of CD4 count [15].

1.3.1.4. Xpert MTB/RIF and Xpert MTB/RIF Ultra

In 2010 the WHO approved the molecular test Xpert MTB/RIF assay (Cepheid, Sunnyvale, CA,
USA) as the preferred initial test for the diagnosis of pulmonary TB, extrapulmonary TB, TB
meningitis, and RIF susceptibility testing [114,128,129]. This invention was a major
breakthrough for TB diagnosis and DST, and the requirement for sophisticated infrastructure
with mycobacterial culture capabilities and the need for highly skilled lab technicians was no
longer significant [130]. Xpert MTB/RIF is a cartridge-based, fully automated semi-nested
polymerase chain reaction (PCR) test. This assay has a limit of detection (LOD) of ~116 colony-
forming units (CFU) per mL, thus remaining less sensitive than TB culture with an LOD of ~1
—10 CFU/mL [131]. The assay targets a single copy gene (rpoB) for RIF resistance testing [131].
Xpert MTB/RIF’s sensitivity for TB detection is limited in clinical specimens with few bacilli
count, and this limits its usefulness in patients with sputum smear-negative results and
extrapulmonary TB, especially children, and HIV co-infected individuals [130,132]. For the
detection of RIF susceptibility, Xpert can give false-positive results for strains that carry
phenotypically silent mutations or if the bacillary burden is relatively low. However, this is rare
[132].

To circumvent these limitations, Cepheid re-engineered a new Xpert MTB/RIF Ultra assay to
improve the analytical sensitivity for MTB and RIF resistance detection [129,131,133]. Xpert
Ultra was approved by the WHO in March 2017. It uses the same diagnostic platform as Xpert
MTB/RIF, incorporating a few changes [130]. To improve the sensitivity and RIF resistance
testing, two additional hybridization targets (156110 and 1S1081 genes) intended to reduce the
LOD of bacterial CFU, a larger DNA reaction chamber (50puL PCR reaction in Ultra versus
25uL reaction in Xpert MTB/RIF), fully-nested nucleic amplification, more rapid thermal

cycling, improved fluidics and enzymes [128,134]. This has resulted in Ultra having a LOD of
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~16 CFU/mL, better than Xpert MTB/RIF’s LOD of ~116 CFU/mL and approaching TB
culture’s LOD of ~1 — 10 CFU/mL [131,133-135]. The LOD of Ultra, which is getting closer
to the LOD of TB culture, is only valid for respiratory specimens [131]. To improve the accuracy
of RIF resistance detection, Ultra incorporates melting curve analysis of molecular probes to
detect mutations in the active site of the rpoB gene involved in RIF resistance. In contrast, Xpert
MTB/RIF relied on real-time PCR cycle threshold (Ct) values to detect mutations, which could
potentially result in false-positive results mainly due to insufficient amounts of DNA [131].
Ultra is expected to improve the diagnosis of TB because of its increased sensitivity for MTB
DNA detection and its improved specificity for the detection of rpoB mutations [131]. In general,
Xpert MTB/RIF and Ultra, and developing countries will feel the cost burden for initial
investment of these devices, maintenance, and cost of reagents. Therefore, other affordable POC

diagnostic devices need to be developed.

1.3.1.5. Loop-mediated isothermal amplification (LAMP)
TB-LAMP assay is a relatively new, specific, and sensitive NAAT. The Loopamp™
Mycobacterium tuberculosis complex (MTBC) detection kit (TB-LAMP) (Eiken Chemical
Company, Tokyo, Japan) test was endorsed by the WHO in 2016 for the detection of MTBC in
sputum as a follow-up test after a negative sputum smear microscopy result [136-138]. LAMP-
based assays can be performed for confirmation of various infections using relevant primer sets
[139]. LAMP is an isothermal (65 °C) DNA amplification test that uses two or three sets of
primers to amplify small quantities of DNA extracted from PTB specimens. This test can be
performed in a laboratory water bath, heating block, or thermal cycler [140]. The 25 pL reaction
mastermix for DNA amplification contains a buffer, target DNA, DNA polymerase enzyme,
primers, and a DNA intercalating fluorescent dye. The primers are synthesized specifically for

detecting the pathogen of interest and include forward inner primer (FIP), backward inner primer
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(BIP), outer forward primer (F3), outer backward primer (B3), forward loop primer (FLP), and
backward loop primer (BLP) [137,141]. The fluorescent dye can be added during or after the
experiment, before confirmation of positive and negative samples through the naked eye or UV
light [142]. Results can be obtained in 35 - 60 min [15]. This method is mainly used for
diagnosing pulmonary TB, and its role in diagnosing extrapulmonary TB is not well-researched
[142]. It is a very economical assay with minimal requirements for laboratory infrastructure and

limited biosafety hazards [142,143]. However, the TB-LAMP assay remains underutilized [110]

1.3.1.6. Line probe assay (LPA)
The LPA is a strip-based genotype test used to detect TB DNA and genetic mutations associated
with drug resistance to INH and RIF first-line anti-TB drugs [15,142]. In 2008, the WHO
certified and endorsed commercial LPAs following a systematic review at that time, evaluating
the diagnostic accuracy of the GenoType MTBDRplus (version 1) (Hain Lifescience, Nehren,
Germany) and the INNO-LiPA Rif. TB assay (Innogenetics, Ghent, Belgium) [144]. The LPA
can be performed using smear-positive sputum specimens, culture isolates, or PCR amplicons
of DNA extracted from culture isolates [15]. The turnaround time (TAT) for this assay as per

WHO guidelines, is two to three days [145].

This isa DNA hybridization assay and drug resistance is identified by detecting the hybridization
of DNA from the patient specimen to the mutant (resistant) probe and/or failure of DNA
hybridization to the wild-type probe (sensitive) [14]. Each detection strip consists of 27 reaction
zones or bands, including six control bands (conjugate, amplification, MTBC, rpoB, katG, and
inhA controls), eight rpoB wild-type (WT) and four mutants (MUT) probes, one katG WT and
two MUT, and two inhA WT and four MUT probes [15]. Generally, LPAs are as complex to

perform as conventional culture requiring highly trained laboratory personnel to perform the test
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and read the significantly complex test strip to make a diagnosis. However, it has a lower
biosafety risk compared to conventional culture [14]. To perform this test, the laboratory needs
to be spacious and designed for biosafety level 2 or 3 (BSL-2/3) with a Class Il biological safety
cabinet to reduce the risk of contamination and false-positive results [15]. Although excellent
diagnostic accuracy in detecting rifampicin resistance was reported for the two first-generation
LPAs endorsed in 2008 by WHO, both tests had lower sensitivity, despite excellent specificity.
Subsequent performance data have since been published on the use of LPAs, and newer versions
have been developed, including GenoType MTBDRplus version 2 (Hain Lifescience, Nehren,
Germany) and the Nipro NTM+MDRTB detection kit 2 (Tokyo, Japan) [110,144,146]. The
GenoType MTBDRplus version 2 assay can detect genetic mutations associated with second-
line anti-TB drugs used to treat MDR-TB, including fluoroquinolones (FLQs), second-line
injectables, amikacin, kanamycin, capreomycin. This assay is mainly used to guide treatment
initiation for MDR-TB; however, TB culture still remains the reference standard for DST

[14,110].

1.4.  Introduction to biosensors and biosensing technique

Biosensing is an emerging analytical field for detecting and analyzing biomolecular or
biochemical interactions of various analytes using various transduction mechanisms [147].
These transduction mechanisms are used to translate changes or detectable variations on the
transducer surface into readable and quantifiable signals [147]. Biosensing has rapidly advanced
over the last few decades due to applications in various disciplines, such as health diagnostics,
environmental monitoring, and food quality [148]. A biosensor is an analytical device
incorporating a biorecognition element (receptor or biomarker), a transducer system, and a signal
output detector [149-151]. The biorecognition element compliments and detects the analyte of
interest. The transducer translates or converts the biological information during the interaction
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between the biorecognition element and the analyte on the biosensing surface into a detectable
signal, and a signal processing unit processes the signal into a readable outcome [20,152-154].
The biorecognition element may be a biological material such as antibodies, nucleic acids, cell
receptors, microorganisms, or enzymes; or a biologically derived material such as engineered
proteins, functional nucleic acids, and functional nucleic acids [150,151].

When successfully immobilized on the biosensor surface, the biorecognition element captures
the analyte (target molecule), thus providing biochemical specificity of the biosensor [155]. The
immobilization of biorecognition elements on the biosensing surface is a very crucial step in the
design and development of biosensors. The applied surface chemistry used to functionalize the
biosensor chip is critical in obtaining sensitive detection signals. To date, there are different and
well-described techniques used for surface functionalization, such as covalent immobilization

chemistry and physical adsorption [151].

Besides receptor-analyte biorecognition and binding, a fundamental part of biosensing is the
signal transduction mechanism, through which binding events are converted into a detectable
output signal. This requires a transducer system which may be optical, electrochemical,
magnetic, thermometric, or micromechanical [150]. Among the various transduction
approaches, optical biosensors have attained great attention in the past decades as powerful
analytical and detection tools with vast applications in healthcare (e.g. diagnosis and monitoring
of diseases and drug discovery), environmental applications (e.g. environmental detection of
pollutants and/or biological agents), and in biotechnology [151,156,157]. Optical biosensors can
operate in different modes, including transmission, absorption, and reflection of light waves.
Unlike biochemical methods, detection is label-free, making them environmentally friendly
[158]. Label-free optical biosensing is a rapidly emerging research focus area with potential
applications in clinical diagnostics, pharmaceutical screening, and fundamental research towards

the development of portable and easy-to-use point-of-care devices [159]. Optical biosensors
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offer significant advantages over conventional analytical techniques because they enable direct,
real-time, label-free detection and multiplexing capabilities. They also have the potential for
miniaturization into portable, robust, user-friendly, and cost-effective point-of-care devices

[150,151,156,160,161].

1.5.  Optical biosensing techniques used in this study to detect anti-mycobacterium

tuberculosis antibodies

1.5.1. Localized surface plasmon resonance biosensing

The LSPR method has emerged as a leader among label-free biosensing techniques offering real-
time, robust, precise, and high-sensitivity detection [162,163]. It is an optical phenomenon
caused by the interaction of incident photons and metallic nanoparticles [17]. It is also a surface
plasmon resonance (SPR) phenomenon existing in metallic nanoparticles instead of thin film
metals [164]. During LSPR biosensing, the incident light induces collective oscillations of
valence electrons, subsequently increasing the intensity of the electric field at the sensor and
creating a characteristic extinction peak at the plasmonic resonance frequency. LSPR biosensors
differ from SPR-based biosensors as the induced plasmons oscillate locally around the metallic
nanoparticle instead of propagating along the metal-dielectric interface [16,17]. Upon analyte
attachment to the nanoparticle, the refractive index change causes a wavelength shift in the
extinction spectrum, thus making the LSPR platform suitable for label-free detection and
quantification of biorecognition events [16]. During LSPR biosensing, changes in the refractive
index of the surrounding media enable the application of this method in biosensing, chemical
sensing, and gas sensing [165]. In biosensing, LSPR sensors can monitor a variety of binding

events, including protein-ligand interactions, DNA hybridization, and biomarker interactions
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[18]. When binding events occur, changes in LSPR properties manifesting as a shift in the

extinction peak can be easily measured by UV-vis spectroscopy [18].

1.5.2. Photonic crystal-based biosensing

Over the last three decades, biosensors based on PhCs have been developed and continue to
receive significant recognition owing to their distinctive electromagnetic properties and broad
applications domain [166]. PhCs are spatially arranged periodic structures made of low and high-
refractive index materials, providing high-efficiency reflection at specific wavelengths
[147,167]. The existence of a forbidden frequency range called a photonic band gap (PBG) is
one of the most significant and special properties of PhCs. In this frequency range, the
propagation of electromagnetic waves (EMWSs) is prohibited [168]. In practice, this means if the
radiation with a wavelength inside the PBG is incident on the PhC it experiences a strong
reflection from the PhC; hence a PhC can act as an optical filter [158,168]. PhCs can be designed
in one-dimensional (1-D), two-dimensional (2-D), or three-dimensional (3-D) depending on the
number of directions with a periodic repetition [20,152,169,170]. The 1-D PhCs, also known as
dielectric mirrors or Bragg mirrors, are simple multilayer stacks and can be used as biosensors
[20,152]. In this work, a 1-D PhC was modified and used as a biosensor chip. The optical
detection was based on refractive index changes on the functionalized 1-D PhC biosensing
surface. Studies that have used refractive index as a parameter to design optical biosensing
devices based on PhCs have resulted in sensitive optical devices with quick response time for
small variations in samples [171]. In this study, for the first time, PhC biosensing towards the
diagnosis of TB using a pathogen-specific biomarker was studied based on the detection of

refractive index changes on functionalized biosensing surfaces detailed in Chapter 4.
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In conclusion, the current WHO-endorsed TB diagnostic platforms described in Section 1.3 are
limited by various requirements that hinder their application, especially in resource-limited
settings. In general, the limitations are associated with infrastructure requirements, electricity,
associated costs in terms of initial investment and ongoing maintenance of the instruments, high
costs for reagents, and highly trained personnel needed to perform the tests. This is often not
achievable in regions with a high burden of TB. Moreover, most of these advanced diagnostic
methods cannot be performed in point-of-care settings, thus contributing to delays in TB
diagnosis and treatment initiation. As an alternative approach, optical biosensing emerges as a
promising solution for biomarker detection towards TB diagnosis. Optical biosensors described
in Section 1.5, incorporating biorecognition elements and transduction systems can operate in
label-free modes, allowing for real-time and direct detection of analytes. Their potential for
miniaturization makes them suitable candidates for point-of-care applications. Hence the
subsequent chapters focus on exploring the capability and potential of using LSPR and PhC-

based optical biosensing techniques to detect anti-mycobacterium tuberculosis antibodies.
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CHAPTER 2:

BIOSENSING SURFACE COATING AND OPTIMIZATION OF
CHARACTERIZATION TECHNIQUES

2.1.  INTRODUCTION

This chapter covers biomolecular interactions, substrate coating with metals, design, and
development of a custom-built optical biosensing setup for biosensor chip analysis in Chapters
3 and 4. For molecular interaction experiments, fluorescence microscopy will be used as a proof-
of-concept experiment to test the reaction, interaction, or binding between the mycolic acid
biorecognition element and the anti-mycobacterium tuberculosis antibodies. To perform
substrate coating with metals, the physical vapour deposition (PVD) technique will be used to
coat glass substrates with Au to generate surface plasmons during LSPR experiments, and the
thin film Au-coated layer will be characterized using SEM to visualize the gold distribution on
the surface. Additionally, AuNPs will be bioconjugated using physical and covalent
bioconjugation strategies to determine an efficient method for bioconjugation and UV-vis
absorption spectroscopy will be used to determine successful bioconjugation. To study the
morphology of the AuNPs that will be used in this study, TEM will be used. Lastly, a custom-
built optical biosensing setup will be designed and developed for applications in Chapters 3 and

4.

The PVD is a vacuum-based dry-coating technique used to create thin films of various materials
(e.g., Au, Ag, and titanium) on solid substrates (e.g., glass slides) [172-174]. In PVD, the
material to be deposited is first vaporized in a vacuum chamber, and then the vaporized atoms
or molecules condense onto the substrate, forming a thin film. The deposition process in PVD
is primarily driven by physical mechanisms, such as evaporation, sputtering, or thermal

decomposition, rather than chemical reactions [172]. During sputtering, Argon gas is first
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introduced into the vacuum chamber. A high voltage is applied to the gas, causing it to ionize
and form a plasma. The plasma consists of positively charged argon ions and free electrons
[172]. The target material (Ti) is then exposed to the high-energy ions from the inert gas (Argon)
plasma, causing atoms or ions from the target to be ejected and deposited onto the substrate. The
sputtered species (Ti) travel in a straight-line path and form a thin film on the substrate [172].
To create the Au thin film, the electron beam evaporation technique was used. This method
involves the use of an electron beam as a heating source to vaporize the material in a vacuum
chamber, followed by condensation onto the substrate made of Ti layer to form a stable Au thin
film [172]. Physical vapor deposition allows the deposition of a wide range of materials, and the
deposited films can exhibit excellent adhesion, uniformity, and density, thus making them

widely used in industries such as electronics, optics, and coatings [172,175,176].

Figure 8: The HEX benchtop thin film deposition system used to develop Au-coated slide (A). (B) The Au-

coated slide.
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For signal enhancement during the analysis of the biosensor chip, bioconjugated AuNPs are
commonly introduced on the surface of the chip. Bioconjugation refers to the process of linking
molecules of biological or chemical origin to form a single complex or conjugate [177-179]. It
involves the modification of biomolecules, such as proteins, antibodies, nucleic acids, or
carbohydrates, by attaching synthetic molecules or functional groups, labels, or probes [177].
The resulting bioconjugates combine the properties of both components, enabling a wide range
of applications in various fields, including biosensing, diagnostics, imaging, and targeted drug
delivery [180,181]. To perform bioconjugation, molecules can be linked via physical or covalent
conjugation. Covalent conjugation refers to the formation of a stable chemical bond between
two molecules through covalent bonding [177]. It involves the joining of functional groups or
reactive moieties on one molecule with complementary reactive groups on another molecule.
Covalent conjugation, therefore, provides a versatile and robust approach for the synthesis of

conjugates with desired properties and functionalities [177,179].

Physical conjugation refers to the non-covalent association or attachment of molecules or
entities through physical interactions without the formation of strong chemical bonds [179]. It
involves reversible interactions such as electrostatic interactions, hydrophobic interactions,
hydrogen bonding, or van der Waals forces or interactions [179]. Unlike covalent conjugation,
physical conjugation does not involve the formation of permanent chemical bonds and is
generally less stable. Physical conjugation offers advantages such as ease of assembly,
reversibility, and the ability to preserve the individual properties of the conjugated entities [179].

Both conjugation techniques were tested in this study to functionalize AuNPs.
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2.2. MATERIALS AND METHODS

2.2.1. Characterization of functionalized glass surface using fluorescence microscopy

To functionalize the microscope glass slide in preparation for fluorescence microscopy, the
hydrophobic glass slides were washed thoroughly with absolute ethanol, blow-dried with
nitrogen gas (N), and exposed to oxygen plasma treatment to make them hydrophilic. After the
activation procedure, the activated glass slides were immersed in (3-Aminopropyl)
triethoxysilane (APTES) (1%, v/v) (Sigma-Aldrich, A3648) in a vertical Coplin jar and
incubated at room temperature overnight. Post incubation, the glass slides were washed
thoroughly by sonication in absolute ethanol for 5 min and followed by sonication in ultrapure
water for 5 min. The clean glass slides were blown with N2 gas and further dried at 90°C for 1
hour. Silanized glass slides were used immediately to immobilize stearic acid (STA) (141 mM)
(Sigma-Aldrich, S4745) on the glass surface or stored in a vacuum for future use. A self-
assembled monolayer (SAM) of mycolic acid from M. tuberculosis (bovine strain) (0.5 mg/mL)
(Sigma-Aldrich, M4537) used as TB antigens were formed on the STA monolayer by incubating
the slide in a solution of mycolic acid dissolve in hexane (Img MA, 2mL hexane: molecular
weight = 86,18 g/mol) (Sigma-Aldrich, 34859) overnight at room temperature. Post incubation,
the slide was rinsed thoroughly with 1x PBS (Sigma-Aldrich, D1283) to remove physically
adsorbed mycolic acid. Subsequently incubated in a solution of bovine serum albumin (BSA)
(1%, v/v) (Roche Diagnostics, 10711454001) blocking agent in 1x PBS for an hour before the
addition of anti-mycobacterium tuberculosis antibody (Abcam, ab905) (8.8 mg/ml) prepared in
1x PBS acting as primary antibody. This antibody was introduced on the mycolic acid monolayer
and incubated overnight. For fluorescence staining, to test for the successful reaction between
mycolic acid and the primary antibody, a secondary fluorescently labeled goat anti-rabbit IgG
H&L (Alexa Fluor) (2 mg/mL, 1:200 dilution in 1x PBS) (Abcam, ab150077) was introduced
to the surface. The excitation and emission wavelengths of the goat anti-rabbit 1gG H&L (Alexa

Fluor) are 495ex/519em nm. Fluorescence was visualized using an inverted microscope (Wirsam
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Olympus® CKX41) with a mounted reflected fluorescence system.

2.2.2. Au-coating of glass substrates

To coat the glass substrates with Au, a HEX benchtop thin film deposition system (Korvus
Technology Ltd, United Kingdom) was used. The glass substrates were washed thoroughly with
absolute ethanol, rinsed with ultrapure water, and blow-dried with N2 gas flow. Subsequently, a
two-step PVD deposition process was performed, which included sputtering titanium (Ti)
directly to the clean glass substrate, followed by electron beam evaporation of approximately 40

nm of Au to the Ti layer.

2.2.3. Characterization of the untreated gold-coated surface

To characterize the Au-coated slides developed using the HEX benchtop thin film deposition
system detailed in section 2.1, SEM was used. The Au thin film was washed thoroughly with
absolute ethanol, rinsed with ultrapure water, and blow-dried with nitrogen gas flow before SEM
analysis. The SEM data was acquired using the JSM-IT800 Schottky field emission scanning

electron microscope (JEOL Ltd, Japan). SEM data was performed without coating the slides.

2.2.4. Transmission electron microscopy (TEM) characterization of AuUNPs

The morphological analysis of the AuUNPs was performed using a High-Resolution Transmission
Electron Microscope (HRTEM) (JEOL JEM-2100, Japan) operated at a voltage of 200 Kilovolt
(KV). A copper grid was used for sample preparation and dipped into a sample of AuNPs
suspended in PBS. The HRTEM operates at an imaging mode with high magnification, thus
enabling high-resolution imaging of the crystallographic structure of nanomaterials at the atomic
scale level. In this analysis, the HRTEM analysis was used for analyzing the morphology,

particle size, and shape to confirm the structural properties of the AuNPs for subsequent studies.
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2.2.5. Evaluation of bioconjugation strategies

2.2.5.1. Covalent conjugation
To perform covalent conjugation, N-hydroxysuccinimide (NHS) (13 mM) (Sigma-Aldrich,
56480) and 1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide) (EDC) (5 mM) (Sigma-Aldrich,
E7750) with similar molar ratio were added to heterobifunctional polyethylene glycol (PEG)
(SH-PEG-COOH) (10 mg diluted in 10 mL ultrapure water) (Sigma-Aldrich, 757845) in
ultrapure water and shaken for an hour on an orbital shaker. PEG is light-sensitive; therefore,
samples must be wrapped in foil throughout the experiment. 10x PBS was added to the solution
to adjust the pH of the reaction mixture to 7.4. The anti-mycobacterium tuberculosis antibody
was introduced to the reaction mixture and incubated for 2 hours before filtering the solution
with a 50 kDa filter to remove any by-products. The final SH-PEG-1gG bioconjugated solution
was obtained after washing with 1x PBS twice. Then, 12uL of the SH-PEG-IgG complex was
added to 200 pL of AuNPs and incubated for an hour on an orbital shaker to form the TB-
bioconjugate complex (AuNPs-IgG). The samples were analyzed on a NanoDrop 800

spectrophotometer.

2.2.5.2. Physical conjugation
To perform direct adsorption or physical conjugation, the anti-mycobacterium tuberculosis
antibody was added directly to 200 uL AuNPs. The mixture was wrapped in foil and incubated
on an orbital shaker at room temperature for 30 min to form AuNPs-1gG bioconjugate.
Additionally, AuNPs were used as a reference. Successful AuNPs bioconjugation was
confirmed using NanoDrop 8000 spectrophotometer (Thermo Fisher Scientific, United States)
measuring UV-vis absorption. Several absorption spectra ~4) of the AuNPs were recorded to

determine the redshift before and after bioconjugation.
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2.3. RESULTS

2.3.1. Fluorescence microscopy

To perform fluorescence microscopy, two sample groups were prepared, an experiment and a
control sample (Figure 9). In the experiment sample, green fluorescence was detected (Figure
9A). In the control sample group (Figure 9B), no fluorescence was detected. The experiment
sample surface consisted of mycolic acid used as a biorecognition element, an anti-
mycobacterium tuberculosis primary antibody, and a fluorescent-labeled goat anti-rabbit 19G
H&L (Alexa Fluor) secondary antibody. The control sample surface consisted of the components
in the experimental samples except for the anti-mycobacterium tuberculosis primary antibody.
The observed green fluorescence in the experiment sample is an indication of the successful
binding of the secondary fluorescently-labelled antibody to the mycolic acid/primary antibody
complex. The absence of fluorescence in the control sample is a result of the lack of binding of

the secondary fluorescently-labelled antibody directly to mycolic acid.

Figure 9: Fluorescence images of mycolic acid TB antigen reaction with anti-mycobacterium tuberculosis
antibody used as primary antibody. Image A, showing green fluorescence, is the experiment sample consisting
of SAM of mycolic acid, a primary antibody, and a fluorescent-labeled goat anti-rabbit IgG H&L (Alexa Fluor)
secondary antibody. Image B shows the control sample with SAM of mycolic acid and the goat anti-rabbit 1gG
H&L (Alexa Fluor) antibody introduced on the surface in the absence of an anti-mycobacterium tuberculosis
antibody. No fluorescence was observed in the control sample. Images were captured with a CKX41 Olympus

microscope, and the length of the scale bar is 50um.
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2.3.2. SEM analysis of the gold-coated thin film surface

The SEM analysis of the Au thin film deposited using the PVD surface coating technique was
performed to study the distribution of Au microparticles on the surface and to look for surface
contaminants. The elemental composition of the surface was studied using EDX spectroscopy
and detailed in chapter 3, section 3.3.4. The Au thin film is resembled by a homogenous layer

of tightly packed Au microstructures (Figure 10). The surface contains no signs of contaminants.

Figure 10: The SEM image of untreated gold-coated thin film surface captured with the JSSM-1T800 Schottky
field emission scanning electron microscope. The surface shows the distribution of tightly packed Au

microstructures. There are no signs of surface contaminants.

2.3.3. Transmission electron microscopy (TEM)
The morphology and size of AuNPs were evaluated. Figure 11 shows the TEM image of bare
AuNPs, specifically Au NanoUrchins used in this study. Under TEM analysis, the AuNPs

appeared multibranched with spiky uneven surfaces. The AuNPs had an average size of 60 nm.
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Figure 11: Transmission electron micrograph of gold NanoUrchins. The nanoparticles displayed a
multibranched, spiky, uneven surface morphology with an average size of 60nm. The length of the scale bar is
50nm.

2.3.4.UV-vis absorption spectroscopy
To characterize the AuNPs before and after bioconjugation using covalent conjugation
chemistry and physical conjugation, UV-vis absorption spectroscopy was performed (Figure
12). The covalent bioconjugation chemistry uses NHS and EDC to enhance the binding of
antibodies to PEG which acts as a linker molecule between the antibodies and AuNPs. However,
in physical bioconjugation, the antibodies are directly attached to the AUNPs using
intermolecular forces. In Figure 12, the absorption peaks between 250 nm — 350 nm represents
the concentration of proteins (antibodies) in the samples. Proteins specifically absorb at 280 nm.
The absorption peaks between 500 nm and 750 nm represent the absorption wavelength of the
gold nanoparticles and the bioconjugate (nanoparticles functionalized with antibodies). At 250
nm — 350 nm, there is no absorption peak for the AuNPs. At 250 nm — 350 nm, the high
absorption intensity of antibodies physically conjugated (TB-Bioconjugate-P) to the AuNPs was

detected, and lower absorption intensity was recorded for the covalently bioconjugated
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antibodies (TB-Bioconjugate-C). At 500 nm — 750 nm, approximately 645 nm absorbance peak
for the AuNPs was detected, and a redshift in both the covalent and physically conjugated
AUNPs was detected. In this region, a notable difference in absorbance intensity was also
recorded between the AuNPs, TB-Bioconjugate-P, and TB-Bioconjugate-C. The absence of a
peak for the AuNPs at 250 nm — 350 nm is due to the absence of proteins on the surface of the
AUNPs, as this wavelength range is indicative of protein presence. For the physically conjugated
AUNPs, the high absorption peak between 250 nm and 350 nm compared to the covalently
conjugated method suggests a significant concentration of antibodies in the sample. The higher
peak between 500 nm and 750 nm compared to the covalently conjugated method, particularly
around 650 nm, shows the characteristic absorption of conjugated AuNPs and indicates that the
binding of antibodies affects the optical properties of the nanoparticles, resulting in a reduction
in absorbance intensity. For the covalently conjugated AuNPs, the lower absorption peak
between 250 nm and 350 nm indicates a lower concentration of antibodies compared to the
physically conjugated method. The lower peak between 500 nm and 750 nm compared to the
physically conjugated AuNPs and the further redshift indicates higher binding affinity of the

method compared to the physical conjugation.
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Figure 12: Absorbance spectra of AuNPs, covalent conjugated AuNPs (TB-Bioconjugate-C), and physical
bioconjugated AuNPs (TB-Bioconjugate-P). There are clear differences in absorbance intensity of the antibody
(A250 nm — 350 nm) and the AuNPs (A500 nm — 750 nm) when comparing the two bioconjugation techniques.

2.4. DISCUSSION

Fluorescent microscopy was used in this study for proof of concept to visually confirm the
specificity of mycolic acid binding to the anti-mycobacterium tuberculosis antibody. Also, since
PhCs are costly, it was crucial to optimize the functionalization protocol on a microscope glass
slide before implementing it in PhC-based biosensing. In these techniques, when the mycolic
acid is successfully immobilized on the surface, the complementary anti-mycobacterium
tuberculosis primary antibody will bind to the surface. Upon immobilization of the goat anti-
rabbit 1gG H&L (Alexa Fluor) secondary antibody specifically designed to bind to the anti-
mycobacterium tuberculosis antibody, a fluorescence signal is expected. Fluorescence was
detected in the experiment sample (Figure 9A) and not in the control sample (Figure 9B), thus
confirming the presence of the primary antibody on the surface attached to the mycolic acid
biorecognition element. These results also confirm the specificity of mycolic acid to the anti-

mycobacterium tuberculosis antibody.
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To prepare the biosensing surface for LSPR biosensing, a 40 nm Au thin film was deposited on
a glass substrate containing a 5 nm layer of Ti. The surface was further characterized using SEM
before the immobilization of the biorecognition element. Characterization of the surface is
essential for understanding the film's properties and to optimize its performance for optical
biosensing. In Figure 10, the Au thin film surface shows no signs of contaminants. The presence
of surface contaminants or irregularities can affect the optical properties (e.g., reflectivity,
transmission, and other optical phenomena) during analysis and negatively impact the
performance and reliability of optical biosensing systems. Surface contaminants can introduce
unwanted signal interference, leading to inaccurate or unreliable measurements. Contaminants
can absorb or scatter light, altering the optical properties of the sensing surface [182].
Consequently, this interference can result in decreased sensitivity, increased noise, and reduced
signal-to-noise ratio, making it challenging to detect the target analyte accurately. Surface
contaminants can also contribute to non-specific binding, where molecules in the sample adhere
to the sensing surface nonspecifically, even in the absence of the target analyte. This can lead to
false-positive signals and reduced selectivity or specificity [183,184]. Contaminants as simple
as dust particles can serve as binding sites for non-target molecules, resulting in unreliable and
non-reproducible findings. Contaminants can potentially create a physical barrier between the
target analyte and the sensing surface, hindering the interaction and detection of the analyte. To
mitigate the impact of surface contaminants in optical biosensing, several strategies can be
employed, including proper cleaning and surface treatment protocols and the implementation of

appropriate controls and reference measurements.

The use of noble metal nanoparticles in biosensing has grown immensely in recent years,
particularly for LSPR biosensing applications. Several elements have been demonstrated to
support localized surface plasmons, including palladium (Pd), platinum (Pt), silver (Ag), and

gold (Au) [17]. Both Ag and Au nanostructures are intensely researched for their role in
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biosensing, with their popularity stemming from their high refractive index sensitivity values.
Gold is 44 nm/refractive index unit (RIU), and silver is 161 nm/RIU, although gold has a lower
sensitivity than silver nanostructures, it is mostly preferred for biosensing applications due to its
biocompatibility with biological material and is prone to less oxidation [17]. In this study,
AUNPs were used to enhance the detection signal during optical biosensing, detailed in chapters
3 and 4. In these chapters, the AuNPs were characterized using TEM to obtain detailed
information about their size, shape, and morphology. This characterization is essential for
understanding their properties and tailoring their applications in optical biosensing. On TEM,
the AuNPs appeared multibranched with a spiky uneven surface. Multibranched and spiky
AuUNPs have a highly porous and rough surface structure, providing a significantly larger surface
area compared to their spherical counterparts [185]. This increased surface area allows for more
efficient immobilization of biomolecules, leading to enhanced sensitivity in biosensing
applications. The larger surface area also results in improved binding affinity, thus improving
the detection limits of the biosensor [185]. The unique surface morphology of multibranched
and spiky AuNPs can lead to signal amplification in biosensing. The presence of multiple
branches or spikes on the nanoparticles creates numerous nanogaps, which can trap and amplify
the signal produced during the sensing process. This amplification effect enhances the detection

sensitivity and improves the signal-to-noise ratio of the biosensor [185-187].

The AuNPs were further functionalized with a signal or secondary antibody using both the
covalent and physical bioconjugation techniques. Bioconjugation occurs upon successful
binding of the antibodies to the AuNPs surface, thus resulting in LSPR spectrum red-shift which
Is an increase in wavelength by a few nanometers [177]. From the findings, it was realized that
covalent conjugation resulted in high binding efficiency of antibodies to the surface of the
AuUNPs indicated by the sharp decline in the absorption intensity of the antibodies at 250 nm —

350 nm, and a redshift in the wavelength at 500 nm — 750 nm (Figure 12). The physical
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conjugation strategy resulted in lower binding efficiency of antibodies to AuNPs indicated by
the high absorbance intensity of the antibodies at 250 nm — 350 nm, and a less prominent redshift
in the wavelength at 500 nm — 750 nm (Figure 12). The AuNPs do not absorb at A250 nm — 350
nm; hence no absorption peak was detected. In chapters 3 and 4, the functionalized AuNPs are

introduced on the biosensing surface for both LSPR and PhC-based biosensing.

In conclusion, this chapter has successfully reported on a biomolecular interaction experiment,
substrate coating with metals, and the design and development of a custom-built optical
biosensing setup. The application of fluorescence microscopy as a proof-of-concept experiment
has allowed for the visualization and confirmation of the specificity of mycolic acid antigen
binding to anti-mycobacterium tuberculosis antibodies. This was confirmed with a green
fluorescence detected in the experiment samples and absent in the control samples. This step is
essential in establishing reproducibility of the biorecognition element immaobilization on the
biosensing surface, especially in subsequent chapters where the fluorescently labeled secondary
antibody is substituted with a non-fluorescently labeled secondary antibody functionalized with
AuUNPs. While fluorescence microscopy can confirm the specificity of mycolic acid binding to
anti-mycobacterium tuberculosis antibodies by differentiating between positive and negative
samples, the principal objective of this study is to investigate optical biosensing techniques. The
ultimate goal is to pave the way for future applications in the development of point-of-care
(POC) diagnostic devices for TB diagnosis. The application of the PVD technique for coating
glass substrates with Au was achieved and will be executed in Chapter 3 to induce surface
plasmons during LSPR biosensing experiments. Characterization of the Au thin film using SEM
provided essential insights into the spatial distribution of gold on the surface of the glass
substrate. Additionally, physical and covalent bioconjugation strategies were studied for
efficient binding of AuNPs with antibodies and the covalent bioconjugation strategy proved to

be an efficient technique for bioconjugation confirmed by UV-vis absorption spectroscopy and
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used throughout the study as the recommended method. The inclusion of noble metal
nanoparticles, specifically AuNPs, in biosensing applications, demonstrated in the study, aligns
with the growing trend in LSPR biosensing. The unique surface characteristics of these
commercial AuNPs display multibranched, spiky, and uneven surfaces when characterized using
TEM. This highlights their potential for signal amplification. Finally, the designed and
developed custom-built optical biosensing setup lay the foundation for subsequent experiments
in Chapters 3 and 4, expanding the scope of optical biosensing applications using lasers in
Chapter 3 to perform LSPR biosensing, and white light in Chapter 4 to perform PhC-based

biosensing.
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CHAPTER 3:

LSPR BIOSENSING OF ANTI-MYCOBACTERIUM TUBERCULOSIS
ANTIBODIES USING A CUSTOM-BUILT OPTICAL SETUP

3.1. INTRODUCTION

This chapter focuses on the use of optical biosensing, specifically LSPR to detect anti-
mycobacterium tuberculosis antibodies. Most studies focus on using electrochemical biosensing
to detect anti-mycobacterium tuberculosis antibodies and optical biosensing has not been
explored [88]. The mycolic acid biorecognition element is immobilized on a gold thin film and
anti-mycobacterium tuberculosis antibodies are allowed to react with the biorecognition
element. Furthermore, AuNPs bioconjugated with a secondary antibody are introduced on the
surface. Before optical biosensing, the biosensor chip is characterized using the characterization

techniques optimized in Chapter 2.

Photonics-based optical detection systems leverage the properties of light to enable sensitive and
accurate detection of various analytes. These systems utilize the interaction between light and
target molecules to provide valuable information for a wide range of applications. In this chapter,
the significance and development process of a custom-built optical biosensing setup is explored,
including its applications in the detection of biomolecular interactions. The role of surface
coating in the development of a biosensor chip and the significance of bioconjugation in optical
biosensing are detailed.

Custom-built optical biosensing setups are specialized instrumentation or systems that are
designed and assembled to enable the detection and analysis of biological molecules or analytes
using optical techniques [188-190]. They are tailored to specific biosensing applications and are

assembled according to the unique requirements of the research experiment. Typically, they
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include a range of optical components, such as light sources, lenses, filters, detectors, and
spectroscopic instruments, and data acquisition modules. These systems are designed to
facilitate the interactions between the analyte of interest and the optical detection mechanism,
allowing the measurement of specific optical properties or signals indicative of the
presence/absence of the target analyte [161,191]. They can be used in a wide range of
applications, including but not limited to biomolecular interaction analysis, to study the
interactions between biomolecules such as proteins, nucleic acids, and small molecules. This
includes determining binding kinetics, affinity measurements, and characterization of molecular
interactions [192-195]. These setups provide flexibility in choosing optical techniques,
measurement parameters, and experimental conditions. This flexibility allows researchers and
scientists to customize the system to meet their specific needs, optimizing the sensitivity,
specificity, and accuracy of their measurements. Such setups are essential for advancing
biosensing technologies, supporting research, and enabling applications across various fields
[194].

The SPR and LSPR are both optical phenomena related to the interaction of light with metal
surfaces or nanoparticles [196-199]. However, they differ in their underlying principles and the
scale at which they occur. A few key differences exist between SPR and LSPR. Surface Plasmon
Resonance occurs when polarized light strikes a thin metal film, usually gold or silver, and
couples with the collective oscillations of free electrons (referred to as plasmons) at the metal-
dielectric interface. It is based on the excitation of propagating surface plasmons [200-202]. The
SPR effect occurs on a larger scale, involving the interaction of light with a macroscopic metal
surface or thin film. It can cover a relatively large area, such as the surface of a biosensor chip
or a prism surface [200]. The thin metal film on a biosensor chip acts as the sensing region that
allows for the interaction of light with the analyte or biomolecules immobilized on its surface
[203]. The sensing is based on changes in the refractive index or thickness of the analyte layer.

SPR sensors are known for their high sensitivity in detecting changes in refractive index at the
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metal-dielectric interface. They are widely used in label-free biomolecular interactions, such as
antibody-antigen interactions, protein-protein interactions, DNA hybridization, and drug

discovery studies [203,204].

On the other hand, LSPR refers to the excitation of localized plasmons in metallic nanoparticles
(e.g., gold or silver nanoparticles), which act as sensing elements [205-208]. In LSPR, the
nanoparticles are much smaller than the wavelength of the incident light [209]. Hence, LSPR
operates on a nanoscale, where the localized plasmons are confined to the surface of individual
nanoparticles [205]. These nanoparticles are functionalized with specific biomolecules or
receptors that interact with the analyte of interest. The LSPR signal occurs when incident light
interacts with the nanoparticle's surface, causing the electrons to collectively oscillate and

generate a resonance response (Figure 13) [206].

Figure 13: Schematic illustration of plasmon oscillation around a nanoparticle, showing the displacement of the

electron charge cloud relative to the nanoparticle.
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The signal is highly localized to the vicinity of the nanoparticles and is strongly influenced by
their size, shape, and composition [207]. The LSPR response is sensitive to changes in the local
refractive index, providing information on molecular binding events [205,210,211]. LSPR-based
biosensors have been employed in a range of applications, including label-free biosensing,
pathogen detection, disease biomarker analysis, drug monitoring, and allergen detection. In
pathogen detection, these biosensors can identify pathogens such as bacteria or viruses using
specific antibodies or aptamers as biorecognition elements that bind to target biomolecules
[212-214]. This interaction causes a change in the LSPR signal, enabling sensitive and rapid

pathogen detection [206,207].

In disease biomarker analysis, LSPR-based biosensors can detect and quantify biomarkers like
antigenic proteins, nucleic acids, and infected cells, which are indicative of specific diseases or
conditions[215]. The selective binding of biomarkers to the functionalized nanoparticles results
in measurable changes in the LSPR signal, allowing for point-of-care diagnosis. [215]. In drug
monitoring, these biosensors are promising for tracking drug levels in patient samples. By
functionalizing nanoparticles with molecules that interact with specific drugs, changes in the
LSPR signal can indicate drug concentrations in real-time, facilitating personalized medicine
and therapeutic drug monitoring. [216]. Finally, in allergen detection, LSPR-based biosensors
can detect allergens in food or environmental samples by using nanoparticles functionalized with
allergen-specific antibodies. The binding of allergens alters the LSPR signal, enabling sensitive

and selective detection of allergenic substances.[217,218].

These applications demonstrate the potential of LSPR for developing of point-of-care diagnostic
devices, enabling rapid, sensitive, and specific detection of different types of analytes. Further
research aiming to optimize the performance and practicality of LSPR-based biosensors is

ongoing for practical point-of-care diagnostics. Both SPR and LSPR are valuable in biosensing
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and have overlapping applications. Their distinct principles and sensing mechanisms make them
suitable for different scenarios. The choice between SPR and LSPR depends on factors such as
the desired spatial scale, sensing region, sensitivity requirements, and specific applications. In
this chapter, LSPR-based transmission configuration optical biosensing is applied for the label-
free detection of anti-mycobacterium tuberculosis antibodies. The LSPR-based biosensing
technique was chosen over the SPR because it is much more compact and easy to miniaturize.
Additionally, the LSPR signal can be significantly improved based on the size, shape,
composition, and refractive index of the AuNPs. These properties allow LSPR sensors to detect

even minimal changes during biosensing.

3.2.  MATERIALS AND METHODS

3.2.1. Gold-coated slide surface functionalization

To functionalize the gold-coated slide surface as illustrated in Figure 14, briefly, the gold thin
layer was washed with absolute ethanol and blow-dried with N2 gas before incubation with 10
mM cysteamine (Cys) (Sigma-Aldrich, M9768) dissolved in nitrogen-saturated absolute ethanol
for 18 hours at room temperature to form a gold-cysteamine monolayer. NHS (13 mM) (EDC)
(5 mM) with similar molar ratios were used for covalent attachment of stearic acid using
carbodiimide coupling chemistry to form an amide bond. After the formation of the cysteamine-
stearic acid monolayer, the modified gold-coated surface was washed thoroughly with 70%
ethanol and water to remove physically adsorbed stearic acid species. Mycolic acid
biorecognition element was enabled to form a self-assembled monolayer on stearic acid by
incubating the biosensor chip in a solution of 0.5 mg/ml of mycolic acid in hexane overnight at
room temperature. Post incubation, the biosensor chip was rinsed thoroughly with 1x PBS to
remove physically adsorbed mycolic acid, and subsequently incubated in a solution of bovine

serum albumin (BSA, 1%, v/v) blocking agent for an hour before the addition of the primary
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anti-mycobacterium tuberculosis antibody. To enhance the sensitivity of the biosensor chip, a
goat anti-rabbit IgG H&L secondary antibody (2.1 mg/ml) (Abcam, ab6702) was covalently
bioconjugated to gold nanoparticles (AuNPs) (60 nm NanoUrchins) (Cytodiagnostics,
2459298 60U) and herein called TB bioconjugate (AuNPs-1gG). The bioconjugation strategies

are described in section 2.1.

Figure 14: A schematic representation of the gold-coated slide functionalization steps. Schematic key steps

include the following: (1) a biosensor chip with a layer of gold deposited on a thin layer of Ti sputtered on a
glass substrate, (2) immobilization of cysteamine monolayer on the thin gold surface, (3) covalent attachment of
STA to cysteamine and formation of amide bonds using NHS and EDC, (4) development of a SAM of mycolic
acid through inter-molecular forces existing between stearic acid and mycolic acid, (5) introduction of BSA to
prevent non-specific binding of molecules, (6) binding of anti-mycobacterium tuberculosis primary antibody to
mycolic acid, (7) binding of gold-bioconjugated secondary antibody to the primary antibody. (BSA: Bovine

serum albumin)
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3.2.2. Characterization of gold nanoparticles before and after bioconjugation

3.2.2.1. Ultraviolet-visible absorption spectroscopy
UV-vis absorption spectroscopy was performed to characterize the AuNPs before and after
bioconjugation. Covalent bioconjugation chemistry optimized in section 2.2.4.1 was adapted to
bioconjugate AuNPs to goat anti-rabbit IgG H&L secondary antibody (2.1 mg/ml). UV-vis
absorption spectroscopy measurements were obtained using the NanoDrop 8000

spectrophotometer. The data were further analyzed using OriginPro software.

3.2.2.2. Dynamic light scattering (DLS)
DLS was performed to monitor changes in size distribution by intensity before and after
bioconjugation of AuNPs with a secondary antibody. Malvern Zetasizer Nano ZS (Malvern
Instruments Ltd, United Kingdom) was used to perform DLS. AuNPs, bioconjugated AuNPs
with anti-mycobacterium tuberculosis (referred to as TB-bioconjugate), and bioconjugated
AuNPs with mycolic acid TB antigen were analyzed. Samples were analyzed in triplicates and
repeated three times (n=3) at 25°C, and the dispersant refractive index was 1.330 with a viscosity

of 0.8872 cP.

3.2.3. Characterization of the functionalized gold biosensing surface

3.2.3.1. Scanning electron microscopy
Gold-coated biosensor chip was developed using the HEX benchtop thin film deposition system
(Korvus Technology Ltd, United Kingdom) as previously described. Briefly, a gold evaporation
slug (Merck Millipore, 373168-6.4G) was used to form the thin gold film. A 5 nm layer of Ti
was sputtered on the SiO2 substrate before Au deposition ¢40 nm) using e-beam evaporation.
Three sample groups, including the bare Au-thin film sample, experiment, and control samples,
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were analyzed. The Experiment sample consisted of mycolic acid, anti-mycobacterium
tuberculosis antibody, and goat anti-rabbit IgG H&L secondary antibody bioconjugated to
AuUNPs (referred to as TB-bioconjugate). The control sample did not have an anti-
mycobacterium tuberculosis antibody on the biosensing surface. The SEM data were acquired
using the JSM-1T800 Schottky field emission scanning electron microscope (JEOL Ltd, Japan).

All samples were analyzed for SEM without coating.

3.2.3.2. Energy-dispersive X-ray spectroscopy
EDX spectroscopy was performed to study the different elements present on the biosensing
surface, and both EDX and SEM techniques were used to characterize the functionalized
biosensing surface. The gold-coated biosensor chip functionalized in section 3.2.1 was used to
perform SEM and EDX spectroscopy. This gold-coated biosensor chip consisted of a glass
substrate (1 mm thick); a 40 nm Au thin layer deposited on a 5 nm thin layer of Ti. EDX was
performed using the SEM instrument, and each sample was analyzed for both SEM and EDX

spectroscopy.

3.2.3.3. Atomic force microscopy
Atomic force microscopy (AFM) was used for surface morphology studies to perform layer-by-
layer characterization of the biosensing surface of the biosensor chips at different stages of
functionalization. The AFM images were captured with a Vecco AFM system (Digital
Instruments, USA) using a silicon cantilever tip. The tip has a curvature radius of 10 nm and is
n-doped silicon, with a resonance frequency of 204-497 kHz and a force constant of
approximately 10-130 N/m. Images acquired by the AFM instrument were analyzed using

Nanoscope software.
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3.2.4. Fourier-transform infrared spectroscopy detection of anti-mycobacterium

tuberculosis antibody

The FTIR measurements of AuNPs, TB-bioconjugate, and TB-bioconjugate reacted with
mycolic acid TB antigen were analyzed in transmission mode using a Perkin EImer Spectrum
100 FTIR spectrometer equipped with a DTGS detector. The spectra were measured in the 4000
to 550 cm™ wavenumber regions. Before data acquisition, the spectrometer plate and crystal
were thoroughly cleaned with tissue and isopropanol and cleaned in between sample analyses.
The spectrum of air was used as background before each sample analysis. The background and
sample spectra were taken in a room with a temperature around 21 - 23°C, at a spectral resolution
of 4 cm™ and to each measurement, 32 scans were co-added and averaged to achieve an
acceptable signal-to-noise ratio. In all cases, spectra resolution was maintained at 16 cm™'. The

original FTIR spectra were baseline-corrected using Perkin EImer Spectrum software.

3.2.5. LSPR biosensing and detection of anti-mycobacterium tuberculosis antibodies

A custom-built transmission spectroscopy configuration optical biosensing setup was used to
perform LSPR biosensing. The setup was assembled using a 512 nm green light source with a
power of 3.1 milliwatts (mW). The light was collimated using collimating lenses and focused
on the biosensor chip sample placed on the sample stage. Transmitted light was collected
through a 10x microscope objective, and a 50/50 beam splitter directed the light to the imaging
system and the spectrometer through a fiber. The imaging system was formed by a charge-
coupled device (CCD) camera (Watec, Pine Bush, New York) connected to a computer and was
used to visualize events taking place on the sample stage. Sample groups were prepared in
triplicates under the same conditions and repeated three times (n=3). During sample analysis,
background measurements were taken at the same setting before each recording. Transmitted

light was focused into the fiber using a focusing lens and directed to the USB 4000 portable
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spectrometer (Ocean Optics Inc, United States) connected to the computer for data acquisition

and data analysis (Figure 15). Further data analysis was performed using OriginPro software.

Figure 15: Experimental setup of the transmission spectroscopy setup used for LSPR biosensing. The setup
consists of a 512 nm green light source with a power of 3.1 mW, collimating lenses (L1 and 2), XYZ stage, a
10x microscope objective, and an imaging system consisting of a CCD camera and computer, focusing lens (L3),

an optical fiber, and a portable USB spectrometer connected to a computer.

3.3.  RESULTS

3.3.1. UV-vis absorption spectroscopy
UV-vis absorption spectroscopy was used to characterize AuNPs before and after
bioconjugation to goat anti-rabbit IgG H&L secondary antibody. Changes in peak wavelength

and absorption intensity between the AuNPs and the functionalized AuNPs were detected.
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Figure 16 shows the absorption spectrum of AuNPs before bioconjugation (black spectrum) and
the spectrum of AuNPs after bioconjugation (red spectrum). Bioconjugation or binding of the
secondary antibody to the AuNPs resulted in a 10nm redshift in the absorption spectrum
wavelength. The AuNPs showed absorption peak intensity at 575 nm before bioconjugation and

585 nm after bioconjugation.
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Figure 16: A graphical representation of UV-vis absorption spectrograph for the bioconjugation of AuNPs to
goat anti-rabbit 1gG H&L secondary antibody. Measurements were taken before and after bioconjugation. The
black line represents the spectrum of AuNPs before conjugation, and the red line represents the spectrum of

AUNPs after bioconjugation with a secondary antibody.

3.3.2. Dynamic light scattering

Further characterization of AuNPs was performed to determine the particle size distribution
using dynamic light scattering (DLS). The DLS measurements of changes in size distribution by
intensity were used to study the AuNPs before and after bioconjugation with the secondary
antibody. Sample groups included AuNPs, TB-bioconjugate, and TB-bioconjugate in the
presence of mycolic acid (Figure 17). The Z-average value of the AuNPs before bioconjugation

was 164 d.nm and increased to 190 d.nm after bioconjugation (Figure 17B). The average peak
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intensity of the AuNPs, TB-bioconjugate, and TB-bioconjugate in the presence of mycolic acid

was 11.3, 9.65, and 8.9, respectively.
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Figure 17: DLS data showing (A) size distribution by the intensity of AuNPs before and after bioconjugation
(TB-Bioconjugate) and bioconjugate in the presence of mycolic acid, (B) particle size differences, and (C)
average peak intensity differences. DLS was performed on a Zetasizer instrument using water as a dispersant at
25°C. Samples were analyzed in triplicates and repeated three times (n=3).

3.3.3. Scanning electron microscopy

The SEM end-point analysis was performed to characterize the biosensing surface, specifically
to visualize the presence or absence of AuNPs (NanoUrchins) on the biosensing surface. To
perform SEM, three sample groups were prepared, namely a thin gold film surface, the
experiment sample, and the control sample. The experiment and control samples were prepared
on a thin gold film surface. The thin gold sample with an approximately 40nm Au layer was
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used as a reference to visualize the distribution of Au on the surface. The experiment sample
surface consisted of mycolic acid TB antigen, anti-mycobacterium tuberculosis primary
antibody, and AuNPs bioconjugated with goat anti-rabbit IgG H&L secondary antibody. There
was no anti-mycobacterium tuberculosis antibody on the biosensing surface of the control
sample. The control sample was used to test for the specificity of the mycolic acid biorecognition
element to the primary antibody. SEM images were obtained without coating the samples. A
uniform, evenly distributed, closely, and densely packed layer of gold was observed in the SEM
image of the Au thin film reference sample (Figure 18A). The film shows a columnar layer
represented by round-shaped structures. Spiky, uneven, and multi-branched Au NanoUrchins
structures were observed in high quantities on the surface of the experiment sample (Figure 18B)
and in small traces on the surface of the control sample (Figure 18C). The visualized Au

NanoUrchins are evenly dispersed, with no signs of agglomerations observed on the surface.
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Figure 18: SEM images of the biosensing surface of the thin bare gold surface (A), experiment sample (B)) and
control sample (C). The experiment sample surface consists of a self-assembled monolayer of mycolic acid TB
antigen, anti-mycobacterium tuberculosis antibody, and a secondary antibody bioconjugated to AuNPs. The
control sample lacks an anti-mycobacterium tuberculosis antibody on the surface. The AuNPs (NanoUrchins)
under SEM are visualized as tiny bright spots resembling stars. A small number of bioconjugated AuNPs were
observed on the biosensing surface of the control sample.

3.3.4. Energy-dispersive X-ray spectroscopy

EDX spectroscopy was specifically used to qualitatively determine the elemental composition
between the reference sample (Au thin film), experiment, and control samples. The elemental
composition, as per Figure 19A - C, shows that Au and Si dominate over all the other elements
detected on the biosensor chip and are present in all sample groups. Si is from the SiO2 glass
substrate, and Au is from the Au thin film and/or AuNPs. Si was detected at a weight percentage
lower than gold in all sample groups; however, its atomic percentage was higher than Au in all

the samples.
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Figure 19: EDX spectrographs of the bare gold-coated surface (A), the experiment sample (B), and the control
sample (C). The biosensing surface of the experiment sample consisted of mycolic acid TB antigen, an anti-
mycobacterium tuberculosis primary antibody, and a goat anti-rabbit 1gG H&L secondary antibody
bioconjugated to AuNPs. The main elements obtained from all three samples are Au, Si, Ti, Na, Mg, Ca, and CI.
There were significant differences in the weight and atomic percentage of Au detected between the experimental

sample compared to the control and reference samples which had approximately similar percentages.
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The weight percentage of Au in the reference sample, experiment, and control sample was 42.83,
52.62, and 42.50, and the atomic percentage was 9.77, 13.77, and 9.57, respectively. The weight
and atomic percentage of Au were higher on the experiment sample containing immobilized
bioconjugated AuNPs, as seen on SEM (Figure 18B). Common elements detected in all sample
groups were magnesium (Mg), sodium (Na), and calcium (Ca). In addition, chlorine (CI) was
detected only in the experiment sample, and aluminium (Al) was detected at very low levels in

the reference sample instead of Ti detected in both the experiment and control samples.

3.3.5. Atomic force microscopy

Atomic force microscopy (AFM) was used to perform layer-by-layer characterization during the
process of functionalizing the biosensor chip. Changes in height and surface roughness at various
stages of biosensor chip functionalization were studied. The images taken using AFM are shown
in Figure 20, and each of the scans represents a 5um X 5um lateral area that was scanned. AFM
was used to characterize surfaces of the Au thin film layer, MA, MA+1° Ab, MA+1° Ab+2°Ab,

and MA+2°Ab (table 1).

Table 1: List of sample groups and their full descriptions

MA Mycolic acid

MA+1° Ab Mycolic acid + anti-mycobacterium tuberculosis primary
antibody

MA+1° Ab+2°Ab Mycolic acid + anti-mycobacterium tuberculosis primary

antibody + goat anti-rabbit 1gG H&L secondary antibody

MA+2°Ab Mycolic acid + goat anti-rabbit IgG H&L secondary antibody
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The Au-thin layer, referred to as the background sample, had nothing immobilized on the
surface. The mycolic acid sample, referred to as the reference sample, consisted of mycolic acid
immobilized on a surface consisting of cysteamine. The cysteamine was used as a linker for
mycolic acid, which is the biorecognition element. Stearic acid was covalently attached to the
cysteamine before the introduction of mycolic acid. The MA+1° Ab sample had an anti-
mycobacterium tuberculosis antibody introduced onto the mycolic acid surface. The MA+1°
Ab+2°Ab referred to as the experiment sample, consisted of AuNPs bioconjugated with goat
anti-rabbit 19G H&L secondary antibody and added to the surface containing the primary
antibody. Lastly, the MA+2°Ab sample, referred to as the control sample, was used to test for
non-specific binding. It consisted of AuNPs bioconjugated with goat anti-rabbit IgG H&L
secondary antibody applied to a mycolic acid-containing surface in the absence of the anti-

mycobacterium tuberculosis primary antibody.
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Figure 20: Atomic force microscopy micrographs of the five sample groups captured at different stages of the
biosensor chip functionalization. Sample groups include Au thin film layer (A), MA (B), MA+1°Ab (C),
MA+1°Ab+2°Ab (D), and MA+2°Ab (E). A sharp increase in height and surface roughness was observed in
MA+1° Ab+2°Ab sample (D), confirming the successful binding of the bioconjugated AuNPs with the goat anti-
rabbit IgG H&L secondary antibody added on a surface containing anti-mycobacterium tuberculosis primary
antibody. The binding of the bioconjugated AuNPs to the surface is critical for detection signal enhancement

during optical biosensing.

Homogenous and smooth coverage of the surface was observed in the Au thin film sample
(Figure 20A). Numerous islands were formed on the surface when mycolic acid was introduced
(Figure 20B). A similar pattern was observed when the bioconjugated antibody was introduced
on the mycolic acid surface and subsequently washed. Interestingly, when the primary antibody
was introduced to react with mycolic acid, the islands disappeared, and the surface displayed a
smooth morphology (Figure 20C). On the contrary, various large and rough structures were

visualized in the MA+1° Ab+2°Ab sample (Figure 20D). The roughness of the surface increased
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significantly on the surface containing AuNPs bioconjugated to goat anti-rabbit 1IgG H&L
secondary antibody (Figure 20D). The Z-range increased from 289 nm in the Au thin film sample
(Figure 20A) to 681 nm in the MA+1° Ab+2°Ab sample containing immobilized bioconjugated

AUNPs (Figure 20D).

3.3.6. Fourier-transform infrared spectroscopy detection of anti-mycobacterium
tuberculosis antibody

FTIR spectroscopy analysis is a qualitative optical detection technique used to examine the
existence of surface functional groups [219]. FTIR was carried out to identify the possible
functional groups formed during the bioconjugation of AuNPs with anti-mycobacterium
tuberculosis antibody and monitor spectral changes due to the interaction between the anti-
mycobacterium tuberculosis antibody and mycolic acid TB antigen. A sample of AuNPs was
used as a reference (Figure 21A). FTIR was performed using evaporated samples of AuNPs,
TB-bioconjugate, and the TB-bioconjugate reacted with mycolic acid TB antigen. Figure 21
shows the FTIR spectra of the three sample groups. The AuNPs (Figure 21A) presented
prominent peaks at 2983 cm?, 2923.2 cm™, 2830.4 cm™* wavenumbers indicating alkane C-H
stretching; 2287.8 cm™ indicating the presence of O=C=0; 1558.6.6 cm™ representing N-O
stretching, and 1400.8 cm™ representing C-H bending. The TB-bioconjugate (Figure 21B)
displayed a very similar spectra pattern to the AuNPs, however, with reduced percentage
transmittance and the introduction of very few new wavenumbers. The 2983 cm™ also present
in AuNPs spectra represents C-H stretching, 1980.7 cm™ for C-H bending, 1656.6 cm™ C=C
stretching, and 1388 cm™ for O-H bending. When mycolic acid was added to the bioconjugated
AuUNPs (Figure 21C), strong bands were yielded at 3337 cm™, 2958 cm™, 2922 cm™, 2956 cm”

11638 cm™, 1462 cm™, and 1378 cm™.
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The FTIR analysis was successful in identifying functional groups involved in the
bioconjugation of AuNPs with anti-mycobacterium tuberculosis antibodies and monitored
spectral changes upon interaction with the mycolic acid TB antigen. The spectra of AuNPs, used
as a reference sample, showed some characteristic peaks similar to the TB-bioconjugate, with
some reduced transmittance and a few new wavenumbers. This suggests successful
bioconjugation and supports the UV-vis absorption spectroscopy results (section 3.3.1). Upon
the addition of mycolic acid to the TB-bioconjugate, significant new bands were observed,

indicating further interaction between the antigen and the bioconjugated gold nanoparticles.

Figure 21: FTIR spectra of AuNPs (A), TB-bioconjugate (B), and the TB-bioconjugate reacted with mycolic

acid TB antigen (C) dissolved in hexane.
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3.3.7. Localized surface plasmon resonance biosensing and detection of anti-
mycobacterium tuberculosis antibodies

The optimized biosensor chip was analyzed using a custom-built LSPR biosensing
experimental setup (Figure 15). Samples were prepared in triplicates under the same conditions
and repeated three times (n=3). The transmitted intensity between the five sample groups was
measured. Sample groups included Au-thin layer, MA, MA+1° Ab, MA+1° Ab+2°Ab, and
MA+2°Ab. Refer to section 3.3.5 Table 1 for a full description of the sample groups.
Measurements of transmitted intensity of the five sample groups are depicted in Figure 22A.
The transmitted intensity measurements of the five sample groups demonstrated that there was
a higher percentage of light transmitted in the Au-thin film sample used as the background. The
mycolic acid sample transmitted less light compared to the untreated gold surface. The
MA+2°Ab sample used to test for non-specific binding transmitted less light compared to the
MA. The MA+1° Ab sample transmitted less light compared to the MA+2°Ab. The MA+1°

Ab+2°Ab sample reported the lowest transmitted intensity.
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Figure 22: Transmitted intensity measurements for LSPR biosensing of anti-mycobacterium tuberculosis
antibody. The transmitted intensity between the Au thin film layer, MA, MA+1Ab, MA+1Ab+2Ab, and
MA+2Ab. The Au-thin layer was used as the background sample since all the sample groups were developed
from it. The MA sample was used as a reference sample since all the sample groups except the background
sample have MA on the surface as the biorecognition element. (A) shows transmitted intensity peaks of the five
sample groups, whereby the Au-thin layer transmitted a high percentage of light, followed by MA, MA+2Ab,
MA+1Ab, and the MA+1Ab+2Ab sample reported the lowest transmitted intensity. (B) show differences in
height (B) and area under graph (C) for each sample group spectrum observed in (A). Sample groups were

prepared in triplicates under the same conditions and repeated three times (n=3).

3.4. DISCUSSION
In this chapter, a custom-made optical biosensor chip consisting of a thin gold-coated layer
deposited on a Ti layer on a glass substrate was developed using the Korvus Technology HEX
benchtop thin film deposition system. The developed biosensor chip was subsequently
functionalized with mycolic acid pathogen-specific TB antigens for the detection of anti-

mycobacterium tuberculosis antibodies. Functionalized and characterized AuNPs were
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introduced to the biosensing surface before detection measurements using the custom-built
LSPR biosensing setup. The AuNPs were characterized before and after bioconjugation using
UV-vis absorption spectroscopy and dynamic light scattering. The introduction of the
functionalized AuNPs to the biosensing surface plays a crucial role in changing the material

refractive index, thus enhancing the detection signal of the biosensor chip.

AUNPs have unique optical properties that can be easily manipulated compared to bulk gold.
These special characteristics provide a plethora of advantages, especially in biosensing and
diagnostic imaging. One of the major attributes is the interaction of light with electrons on its
exterior [220]. The resonance wavelength and bandwidth of the AuNPs are dependent on the
shape, particle size, refractive index of the surrounding media, and temperature [220]. Herein,
Covalent conjugation chemistry was applied for the bioconjugation of AuNPs with the
secondary antibody. EDC and NHS chemistry were used to bind goat anti-rabbit IgG H&L
secondary antibody to PEG. In this chemistry, EDC and NHS activate the carboxyl groups of
the AuNP surface to form an intermediate that interacts with the amine group (NH2) on the
antibody [219]. Bioconjugation occurs upon successful binding of the antibody to the AuNPs
surface, thus resulting in a redshift in absorption spectrum by a few nanometers when analyzed
using UV-vis absorption spectroscopy [221]. This was observed in section 3.3.1 (Figure 16).
The observed UV-vis reduction in absorption intensity and a detectable 10 nm redshift in the
wavelength in Figure 16 is an indication of successful bioconjugation of the AuNPs to the
secondary antibody. The redshift detected in the AuNPs-IgG bioconjugate complex might be a

result of the changes in the dielectric environment surrounding the AuNPs [224,225].

Light in the near-UV and visible range of the electromagnetic spectrum has an energy of about
150 - 400 kJ mol™ [222]. This energy promotes electrons from the ground state to an excited

state. A spectrum is obtained when the absorption of light is measured as a function of its
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frequency or wavelength [222]. Molecules with electrons in delocalized aromatic systems often
absorb light in the near-UV (150-400 nm) or the visible (400-800 nm) region. Absorption
spectroscopy is usually performed with molecules dissolved in a transparent solvent. The
absorbance of a solute depends primarily on its concentration; hence absorption spectroscopy is
ideal for quantitative measurements [223]. Spectroscopic measurements are very sensitive and
non-destructive and only require small amounts of sample for analysis [222]. Absorption
spectroscopy is, therefore, an excellent technique for analyzing, amongst others, ligand-binding
reactions. The spectrophotometer can identify components in a solution mainly based on their

unique absorbance characteristics [224].

The increase in hydrodynamic particle size observed on dynamic light scattering between the
AuUNPs, TB-bioconjugate, and TB-bioconjugate in the presence of an analyte (Figure 17)
supports the UV-vis absorption spectroscopy findings. Therefore, the wavelength redshift on
UV-vis absorption spectroscopy observed after bioconjugation indicates successful
bioconjugation of AuNPs with secondary antibodies. There were no detectable significant
differences in hydrodynamic size when mycolic acid was introduced to the TB-bioconjugate
(Figure 17B). However, changes in average peak intensity were observed between the three
sample groups (Figure 17C). High peak intensity was observed in AuNPs before bioconjugation,
and a notable decline in intensity was observed after TB-bioconjugation and further decline upon
introduction of mycolic acid to the TB-bioconjugate (Figure 17A). This is indicative of antibody
binding on the surface of AuNPs and binding of mycolic acid to antibodies present on the surface
of the AuNPs, thus resulting in light absorption and reduction in dynamic light scattering average

peak intensity.

SEM analysis is an essential technique used to visualize small-scale nanomaterials such as

AUNPs. In this study, functionalized gold NanoUrchins were introduced on the surface of the
76



biosensor chip mycolic acid and/or anti-mycobacterium tuberculosis primary antibody. Gold
NanoUrchins have unique optical properties as compared to spherical gold nanoparticles with
the same diameter. NanoUrchins have a spiky uneven surface which causes a red shift in the
surface plasmon peak and a larger enhancement of electromagnetic fields at the tips of the
NanoUrchin spikes as compared to that of a spherical particle. The 60 nm NanoUrchins used in
this study were chosen because they have the same absorption wavelength as the gold deposited
on the glass substrate. The smooth, densely packed, and evenly distributed columnar structure
resembled by round-shaped structures observed in the gold thin film reference sample (Figure
18A) agrees with what has been documented in the literature [226]. The nano-interspaces
between the columnar structures support what has been detected in other studies, and this is an
indication that the film is robust and can be used to develop biosensing platforms [227]. The
spiky, uneven, and multi-branched structures observed in high quantities in the experiment
samples (Figure 18B) are a typical morphology of the Au NanoUrchins [228]. The spikes found
on gold Nanourchins cause a redshift in the surface plasmon peak and a larger enhancement of

the electromagnetic field at the tips of the spikes compared to spherical nanoparticles [229].

The addition of bioconjugated gold NanoUrchins in the control sample (Figure 18C) was not
expected to bind to the surface unless there was non-specific binding. The non-specific binding
or physically adsorbed gold NanoUrchins could potentially result from inadequate wash steps.
However, the few traces of Au NanoUrchins detected on the biosensing surface of the control
sample were confirmed by EDX to be insignificant (Figure 19C). Herein, the percentage of Au
for both the Au thin film reference sample and the control sample containing few traces of gold
NanoUrchins was 42.83 (Figure 19A) and 42.50 (Figure 19C) respectively. Gold quantity was
the main detectable element of interest used to distinguish between the experiment and the
control sample based on the successful attachment of Au NanoUrchins to the biosensing surface.

The high percentage of Au detected in the experiment group (Figure 19B) was attributed to the
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significant amount of AuNPs detected on the biosensing surface as visualized on SEM (Figure
18). These results confirm the successful binding of bioconjugated AuNPs on surfaces
containing immobilized anti-mycobacterium tuberculosis antibodies and support the specificity

of mycolic acid reaction with anti-mycobacterium tuberculosis antibodies.

For layer-by-layer characterization of the biosensor chip, atomic force microscopy was
performed. The Atomic force microscopy analysis is a quantitative technique and provides direct
information on the height of the surface structures. This is a crucial technique in the process of
functionalizing a biosensor chip to confirm the surface binding of structures. During
immobilization of the mycolic acid biorecognition element, the successful binding of mycolic
acid to the cysteamine/stearic acid complex (Figure 20B) may be associated with the strong Van
der Waal’s hydrophobic attractive forces existing between the alkyl chains of the MA and stearic
acid [88]. The surface containing mycolic acid (Figure 20B) and the one where a bioconjugated
secondary antibody was introduced to the surface (Figure 20E) had surface visual similarities,
surface roughness, and thickness. This may be due to the absence of a complementary primary
antibody on the surface to react with the bioconjugated secondary antibody; consequently, the
secondary antibody was washed off following wash steps before sample analysis. In the presence
of mycolic acid biorecognition element, primary antibody, and secondary antibody
bioconjugated to AuNPs, rough structures were detected on the surface (Figure 20D). This may
be the resemblance of AuNP-antibody complexes. This also supports findings by Lee et al., 2015
who demonstrated the possibility of visualizing AuNP-antibody complexes as a result of the
presence of immobilized AuNPs. This shows that immobilization of the secondary antibody to
the AuNPs was achieved, and the secondary antibody on the surface of the AuNPs was able to
react with the primary antibody on the surface of the biosensor chip. This finding supports the
UV-vis absorption spectroscopy findings in section 3.3.1, the SEM results in section 3.3.3, and

the EDX spectroscopy results in section 3.3.4.
78



FTIR assay was performed to determine the molecular bonds formed between the AuNPs, anti-
mycobacterium tuberculosis antibody, and mycolic acid. FTIR spectroscopy is one of the most
powerful techniques used for the structural and spectral recognition of biological materials and
their interactions [231]. It is a technique used to obtain an infrared spectrum of absorption or
emission of a solid, liquid, or gas. It detects biochemical compositions, including proteins, lipids,
nucleic acids, and carbohydrates within biological samples by specifically identifying molecular
conformations, bonding types, functional groups, and intermolecular interactions of the sample
under study [232,233]. FTIR Spectroscopy relies on the fact that most biological material
absorbs light in the mid-infrared (IR) region (4000 — 400 cmt) of the electromagnetic spectrum
[233-235]. The region of significant interest is between 1800 and 900 cm™ and is called the bio-
fingerprint region because it provides a large amount of information and representation of the
composition of samples under study based on the vibrational modes of chemical bonds [235].
Other spectral regions of interest include amide | and Il regions (1700 — 1500 cm™), higher-
wavenumber regions (3500 — 2550 cm™) associated with stretching vibrations including C-H,
O-H, N-H, and S-H, while lower-wavenumber regions are associated with bending and skeletal
fingerprint vibrations [233]. In this instance, a reduction in percentage transmittance in the TB-

bioconjugate (Figure 21B) was observed when compared to the AuNPs (Figure 21A).

This finding supports the UV-vis absorption spectroscopy results from section 3.3.1, whereby a
reduction in absorption intensity was observed when anti-mycobacterium tuberculosis
antibodies were bioconjugated to AuNPs. The absorption band at 3337 cm™ (Figure 21C)
corresponds to carboxyl and hydroxyl functional groups [236,237]. In addition, the absorption
bands at 2958 cm™, 2922 cm, and 2956 cm™ fall within the alkanes and carboxylic acid
functional groups and therefore represent alkane (C-H) stretch and carboxylic acid (O-H stretch)

[238]. In addition, the absorption band at 1638 cm™ represents vibrational modes of C=C double
79



bonds of the AuNP/antibody/mycolic acid complex. Lastly, the absorption peak at 1462 cm™
shows the presence of an aromatic (C=C stretch). These findings indicate the presence of
mycolic acid in the reaction mixture containing bioconjugated AuNPs; however, it does not
confirm direct binding without the support of other qualitative and quantitative characterization

tests, including SEM, EDX, AFM, and DLS.

On LSPR biosensing, the higher percentage of transmitted light in the Au-thin film sample used
as the background was a result of no substances immobilized on the surface. As substances were
covalently attached to the biosensor chip, there was a reduction in the percentage of transmitted
light. No significant differences were detected between the MA and MA+2°Ab samples used to
test for non-specific binding when comparing the average peak height (Figure 22B) and the area
under the graph (Figure 22C). This shows that the bioconjugated secondary antibody could not
bind directly to mycolic acid since it is specifically designed to react with the anti-
mycobacterium tuberculosis antibody/mycolic acid complex. This proved the specificity of the
mycolic acid biorecognition element to the primary antibody. Additionally, the few traces of
AuUNPs seen on the SEM surface in section 3.3.3 (Figure 18C) may be a result of MA+2°Ab
surface transmitting less light compared to the mycolic acid sample surface. The lowest
percentage of transmitted light in the MA+1° Ab+2°Ab sample may be a result of the presence
of a bioconjugated secondary antibody on the biosensing surface detected on SEM in section
3.3.3 (Figure 18B). From these results and the AFM results, it is evident that the immobilization
of the mycolic acid biorecognition element on the biosensor chip was successful. It enabled the
binding or attachment of the targeted anti-mycobacterium tuberculosis primary antibody, which
subsequently reacted with the secondary antibody bioconjugated to AuNPs. Therefore, the
increase in height and roughness detected on AFM in section 3.3.5 (Figure 20D) led to a further
reduction in the percentage of transmitted light detected on LSPR biosensing with additional

redshift in the wavelength.
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In conclusion, based on the data acquired using UV-vis absorption spectroscopy, dynamic light
scattering, and FTIR, it was proven that the covalent bioconjugation of AuNPs with antibodies
was successful. Furthermore, biosensing surface characterization using SEM showed the
presence of the bioconjugated AuNPs on the biosensor chip surface, and the gold percentage on
EDX spectroscopy was higher in the experiment group containing AuNPs than in the control
group and the Au-coated chip used as reference. On AFM, surface roughness and height
increased in the experiment group compared to the control and reference groups. On LSPR
biosensing, there was a higher percentage of light transmitted in the reference sample when
analyzing peaks based on peak intensity and area under the peaks, followed by the control

samples, and the experiment sample transmitted less light.

Overall, it was proven that mycolic acid could be applied as an efficient biomarker to capture
anti-mycobacterium tuberculosis antibodies. It can be used for the development of biosensor
chips for TB diagnosing, and the developed biosensor chip can be successfully analyzed using
optical detection techniques such as LSPR for diagnostic purposes. In summary, this chapter
introduced novel contributions to the field of optical biosensing for the detection of anti-
mycobacterium tuberculosis antibodies through LSPR biosensing. A custom-made biosensor
chip formed by a thin gold-coated layer on a glass substrate was developed and functionalized

with mycolic acid pathogen-specific TB antigens.

The UV-vis absorption spectroscopy, DLS, and FTIR were used to confirm the
conjugation/functionalization of the AuUNPs with the antibodies. The AFM, SEM, and EDX were
used for the characterization of the biosensor chip and will not be performed in a point-of-care
setting. These characterization techniques collectively validated the effectiveness of mycolic
acid as a biomarker for capturing anti-mycobacterium tuberculosis antibodies. The LSPR

biosensing technique demonstrates specificity in detecting anti-mycobacterium tuberculosis
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antibodies, confirming the successful immobilization of mycolic acid on the biosensor chip. This
LSPR transmitted intensity (average height) and area under the curve-based approach can
potentially contribute significantly to the development of cost-effective, sensitive, and specific

diagnostic tools in tuberculosis and infectious disease detection.
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CHAPTER 4:

PHOTONIC CRYSTAL-BASED BIOSENSING OF ANTI-
MYCOBACTERIUM TUBERCULOSIS ANTIBODIES

4.1. INTRODUCTION

Photonic crystals, which are periodic nanostructures (as detailed in section 1.5.2) that manipulate
the flow of light, have garnered significant interest in the field of biosensing and their potential
application in the development of point-of-care diagnostic devices. PhC-based biosensing plays
a crucial role in the development of point-of-care diagnostics. They can be engineered to exhibit
strong light-matter interactions, resulting in enhanced sensitivity for detecting analytes. By
tailoring the structural properties of PhCs, such as the periodicity and refractive index contrast,
the interaction of light with biomolecules can be optimized, leading to increased sensitivity in
detecting molecular binding events [239-241]. PhC-based biosensors offer label-free detection,
eliminating the need for fluorescent or radioactive labels [23,159,242]. This simplifies the assay
procedure and reduces costs. The interaction of analytes with the PhC structure causes changes
in the optical properties, such as the shift in the wavelength or change in intensity, enabling

direct detection without the use of additional labels or probes [159].

PhC-based biosensors can also be designed to support multiplexed analysis, allowing the
simultaneous detection of multiple analytes in a single assay [153,243]. By functionalizing
different regions of the PhC surface with specific capture molecules or biorecognition elements,
such as pathogen-specific biomarkers, antibodies, or DNA probes, the biosensor can selectively
bind and detect multiple target molecules concurrently. This capability is advantageous for
point-of-care diagnostics, where the detection of multiple biomarkers can provide

comprehensive diagnostic information. One of the advantages of PhC-based biosensors is their
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capability for real-time monitoring of biomolecular interactions. The changes in the optical
properties of the PhC structure occur instantaneously upon analyte binding, allowing the
detection and analysis of binding kinetics and affinity [159]. Real-time monitoring enables
dynamic measurements, enhancing the understanding of biomolecular interactions and enabling
timely diagnostic decisions. PhC-based biosensors can be miniaturized into compact and
portable devices [244], making them suitable for point-of-care applications. The compact size
and portability of PhC-based biosensors facilitate on-site testing, remote healthcare, and
decentralized diagnostics. The integration of PhC-based biosensing into point-of-care diagnostic
devices holds promise for rapid and sensitive detection of biomarkers in various clinical and

environmental applications [244-246].

In this study, 1-D PhCs were functionalized with a pathogen-specific biomarker for label-free
detection of anti-mycobacterium tuberculosis antibodies. These 1-D PhCs offer unique optical
properties that can be harnessed for biosensing applications. They can be designed to act as
optical filters or mirrors that selectively transmit or reflect certain wavelengths of light
[158,247]. These properties are useful in biosensing applications where specific wavelengths are
used for excitation or detection. By incorporating PhCs into optical setups, they can enhance the
signal-to-noise ratio and improve the sensitivity of detection systems [154,248]. The 1-D PhCs
can amplify fluorescence signals through heightened interactions between light and matter,
leading to improved emission at specific wavelengths.The 1-D PhCs can be engineered to exhibit
sharp spectral reflectance features, known as photonic stopbands, which are sensitive to changes
in the refractive index of the surrounding medium [249-251]. By functionalizing the surface of
the PhC with receptors/ capture molecules or biorecognition elements, they can be used for label-
free biosensing. The binding of target analytes to the surface causes a shift in the photonic
stopband, enabling the detection and quantification of the analytes [251]. These applications

highlight the versatility of 1-D PhCs in biosensing and diagnostics. The ability to tailor their
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optical properties and combine them with functionalized surfaces or nanoparticles enables
improved sensitivity, selectivity, and miniaturization of diagnostic devices. Ongoing research in
this field continues to explore novel approaches and applications for 1-D PhCs in advancing
biosensing and diagnostic technologies and aims to optimize the performance,
manufacturability, and cost-effectiveness of PhC-based biosensors for practical implementation

in point-of-care diagnostics.

4.2. MATERIALS AND METHODS

4.2.1. Characterization of AUNPs using UV-vis absorption spectroscopy
UV-vis absorption spectroscopy was performed to characterize the AuNPs before and after
bioconjugation following the optimized protocol used in section 2.2.5.1 for covalent conjugation

chemistry of the 60nm gold NanoUrchin to the secondary antibody.

4.2.2. Functionalization of the photonic crystal biosensor chip

Functionalization of the 1-D PhC biosensor chip used to capture anti-mycobacterium
tuberculosis antibodies was performed using the optimized microscope glass slide protocol
described in section 2.2.1. For purposes of enhancing the detection signal during PhC optical
biosensing, AUNPs were covalently conjugated with the secondary antibody and introduced on
the biosensing surface containing the anti-mycobacterium tuberculosis antibody. Three sample
groups were prepared, namely the untreated 1-D PhC used as a reference sample, the control,
and the experiment samples. In the control sample, the primary antibody was not introduced on
the surface; however, the TB bioconjugate was introduced on the surface containing mycolic
acid to rule out the lack of specificity of the biorecognition element. In the experiment sample,

the AuNPs bioconjugated with the goat anti-rabbit IgG H&L secondary antibody herein called
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TB bioconjugate (AuNPs-1gG) were introduced on the surface containing the primary antibody.
The sample was analyzed using the custom-built PhC-based optical biosensing detection system

described in section 4.2.4.1.

4.2.3. Biosensing surface characterization using atomic force microscopy

The AFM was used to perform layer-by-layer characterization of the biosensing surface for
surface morphology studies of the PhC biosensor chips at different stages of the
functionalization process. AFM images of the untreated PhC biosensor chip (reference sample),
control, and experiment, were captured with a Vecco AFM system (Digital Instruments, USA)
using a silicon cantilever tip. The tip has a curvature radius of 10 nm and is n-doped silicon, with
a resonance frequency of 204-497 kHz and a force constant of approximately 10-130 N/m.
Images acquired by the AFM instrument were analyzed using Nanoscope software. The obtained
images were specifically analyzed for surface roughness and height between the three sample

groups.

4.2.4. Photonic crystal-based optical biosensing and detection of anti-mycobacterium

tuberculosis antibodies

4.2.4.1. The PhC-based optical biosensing setup
A custom-built optical biosensing setup with a transmission spectroscopy conformation was
used to perform PhC biosensing (Figure 23). The setup was assembled using a broadband LED
light source to accommodate the 1-D PhC used in this study which is detected at a resonance
wavelength between 636 — 651 nm range. The light was collimated using a combination of
collimating lenses and focused on the sample stage. Light transmitted through the PhC biosensor
chip on the stage was collected using a 10x microscope objective. A 50/50 beam splitter was

used to split the beam into the imaging system and the spectrometer. Transmitted light was
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focused into the fiber using a focusing lens and directed to the USB 4000 portable spectrometer
(Ocean Optics Inc, United States) connected to the computer. The imaging system enabled the
visualization of biosensing activities on the sample stage and was formed by a CCD camera
connected to a computer. SpectraSuit software was used to perform spectroscopic analysis of
the different sample groups. Sample groups were prepared in triplicates under the same
conditions, and the analysis was repeated three times (n=3). During sample analysis, background
measurements were taken before each recording. The acquired data were further analyzed using

OriginPro software to plot wavelength-shift differences between the sample groups.

Figure 23: A custom-built photonic crystal biosensing setup used to measure transmitted light. This setup uses
a broadband LED light source instead of the 512 nm green light source used on the LSPR-based biosensing setup
in Figure 15, collimating lenses (L1 and 2), polarizer, XYZ stage, a 10x microscope objective, and an imaging
system consisting of a CCD camera and computer. The focusing lens (L3) was used to focus the light into the

optical fiber, and the portable USB spectrometer connected to a computer was used for data acquisition.
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43. RESULTS

4.3.1. UV-vis absorption spectroscopy

UV-vis absorption spectroscopy was performed to characterize AuNPs before and after
bioconjugated to goat anti-rabbit IgG H&L secondary antibody. The bioconjugated AuNPs were
subsequently introduced on the biosensing surface. Refer to Chapter 3, section 3.3.1 (Figure 16)
for the absorption spectrum of AuNPs before bioconjugation and the spectrum of AuNPs after

bioconjugation with goat anti-rabbit 1gG H&L secondary antibody.

4.3.2. Atomic force microscopy

Atomic force microscopy was used in this study to perform layer-by-layer characterization of
the PhC biosensor chip surface during the chip functionalization process. Sample groups
included untreated PhC, control, and experiment samples. The control sample consisted of
mycolic acid immobilized on the biosensing surface as the biorecognition element and the goat
anti-rabbit 19gG H&L secondary antibody bioconjugated to AuNPs (TB-bioconjugate). There
was no primary antibody on the surface of the control sample. Mycolic acid used in this study
can only bind to the anti-mycobacterium tuberculosis antibody, and the secondary antibody is
designed to bind to the primary antibody. The experiment sample consisted of mycolic acid, an
anti-mycobacterium tuberculosis primary antibody, and the TB bioconjugate. The images taken
using AFM are shown in Figure 24, and each of the scans represents a 5um X 5um lateral area

that was scanned.
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Figure 24: Atomic force microscopy micrographs of the PhC, control, and experiment group displayed in 3-
dimensional and 1-dimensional view projection. Figures A and D show the 1-D PhC used as the reference sample
displayed in 3-D and 1-D view. Figures B and E show the control sample in 3-D and 1-D view projection. Figures
C and F show the experiment sample in 3-D and 1-D view. The PhC surface was smooth with no debris detected

on it. The experiment sample displayed much more surface roughness compared to the control sample.

Figure 24A and D shows the untreated PhC surface depicting the band structure representing the
periodicity of the PhC. The consistent crest and trough pattern of the PhC periodicity is
represented in Figure 24A. The surface is uniform, with no signs of irregularities, defects, or
contaminants. Prominent surface roughness was observed in the experiment sample (Figure 24C
and F) compared to the control sample (Figure 24B and E). The experiment sample consisted of
distinct rough structures on the surface, which were not detected in the control and reference
samples. The Z-range increased from 150 nm in the untreated 1-D PhC sample used as a
reference to 344 nm in the control sample. The experiment sample containing immobilized

bioconjugated AuNPs displayed a z-range of 473 nm.
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4.3.3. Photonic crystal-based optical biosensing and detection of anti-mycobacterium
tuberculosis antibody

A custom-built PhC biosensing setup was used to differentiate and detect differences between
the untreated PhC sample, the control, and the experiment samples. Transmitted light intensity
was measured between the three sample groups. There were clear wavelength-shift differences
between the three samples (Figure 25). The untreated PhC reference sample was detected at a
resonance wavelength of 650.08 nm, which corresponds to the manufacturer’s
recommendations. The control sample with surface-immobilized mycolic acid biorecognition
element was detected at a wavelength of 653.48 nm. There was a redshift of 3.4 nm in the

wavelength detected between the reference sample and the control.
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Figure 25: Photonic crystal spectrograph for the detection of anti-mycobacterium tuberculosis antibodies. The
untreated PhC spectrum is represented by the black line, the control is represented by the red spectrum, and the
experiment is represented by the blue spectrum. There were clear detectable wavelength differences between the

three sample groups, and a reduction in transmitted intensity was also recorded.
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There was also a significant reduction in transmitted intensity between the untreated PhC and
the control. A further reduction in transmitted intensity was detected between the control and
the experiment. The resonance peak of the experiment sample was observed at a wavelength of
655.88 nm, and this suggests a redshift of 2.4 nm between the control and the experiment. When

the experiment sample was compared to the reference sample, a redshift of 5.8 nm was recorded.

4.4. DISCUSSION

Signal enhancement of the PhC biosensing surface was applied using functionalized AuNPs.
These functionalized AuNPs were characterized using a NanoDrop 8000 spectrophotometer
device to perform UV-vis absorption spectroscopy. A spectrophotometer can identify
components in a solution mainly based on their unique absorbance characteristics [224,252]. To
functionalize the AuNPs with the secondary antibody, covalent bioconjugation chemistry was
used. In this conjugation technique, NHS and EDC chemistry was used to bind the secondary
antibody to PEG. The NHS and EDC activate the carboxyl groups of the PEG (linker molecule)
attached to the AuNP surface to form an intermediate that reacts with primary amine groups on
the antibody [219]. Bioconjugation occurs upon successful binding of the antibody to the AUNPs
surface, thus resulting in a wavelength redshift in the absorption spectrum by a few nanometers
[221]. In this study, a 10 nm redshift was observed and is significant enough to confirm refractive
index changes on the surface of the AuNPs due to the attachment of the secondary antibody. The
resonance wavelength and bandwidth of the AuNPs are dependent on the shape, particle size,
refractive index of the surrounding media, and temperature. The shift in the AuNPs-1gG
bioconjugate spectra might be a result of the changes in the dielectric environment surrounding
the AuNPs [224,225]. Additionally, successful bioconjugation of AuNPs with the secondary
antibody plays a crucial role in changing the refractive index when introduced on the biosensing
surface of the biosensor chip. As a result, this enhances the detection signal during optical

biosensing.
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The PhC-based biosensing surface was characterized layer-by-layer using AFM during the
functionalization process to confirm the binding of molecules on the surface. Immobilization of
molecules on the biosensing surface was achieved through covalent attachment and the
formation of self-assembled monolayers. As different elements were immobilized on the
biosensor chip surface to distinguish the experiment from the control sample, it was crucial to
study the changes in surface morphology, mainly height, and surface roughness, between the
different sample groups. Three sample groups, including the untreated PhC, control, and
experiment groups, were studied. The untreated PhC was used as the reference sample. Mycolic
acid was used as the biorecognition element to capture anti-mycobacterium tuberculosis
antibodies. It was immobilized on the biosensing surfaces of both the control and experiment
samples. However, a complementary primary antibody was not introduced on the surface of the
control sample, but rather a non-complimentary TB-bioconjugate (AuNPs functionalized with
secondary antibody) was introduced to both the control and experiment samples. In the control
sample, the TB-bioconjugate was used to test for the specificity of the biorecognition element.
In the absence of a primary antibody on the surface of the control sample, the TB-bioconjugate
was not expected to bind to the surface; hence the prominent surface roughness observed in the
experiment sample (Figure 24C and F) was not detected in the control sample (Figure 24B and
E). Various structures resembling AuNP-antibody complexes were visualized on the surface
containing bioconjugated AuNPs in figures 24C and F of the experiment sample. This also
supports findings by Lee et al., 2015 who demonstrated the possibility of visualizing AuNP-
antibody complexes as a result of the presence of immobilized AuNPs. The increased surface
roughness in the experiment sample could be attributed to the immobilization of the AuNPs
contained in the TB-bioconjugate bound to the surface of the experiment sample. This is also
supported by the Z-range values of 150 nm in the untreated 1-D PhC sample, 344 nm in the
control sample, and 473 nm in the experiment sample. This can be an indication that the

immobilization of the secondary antibody to the AuNPs was successful, and the secondary
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antibody was subsequently attached to the primary antibody on the surface of the biosensor chip
in the experiment sample. This finding supports the UV-vis absorption spectroscopy findings in

section 3.3.1.

After the characterization of the biosensing surface, PhC-based biosensing of the chip was
performed using the custom-built optical biosensing setup. During analysis, wavelength shift
due to refractive index changes on the surfaces between the three sample groups was measured.
During data acquisition, the samples were placed flat (0° angle) on the sample stage, enabling
light to pass directly vertically through the sample. Based on the manufacturer's instruction, the
1-D PhC used in this study provides optimum results at 0° to 10° angles and is detected at a
resonance wavelength between 636 — 651 nm range. In this study, 0° angle provided optimum
results. There were distinct differences in wavelength redshift between the three samples. The
redshift detection is due to changes in the refractive index between samples [252]. The
significant reduction in transmitted intensity between the untreated PhC and the control is
attributed to the successful immobilization of the biorecognition element in the control sample.
Further reduction in transmitted intensity detected between the control and the experiment
samples is suggestive of the successful binding of anti-mycobacterium tuberculosis to the

biosensing surface containing immobilized biorecognition element.

The binding of the TB-bioconjugate containing AuNPs in the experiment sample may also have
contributed to the reduction in transmitted intensity. These results fully support the AFM results
in section 4.3.2 whereby the immobilization of molecules on the biosensing surface absorbs light
and alters the refractive index of the material. From these findings, it is evident that the
introduction of elements on the PhC surface changed the refractive index of the material, which
contributes directly to changes in detectable wavelength between various sample groups. These

findings suggest a possible diagnosis of TB using a label-free PhC optical biosensing platform.
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Lastly, the use of white light for the development of a custom-built PhC-based biosensing setup
as opposed to the green light source used in Chapter 3 or the traditional use of laser light sources
has several advantages besides the distinct resonance wavelength shifts detected between the
various sample groups analyzed. Firstly, the utilization of a white light source adds versatility
to the biosensor, thus allowing for a broader spectral range of detection. This versatility is
particularly advantageous when compared to lasers, which can be more costly and have narrower
emission spectra. The cost-effectiveness of employing a white light source is a notable advantage
in this study, leading to the potential development of accessible future POC diagnostic

biosensing technologies.
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CHAPTER 5

CONCLUSION

This chapter presents a conclusion on the four chapters of this thesis and future work regarding
the findings. Chapter 1 focused on three key areas, including an introduction to TB, biomarkers
of active TB, and optical biosensing techniques used in this study. An overview of the global
pandemic of TB, and M. tuberculosis as the causative agent for TB infections, the structural
arrangement of the mycobacterial cell envelope, TB spread, prevention, and treatment options
were detailed under the introduction to TB. The arrangement of the bacterial cell envelope
provided insights regarding the arrangement of certain pathogen-specific biomarkers of TB
present on the cell wall. Various biomarkers were explored further to support the selection of
mycolic acid as the biomarker of choice for this study. Furthermore, the optical biosensing
techniques used in this work, such as LSPR and PhC-based biosensing for the detection of anti-

mycobacterium tuberculosis were introduced and explored further in the subsequent chapter.

In Chapter 2, the design and development of the optical biosensing setup, characterization of
the biosensing surface, and characterization of AuNPs before and after bioconjugation were
detailed. For proof of concept, fluorescent microscopy was used to confirm the specificity of
mycolic acid binding to anti-mycobacterium tuberculosis antibodies. This was also done to
optimize the functionalization protocol of mycolic acid on a microscope glass slide before
implementing it in photonic crystal (PhC)-based biosensing. The presence of fluorescence signal
in the experiment sample confirmed the successful immobilization of mycolic acid as the

biorecognition element and its binding to the anti-mycobacterium tuberculosis antibody.
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To characterize the biosensing surface, a 40 nm Au thin film deposited on a glass substrate was
characterized using SEM to understand its optical properties and optimize its performance for
optical biosensing. The SEM analysis showed a homogenous, tightly packed layer of Au with
no signs of contaminants present on the thin film. This is crucial because surface contaminants
or irregularities can negatively affect the optical properties of the biosensing system, leading to

unwanted signal interference and decreased accuracy.

To characterize the AuNPs, TEM was used and displayed the characteristic multibranched,
spiky, uneven morphology of the gold NanoUrchins which provides a larger surface area
compared to spherical nanoparticles. This unique surface morphology of Au NanoUrchins
resulted in signal enhancement when introduced on the biosensing surface in chapters 3 and 4,
improving the detection sensitivity of the biosensor. Additionally, the functionalization of the
AUNPs using covalent conjugation resulted in higher binding efficiency, indicated by a
significant redshift in the wavelength when characterized using UV-vis absorption spectroscopy,
and the protocol was adopted in subsequent chapters. In conclusion, the importance of
confirming the specificity of the biorecognition element to the analyte of interest using

characterization techniques is critical in biosensing.

In Chapter 3, a custom-made biosensor chip was developed using a thin gold-coated layer
deposited on a glass substrate. The biosensor chip was functionalized with mycolic acid
pathogen-specific TB antigens for the detection of anti-mycobacterium tuberculosis antibodies.
To enhance the detection signal, functionalized AuNPs were introduced to the biosensing
surface. The unique optical properties of AuNPs, including their ability to interact with light,
were proven advantageous for biosensing. Various additional characterization techniques were
employed to confirm the successful bioconjugation of AuNPs with the secondary antibodies.

UV-vis absorption spectroscopy demonstrated a redshift in the absorption spectrum after AUNPs
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bioconjugation, indicating the binding of the antibodies to the AuNPs. Dynamic light scattering
measurements showed an increase in the hydrodynamic particle size after bioconjugation,
further supporting the successful binding. Additionally, SEM images revealed the presence of
functionalized AuNPs on the biosensor chip surface, confirming the attachment of the
bioconjugated AuNPs to the biosensing surface. The specificity of the mycolic acid
biorecognition element to the anti-mycobacterium tuberculosis primary antibody was confirmed
through the absence of non-specific binding in the control samples. Further analysis using atomic
force microscopy provided insights into the surface morphology, focusing on surface roughness
and thickness, and subsequently confirmed the binding of mycolic acid, primary antibody, and
bioconjugated secondary antibody to the biosensor chip. FTIR spectroscopy was utilized to
identify the molecular bonds formed between the AuNPs, antibodies, and mycolic acid. The
FTIR results showed specific absorption peaks corresponding to the functional groups present
in the mycolic acid/primary antibody/bioconjugated AuNPs complex, providing evidence of the

presence of mycolic acid in the reaction mixture.

The LSPR biosensing measurements demonstrated a reduction in the percentage of transmitted
light in various sample groups. A redshift in the wavelength was also detected in the mycolic
acid/primary antibody/bioconjugated AuNPs complex. The increased surface roughness and
height observed on AFM, along with the decrease in transmitted light detected on LSPR
biosensing, were suggestive of successful immobilization and binding of the targeted antibodies
or analyte. In conclusion, the comprehensive characterization techniques employed in this study
confirmed the successful covalent bioconjugation of AuNPs with antibodies confirmation with
UV-vis and SEM. Also, the presence of bioconjugated AuNPs on the surface, the higher gold
percentage detected, and the increased surface roughness and height demonstrated the successful
immobilization of the biomolecules. The use of mycolic acid as a biomarker for capturing anti-

mycobacterium tuberculosis antibodies was proven effective, and the developed biosensor chip
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showed potential for TB diagnosis using optical detection techniques such as LSPR. These
findings contribute to the advancement of biosensing technology for improved diagnostic

applications.

In Chapter 4, photonic crystal-based biosensing was performed to detect anti-mycobacterium
tuberculosis antibodies. Various techniques were performed towards the development of a
biosensor chip and this included covalent bioconjugation of gold-nanoparticles with antibodies
and UV-vis absorption spectroscopy to confirm bioconjugation. Surface characterization of the
biosensor chip was performed using atomic force microscopy. Covalent bioconjugation
chemistry involving NHS and EDC was employed to bind the secondary antibody to the PEG
linker molecule attached to the AuNP surface. The functionalized AuNPs were successfully
characterized using UV-vis absorption spectroscopy, which identified their unique absorbance
characteristics. Successful bioconjugation resulted in a redshift in the absorption spectrum,
confirming changes in the refractive index in the bioconjugated AuNPs. Bioconjugated AuNPs
were introduced to the experiment sample to form a mycolic acid/primary
antibody/bioconjugated AuNPs complex. The PhC biosensing surface was subsequently
characterized layer-by-layer at various steps of the surface functionalization process using AFM.
Immobilization of molecules was achieved through covalent attachment and the formation of
self-assembled monolayers, resulting in changes in surface thickness and roughness. The AFM
confirmed the binding of molecules on the surface through detectable changes in the surface
thickness. The AFM analysis demonstrated that the introduction of elements on the biosensor
chip surface, including the immobilization of bioconjugated AuNPs, led to changes in
biosensing surface characteristics. The immobilization of functionalized AuNPs on the PhC
biosensing surface, forming a mycolic acid/primary antibody/bioconjugated AuNPs complex,
contributed to the increase in surface roughness detected in the experiment sample, thus also

contributing to refractive index changes.
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The differences in refractive index between the sample groups contributed significantly to
detectable or measurable wavelength differences, thus distinguishing negative from positive
samples. Therefore, the immobilization of bioconjugated AuNPs further contributed to signal
enhancement in the optical biosensing system. The reduction in transmitted intensity observed
between the different sample categories also confirmed the successful immobilization of the
biorecognition element in the control and experiment samples, and the binding of the TB
bioconjugate (bioconjugated AuNPSs) to the primary antibody in the experiment sample. The
findings from UV-vis absorption spectroscopy and AFM characterization supported the results
obtained from the PhC-based optical biosensing measurements. The introduction of elements on
the PhC surface altered the refractive index of the material, leading to detectable wavelength
shifts between the sample groups. These results indicate the potential of the label-free PhC
optical biosensing platform for the detection of anti-mycobacterium tuberculosis antibodies.
Overall, the functionalization of AuNPs, successful bioconjugation, and careful characterization
of the biosensing surface demonstrated enhanced sensitivity and specificity in the PhC-based
optical biosensing system, opening up possibilities for the development of accurate and reliable

biosensors for disease diagnosis.

Overall, the research presented in this thesis evaluated two optical biosensing techniques,
localized surface plasmon resonance and photonic crystal-based methods, for detecting anti-
mycobacterium tuberculosis antibodies. These techniques were selected to support the
hypothesis that optical biosensing techniques can potentially be applied in developing point-of-
care diagnostic methods for TB and other infectious diseases. The comprehensive
characterization techniques employed throughout this thesis have provided compelling evidence
for the successful immobilization of the biorecognition element and the binding of the targeted
antibody. The results demonstrate the potential of optical biosensing techniques using LSPR-

based and photonic crystal-based biosensing, for the detection of anti-mycobacterium
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tuberculosis antibodies, paving the way for the development of advanced point-of-care
diagnostic tools for infectious diseases. LSPR-based and PhC-based biosensors generate
detection signals due to changes in the sample’s refractive index. Both methods can analyze
similar biological materials but differ in their operating principles, material requirements, and
signal readout methods. LSPR-based sensors use metallic nanoparticles (e.g. gold or silver) to
generate surface plasmons, responding to changes in refractive index. This sensitivity enables
the detection of biomolecular interactions through spectroscopic measurements of resonance
shifts. In this study, the LSPR analysis was based on the variation of transmitted intensity
variation at a given wavelength. In contrast, PhC-based sensors rely on photonic crystals, which
are dielectric materials with periodic nanostructures that create photonic band gaps, and the
polization of the light source. These biosensing techniques detect changes in the refractive index
by measuring spectral shift. In this study, the transmission spectra were obtained for data

analysis on both techniques.

The pronounced differences in refractive index changes detected on the surface of the photonic
crystal biosensor chip depicted by a notable resonance wavelength shift in Chapter 4 signify a
significant enhancement in the optical biosensing platform. The reduction in transmitted
intensity among distinct sample categories also reinforces the efficacy of this approach. While
LSPR showed significant differences in transmitted intensity and less prominent differences in
wavelength shift when compared to PhC biosensing. It is therefore evident that photonic crystal-
based optical biosensing emerges as a superior detection platform compared to LSPR for the
accurate and reliable detection of anti-mycobacterium tuberculosis antibodies. These findings
contribute to the advancement of biosensing technology and hold promise for improving TB
diagnosis. Future work in this field could focus on further optimizing the biosensing setup for
real-time detection, incorporating microfluidic technology in the design and development of a

multiplex biosensor chip, and investigating additional biomarkers for TB detection, particularly
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sputum biomarkers since it is an easily accessible specimen in adults. The integration of these
optical biosensing techniques into point-of-care devices could revolutionize TB diagnosis,
enabling rapid and sensitive detection, and leading to improved patient outcomes and better

control of TB transmission.
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Keywords: offer great ges over ¢ | analytical Specifically, they can provide mul-
Localized surface plasmon resonance tiple capabilities such as user-friendly operation, real-time analysis, rapid response, high sensitivity and speci-
Optical biosensing

ficity, portability, label-free detection, and cost-effectiveness. As a result, this diagnostic approach is a point-of-
care (POC) diagnostic and itoring technology. In this study, for the first time, an optical biosensor chip was
developed and lyzed using a | d surface pl (LSPR) optical biosensing technique to
monitor biomolecular interactions between mycolic acid TB antigen and anti-Mycobacterium tuberculosis anti-
body. Mycolic acid was successfully immobilized on a gold-coated biosensor chip and allowed to react with anti-
Mycobacterium tuberculosts antibody. To enh the ds ion signal from biomolecular binding events, gold
nanoparticles (AuNPs) were used and successfully bioconjugated with goat anti-rabbit 1gG H&L secondary
antibody and characterized using ultraviolet-visible (UV-vis) spectroscopy, dynamic light scattering (DLS),
Fourier-transform infrared (FTIR) spectroscopy, and subsequently introduced on the biosensing layer. Scanning
electron microscopy (SEM), energy-dispersive X-ray (EDX) spectroscopy, and atomic force microscopy (AFM)
were used to characterize the biosensing surface. The optimized biosensor chip was analyzed using a custom-
built biosensing transmission spectroscopy setup to perform LSPR bi g. Our findings sh 1 that
mycolic acid was successfully immobilized on the biosensing surface and made it possible to capture anti-
Mycobacterium tuberculosis antibodies. The LSPR optical bi ing technique was indeed ful in the
detection of anti-Mycobacterium tuberculosis antibodies.

“Transmission spectroscopy
Scanning electron microscopy
Energy dispersive X-ray
Atomic force microscopy
Mycolic acid

Mycobacterium tuberculosis

1. Introduction

Tuberculosis (TB) is a contagious disease and one of the world's
deadliest infectious diseases caused by the Mycobacterium tuberculosis
(MTDb) pathogen [1,2]. It is an airborne bacillus and can spread through
microscopic droplets or particles called droplet nuclei generated when a
person with untreated active pulmonary TB coughs, sneezes, talks, or
sings [3,4]. People who become infected with TB have approximately a
10% risk of developing active TB during the course of their lives, with
greater risk in the first two years after infection and much greater risk in
HIV-co-infected individuals [5]. The infection usually lasts throughout
life as a latent infection in more than 90% of infected individuals [6].
MTb typically affects the lungs as pulmonary TB, however, it can also
occur in other organs of the body as extrapulmonary TB infection

[1,6 -8). When TB infection occurs in combination with other serious
infections such as HIV, it can severely compromise the host immune
system and complicate effective forms of therapy [6].

TB infections remain a major public health problem worldwide,
especially in developing and some industrialized countries associated
with high morbidity and mortality rates. According to the World Health
Organisation (WHO), approximately 2 billion of the world’s population
is latently infected with TB, with more than 9 million new infections
reported annually [2]. In 2017, TB caused approximately 1.3 million
deaths among HIV-negative individuals and an additional 300,000
deaths among HIV-positive individuals [10]. The estimated incidence of
TB infections remains high in both Asia and Africa, and sub-Saharan
Africa has the highest estimated TB incidence [9]. The notable high
rate of TB in sub-Saharan Africa is influenced by a high prevalence of
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HIV infections [9]. Despite a slow decline in global TB rates, the progress
in closing detection/diagnosis and treatment gaps is slow particularly in
Africa [12]). Regardless of the improvements in TB control programs,
active tuberculosis cases in many regions remain at unacceptable levels
[13]. Advances in TB diagnosis in recent years contributed to increased
survival rates, however, there are still reported limitations associated
with early diagnosis [14]. The g | impact of any new diagnostic test
for active TB or latent TB infection primarily depends on the extent of
their uptake into national TB programs, affordability for both the patient
and the health system, and the quality and durability of the diagnostic
platforms [13].

Currently, several TB diagnostic methods have been approved by
WHO for TB diagnosis. These include tuberculin skin test (TST), sputum
smear microscopy (SSM), TB culture, and various nucleic acid amplifi-
cation tests (NAATs) [14,15]. However, some of these tests are expen-
sive, require specialized infrastructure, sophisticated equipment, and
trained personnel, and thus hinder TB diagnosis, particularly in
resource-limited settings [14,16]. The TST is used for rapid TB
screening, however, high false positives have been reported in in-
dividuals with prior bacillus Calmette-Guérin (BCG) vaccination [15].
The SSM is a simple direct microscopy test used to identify MTb acid-fast
bacilli and remains the preferred method for TB diagnosis in resource-
limited settings. It is affordable and can be done in basic laboratories
at primary healthcare facilities [17]. However, the sensitivity of the SSM
is low in TB patients that are unable to produce sputum or have low
bacterial loads (i.e., children, HIV-co-infected persons, and those with
extrapulmonary disease) [15,18,19]. TB culture is considered the gold
standard for diagnosing TB with relatively high sensitivity and speci-
ficity. Although TB culture has been used efficiently for TB diagnosis, it
requires specialized infrastructure, poses a high risk to laboratory
personnel, and therefore requires highly trained staff to perform tests,
and its major setback is turnaround time which may take 2 to 6 weeks to
grow mycobacteria [10]. More recently developed nucleic acid ampli-
fication tests (NAATSs) such as the Xpert MTB/RIF assay and line probe
assays (LPAs) as well as MIRU-VNTR genotyping methods have been
able to provide rapid and sensitive diagnosis and accuracy of approxi-
mately 92-95%. However, these are expensive and require specialized
infrastructure with skilled technicians [11]. Thus, it remains a priority to
find and/or develop new methods for TB diagnosis. These tests should be
sensitive, accurate, cost-effective, and built on an analytical platform
that is easy to use [6].

For these reasons, WHO recognizes the need for new and more sen-
sitive and specific techniques to improve early TB diagnosis, such as the
use of point-of-care (POC) devices [14]. Herein, we evaluated a custom-
made optical biosensor chip and analyzed using a custom-built trans-
mission spectroscopy platform to perform localized surface plasmon
I e (LSPR) bi ing for POC TB diagnostic device development.
We used The LSPR method over other label-free biosensing techniques
because results are obtained in real-time, are robust, precise, and have
high sensitivity [22,23]. LSPR biosensing is an optical phenomenon
caused by the interaction of incident photons and metallic nanoparticles
[24]. It is also a surface pl e (SPR) ph existing
in metallic nanoparticles instead of thin-film metals [13]. During LSPR
biosensing, the incident light induces collective oscillations of valence
electrons, quently increasing the i ity of the electric field at
the sensor and creating a characteristic extinction peak at the plasmonic
resonance frequency. LSPR biosensors differ from SPR-based biosensors
as the induced plasmons oscillate locally around the metallic nano-
particle instead of propagating along with the metal-dielectric interface
[14,15]). Upon analyte attachment to the nanoparticle, the refractive
index change causes a wavelength shift in the extinction spectrum or
changes in transmitted intensity applied in this study, thus making the
LSPR platform suitable for label-free detection and quantification of
biorecognition events [14]. During LSPR biosensing, changes in the
refractive index of the surrounding media enable the application of this
method in biosensing, chemical sensing, and gas sensing [27]. In
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biosensing, LSPR sensors can monitor a variety of binding events,
including protein-ligand i ions, deoxyribc leic acid (DNA) hy-
bridizations, and biomarker interactions [16]). When binding events
occur, changes in LSPR properties manifesting as a shift in the extinction
peak can be easily measured by ultraviolet-visible (UV-vis) spectros-
copy [16].

To develop the biosensor chip, mycolic acid TB antigen was immo-
bilized on the biosensing surface of the chip as our biorecognition
element to react with the anti-Mycobacterium tuberculosis antibody as the
analyte of interest (Scheme 1). To enhance the detection signal on the
biosensing surface, gold nanoparticles (AuNPs) were covalently conju-
gated with a secondary antibody, also called signal antibody, and sub-
sequently introduced on the biosensing surface. The AuNPs were further
optimized before and after bioconjugation using ultraviolet-visible
(UV-vis) spectroscopy, dynamic light scattering (DLS), and Fourier-
transform infrared (FTIR) spectroscopy. The biosensing surface was
characterized using scanning electron microscopy (SEM), energy-
dispersive X-ray (EDX) spectroscopy, and atomic force microscopy
(AFM). The optimized biosensor chip was further analyzed using the
custom-built setup to perform transmission spectroscopy for LSPR
detection, and the acquired data were analyzed using OriginPro
software,

2. Materials and methods
2.1. Fluorescence microscopy

Fluorescence microscopy was performed to determine the presence
of anti-Mycobacterium tuberculosis primary antibodies on the surface of
the substrate containing immobilized mycolic acid TB antigen. To
perform fluorescence microscopy on the glass substrate, the hydropho-
bic glass slides (SiO;) were activated with piranha solution (H205:
H3S04, 7:3 v/v) for 45 min at 75 °C to generate Si-OH bonds. Subse-
quently, the glass slides were washed thoroughly with ultrapure water
(resistivity of 18 MQ) and blow-dried with nitrogen gas. After the acti-
vation procedure, the activated glass slides were immersed in (3-Ami-
nopropyl) triethoxysilane (APTES) (1%, v/v) (Sigma-Aldrich, A3648) in
a vertical Coplin jar and incubated at room temperature overnight. Post
incubation, the glass slides were washed thoroughly by sonication in
absolute ethanol for 5 min and followed by sonication in ultrapure water
for 5 min. The clean glass slides were blown with nitrogen (N2) gas and
further dried at 90 °C for 1 h. Silanized glass slides were used immedi-
ately to immobilize stearic acid (STA) (141 mM) (Sigma-Aldrich, S4745)
on the glass surface or stored in a vacuum for future use. A self-
assembled monolayer (SAM) of mycolic acid (MA) from Mycobacte-
rium tuberculosis (bovine strain) (0.5 mg/mL) (Sigma-Aldrich, M4537)
used as TB antigens were formed on the STA monolayer by incubating
the slide in a solution of MA dissolve in hexane (1 mg MA, 2 mL hexane:
MW 86,18 g/mol) (Sigma-Aldrich, 34,859) overnight at room temper-
ature. Post incubation, the slide was rinsed thoroughly with 1x phos-
phate buffered saline (PBS) (Sigma-Aldrich, D1283) to remove
physically adsorbed MA. Subsequently incubated in a solution of bovine
serum albumin (BSA) (1%, v/v) (Roche Diagnostics, 10,711,454,001)
blocking agent in 1x PBS for an hour before the addition of anti-
Mycobacterium tuberculosis antibody (Abcam, ab905) (8.8 mg/mL) pre-
pared in 1x PBS (1:100 dilution) was used as primary antibody. This
antibody was introduced on the MA monolayer and incubated over-
night. For fluorescence staining, to test for the successful reaction be-
tween MA and the primary antibody, a secondary fluorescently-labeled
goat anti-rabbit IgG H&L (Alexa Fluor) (2 mg/mL, 1:200 dilution in 1x
PBS) (Abcam, ab150077) was introduced to the surface. The excitation
and emission wavelengths of the goat anti-rabbit IgG H&L (Alexa Fluor)
are 495gy /519, nm. Fluorescence was visualized using an inverted
microscope (Wirsam Olympus® CKX41) with a mounted reflected
fluorescence system.
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2.2. UV-vis absorption spectroscopy

UV-vis absorption spectroscopy and dynamic light scattering (DLS)
were used to characterize the gold nanoparticles (AuNPs) before and
after bioconjugation. To perform covalent bioconjugation of the 60 nm
gold NanoUrchins (Cytodiagnostics, 2459298 60U), N-hydrox-
ysuccinimide (NHS) (13 mM) (Sigma-Aldrich, 56,480) and 1-Ethyl-3-(3-
dimethylaminopropyl)-carbodiimide) (EDC) (5 mM) (Sigma-Aldrich,
E7750) with similar molar ratio were added to heterobifunctional
polyethylene glycol (SH-PEG-COOH) (10 mg diluted in 10 mL ultrapure
water) (Sigma-Aldrich, 757,845) in ultrapure water and shaken for an
hour. The pH of this reaction mixture was adjusted to 7.4 using 10x PBS,
and the anti-Mycobacterium tuberculosis antibody was added to the so-
lution. The reaction mixture was incubated for additional 2 h before
filtering with a 50 kDA filter to remove any by-products. The final SH-
PEG-IgG conjugated solution was obtained after washing with 1x PBS
twice. Then, 12 L of the SH-PEG-IgG conjugate was added to 200 pL of
AuNPs and incubated for an hour to form the TB-bioconjugate (AuNPs-
1gG) confirmed using NanoDrop 8000 spectrophotometer (Thermo
Fisher Scientific, United States). Several absorption spectra ¢ 4) of the
AuNPs were recorded using the NanoDrop to determine the redshift
before and after bioconjugation. For purposes of introducing bio-
conjugated AuNPs on the biosensing surface to enhance the detection

g of
ibody to the primary anhbody

(6) binding of ium tuberculosis as primary antibody to

signal during LSPR biosensing, a complementary secondary goat anti-
rabbit IgG H&L antibody was used for bioconjugation to react with
the primary anti-Mycobacterium tuberculosis antibody immobilized on
the biosensor chip surface.

2.3. Dynamic light scattering

DLS was performed to monitor changes in size distribution by in-
tensity before and after bioconjugation of AuNPs with a secondary
antibody. Malvern Zetasizer Nano ZS (Malvern Instruments Ltd., United
Kingdom) was used to perform DLS. AuNPs, bioconjugated AuNPs with
anti-Mycobacterium tuberculosis (referred to as TB-bioconjugate), and
bioconjugated AuNPs with mycolic acid TB antigen were analyzed.

Samples were analyzed in tripli and repeated three times (n = 3).

2.4. FTIR spectroscopy

FTIR measurements of AuNPs, TB-bioconjugate, and TB-
bioconjugate reacted with mycolic acid TB antigen were analyzed in
transmission mode using a Perkin Elmer Spectrum 100 FTIR spectrom-
eter equipped with a DTGS detector. The spectra were measured in the
4000 to 550 cm ™' wavenumber region. Before data acquisition, the
spectrometer plate and crystal were thoroughly cleaned with tissue and
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isopropanol and cleaned in between sample analyses. The spectrum of
air was used as background before each sample analysis. The back-
ground and sample spectra were taken in a room with a temperature
around 21-23 °C, at a spectral resolution of 4 cm™ and to each mea-
surement, 32 scans were co-added and averaged to achieve an accept-
able signal-to-noise ratio. In all cases, spectra resolution was maintained
at 16 cm ', The original FTIR spectra were baseline-corrected using
Perkin Elmer Spectrum software.

2.5. SEM and EDX spectroscopy

A gold-coated biosensor chip was developed using the HEX benchtop
thin film deposition system (Korvus Technology Ltd., United Kingdom).
A gold evaporation slug (Merck Millipore, 373,168-6.4G) was used to
form the thin gold film. A 5 nm layer of titanium was sputtered on the
Si0; substrate before Au deposition € 40 nm) using e-beam evaporation.
Titanium is usually deposited to strongly bind the substrate and the Au
together [17]. The SEM and EDX data were acquired using the JSM-
IT800 schottky field emission scanning electron microscope (JEOL
Ltd., Japan). All samples were analyzed for SEM and EDX without
coating. Three sample groups, including the bare Au-thin film sample,
experiment, and control samples, were analyzed using SEM and EDX.
The Experiment sample consisted of MA, anti-Mycobacterium tuberculosis
antibody, and goat anti-rabbit IgG H&L secondary antibody bio-
conjugated to AuNPs (referred to as TB-bioconjugate). The control
sample did not have an anti-Mycobacterium tuberculosis antibody on the
surface. SEM was performed to study the surface morphology post
immobilization of the TB-bioconjugate to the bi or chip surface in
the presence and absence of anti-Mycobacterium tuberculosis antibody
linked to MA TB antigen. Subsequently, EDX spectroscopy was per-
formed to study the different elements present on the biosensing surface,
and both techniques were used to characterize the functionalized bio-
sensing surface. To functionalize the bic ing surface as illustrated in
Scheme 1, the gold thin layer was washed with absolute ethanol and
blow-dried with Ny gas before incubation with cysteamine (Cys) (10
mM) (Sigma-Aldrich, M9768) in absolute ethanol for 18 h at room
temperature to form an Au-Cys monolayer (Fig. 2). NHS and EDC with
similar molar ratios were used for covalent attachment of stearic acid
using carbodiimide coupling chemistry to form an amide bond. After the
formation of the Cys-STA monolayer, the modified gold-coated surface
was washed thoroughly with ethanol and water to remove physically
adsorbed stearic acid species, Mycolic acid TB antigens were immobi-
lized on the STA monolayer by immersion the biosensor chip in MA
solution overnight at room temperature. Post incubation, the biosensor
chip was rinsed thoroughly with 1x PBS to remove physically adsorbed
MA, and subsequently incubated in a solution of 1% BSA blocking agent
for an hour before addition of primary anti-Mycobacterium tuberculosis
antibody. To enhance the sensitivity of the biosensor chip, a goat anti-
rabbit 1gG H&L secondary antibody was conjugated to gold nano-
particles (AuNPs) (Sigma-Aldrich, 797,707) and herein called TB bio-
conjugate (AuNPs-I1gG).

2.6. Atomic force microscopy

Atomic force microscopy (AFM) was used for surface morphology
studies to characterize the biosensing surface of the custom-made
biosensor chips at different stages of development. The AFM images
were captured with a Vecco AFM system (Digital Instruments, USA)
using a silicon cantilever tip. The tip has a curvature radius of 10 nm and
is n-doped silicon, with a resonance frequency of 204-497 kHz and a
force constant of approximately 10-130 N/m. Images acquired by the
AFM instrument were analyzed using Nanoscope software.

2.7. LSPR biosensing

A custom-built transmission spectroscopy setup was used to perform
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LSPR biosensing. The setup was assembled using a 512 nm green light
source with a power of 3.1 mW. The light was collimated using colli-
mating lenses and focused on the biosensor chip sample placed on the
sample stage. Transmitted light was collected through a 10x microscope
objective, and a 50/50 beam splitter directed the light to the imaging
system and the spectrometer through a fiber. The imaging system was
formed by a charge-coupled device (CCD) camera connected to a com-
puter and was used to visualize events taking place on the sample stage.
Sample groups were prepared in triplicates under the same conditions
and repeated three times (n = 3). During sample analysis, background
measurements were taken at the same setting before each recording.
Transmitted light was focused into the fiber using a focussing lens and
directed to the USB 4000 portable spectrometer (Ocean Optics Inc.,
United States) connected to the computer for data acquisition and data
analysis (Fig. 1). Further data analysis was performed using OriginPro
software.

3. Results and discussion
3.1. Fluorescence microscopy

Fluorescence microscopy was performed to visualize the interaction
between the SAM of mycolic acid TB antigen and the anti-Mycobacterium
tuberculosis antibody. Two sample groups were prepared for fluores-
cence microscopy, an experiment, and a control sample, The experiment
sample surface consisted of mycolic acid as the TB antigen, an anti-
Mycobacterium tuberculosis primary antibody, and a fluorescent-labeled
goat anti-rabbit 1gG H&L (Alexa Fluor) secondary antibody. The con-
trol sample surface ¢ 1 of the components in the experi 1
samples except for the anti-Mycobacterium tuberculosis primary antibody.
The goat anti-rabbit IgG H&L (Alexa Fluor) was specifically designed to
interact with the anti-Mycobacterium tuberculosis antibody. In the

LED
512 nm green light source

r

ND filter
Iris

L2

o Au-coated biosensor chip

o
S o W X7 stage

10x microscope objective

cen
camera

50/50 beam splitter

Mirror

Optical fiber

use
2000

Spectrometer

Fig. 1. Experimental setup of the transmission spectroscopy setup used for
LSPR biosensing. The setup consists of a 512 nm green light source with a
power of 3.1 mW, collimating lenses (L1 and 2), XYZ stage, a 10x microscope
objective, and an imaging system consisting of a CCD camera and computer,
focussing lens (L.3), an optical fiber, and a portable USB spectrometer connected
toa p (For interp of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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experiment sample, green fluorescence was detected after the addition
of the goat anti-rabbit IgG H&L (Alexa Fluor) secondary antibody
(Fig. 2A). In the control sample group (Fig. 2B), no fluorescence was
detected because of a lack of anti-Mycobacterium tuberculosis antibody on
the surface. This also suggests that the goat anti-rabbit IgG H&L (Alexa
Fluor) antibody does not bind directly to mycolic acid TB antigen. These
results confirm the successful binding and specificity of mycolic acid to
anti-Mycobacterium tuberculosis antibody and specificity of the goat anti-
rabbit 1gG H&L (Alexa Fluor) to anti-Mycobacterium tuberculosis
antibody.

3.2. UV-vis absorption spectroscopy

UV-vis absorption spectroscopy was used to characterize AuNPs
before and after bioconjugated to goat anti-rabbit IgG H&L secondary
antibody. The spectrophotometer can identify components in a solution
mainly based on their unique absorbance characteristics [18]. Covalent
conjugation chemistry was applied for the bioconjugation of AuNPs to
the secondary antibody. EDC and NHS chemistry were used to link goat
anti-rabbit 1gG H&L secondary antibody to polyethylene glycol (SH-
PEG-COOH). In this chemistry, EDC and NHS activate the carboxyl
groups of the AuNP surface to form an intermediate that interacts with
the amine group (NH3) on the antibody [19]. Bioconjugation occurs
upon successful binding of the antibody to the AuNPs surface, thus
resulting in a redshift in absorption spectrum by a few nanometres [20].
Iig. 3 shows the UV-vis absorption spectrum of AuNPs before and after
bioconjugation. After bioconjugation with the antibody, a reduction in
absorption i ity in the TB-bioc e was observed indicating
successful bioconjugation of the AuNPs with the antibody. Successful
bioconjugation of AuNPs to the goat anti-rabbit IgG H&L secondary
antibody plays a crucial role in enhancing the refractive index on the
biosensing surface of the biosensor chip. Fig. 3 shows the absorption
spectrum of AuNPs before bioconjugation (black spectrum) and the
spectrum of AuNPs after bioconjugation (red spectrum). The AuNPs
showed absorption peak intensity at 575 nm before bioconjugation and
585 nm after bioconjugation. Approximately 10 nm redshift was
observed as confirmation of successful bioconjugation. AuNPs have
unique optical properties that can be easily manipulated compared to
bulk gold. These special characteristics provide a plethora of advan-
tages, especially in biosensing and diagnostic imaging. One of the major
attributes is the interchange of light with electrons on its exterior [9].
The resonance wavelength and bandwidth of the AuNPs are dependent
on the shape, particle size, refractive index of the surrounding media,
and temperature. The shift in the AuNPs-1gG bioconjugate spectra might
be a result of the changes in the dielectric environment surrounding the
AuNPs [18,21].

3.3. Dynamic light scattering

Further characterization of AuNPs was performed to determine the
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Fig. 3. A graphical representation of UV-vis absorption spectrograph for the
bioconjugation of AuNPs to goat anti-rabbit IgG H&L secondary antibody.
Measurements were taken before and after bioconjugation. The black line
represents the spectrum of neat AuNPs before conjugation, and the red line
represents the spectrum of AuNPs after bioc with a dary anti-
body. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

particle size distribution using DLS. The DLS measurements of changes
in size distribution by intensity were used to study the AuNPs before and
after bioconjugation with the secondary antibody. Each sample was
measured in triplicates and repeated three times (n = 3) at 25 °C, and the
dispersant refractive index was 1.330 with a viscosity of 0.8872 cP.
Sample groups included AuNPs, TB-bioconjugate, and TB-biocc

in the presence of mycolic acid (FFig. 4). The Z-average value of the
AuNPs before bioconjugation was 164 d.nm and increased to 190 d.nm
after bioconjugation (Fig. 4B). This finding supports the UV-Vis ab-
sorption spectroscopy wavelength redshift observed after bio-
conjugation and indicates successful bioconjugation of AuNPs. There
were no significant differences in hydrodynamic size when mycolic acid
was introduced to the bioconjugate. The increase in the size of the neat
nanoparticles to an average hydrodynamic size of 164 nm may be
attributed to agglomeration [22]. The change in particle size between
the TB-bioconjugate and the bioconjugate with mycolic acid was not
significant (ig. 4B). However, changes in average peak intensity were
observed between the three sample groups (F'ig. 4C). High peak intensity
was observed in AuNPs before bioconjugation and a notable decline in
intensity was observed after bioconjugation. The average peak intensity
of the AuNPs, TB-bioconjugate, and TB-bioconjugate in the presence of
mycolic acid was 11.3, 9.65, and 8.9 respectively.

Fig. 2. Fluorescence images of mycolic acid TB an-
tigen reaction with anti-Mycobacterium tuberculosis
antibody used as primary antibody. Image A showing
green fluorescence is the experiment sample consist-
ing of SAM of mycolic acid, a primary antibody, and a
fluorescent-labeled goat anti-rabbit 13G H&L (Alexa
Fluor) secondary antibody. Image B shows the con-
trol sample with SAM of mycolic acid and the goat
anti-rabbit 1gG H&L (Alexa Fluor) antibody intro-
duced on the surface in the absence of an anti-
Mycobacterium tuberculosis antibody. No fluorescence
was observed in the control sample. Images were
captured with a CKX41 Olympus microscope, and the
length of the scale bar is 50 pm. (For interpretation of
the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 4. DLS data of size distribution by intensity of AuNPs before and after bi
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were analyzed in triplicates and repeated three times (n = 3).
3.4. FTIR spectroscopy

FTIR spectroscopy analysis is a qualitative optical detection tech-
nique used to examine the existence of surface functional groups [19].
FTIR was carried out to identify the possible functional groups formed
during the bioconjugation of AuNPs with anti-Mycobacterium tuberculosis
antibody and monitor spectral changes due to the interaction between
the anti-Mycobacterium tuberculosis antibody and mycolic acid TB anti-
gen. A sample of neat AuNPs was used as a reference (Fig. 5A). FTIR was
performed using a sample dry of AuNPs, TB-bioconjugate, and the TB-
bioconjugate with mycolic acid TB antigen. This was done to deter-
mine the molecular bonds formed between the AuNPs, anti-Mycobacte-
rium tuberculosis antibody, and mycolic acid. Mycolic acid used in this
study is a long-chain fatty acid with carboxylic acid and hydroxyl
functional groups. Fig. 5 shows the FTIR spectra of the three sample
groups. The AuNPs (Fig. 5A) presented prominent peaks at 2983 cm ',
2923.2 cm ', 2830.4 cm ' wavenumbers indicating alkane C—H
stretching; 2287.8 cm ! indicating the presence of 0=C=0; 1558.6.6
cm’ ! representing N—O stretching, and 1400.8 cm ! representing C—H
bending. The TB-bioconjugate (Fig. 5B) displayed a very similar spectra
pattern to the AuNPs, however with reduced percentage transmittance
and the introduction of very few new wavenumbers. The 2983 cm  also

present in AuNPs spectra represents C—H stretching, 1980.7 cm ! for
C—H bending, 1656.6 cm 'C=C stretching, and 1388 cm ' for O—H
bending. The reduction in percentage transmittance in the TB-
bioconjugate supports the UV-vis absorption spectroscopy results from
section 3.2 whereby a reduction in absorption intensity was observed
when anti-Mycobacterium tuberculosis antibodies were bioconjugated to
AuNPs. When mycolic acid was added to the bioconjugated AuNPs
(Fig. 5C), strong bands were yielded at 3337 ecm !, 2958 em 12922
cm", 2956 cm", 1638 cm", 1462 cm"', and 1378 cm™'. The ab-
sorption band at 3337 cm~! corresponds to carboxyl and hydroxyl
functional groups [23,24]. In addition, the absorption bands at 2958
em ', 2922 ¢m !, and 2956 em ! fall within the alkanes and carboxylic
acid functional groups and therefore represent alkane (C—H) stretch
and carboxylic acid (O—H stretch) [25]. In addition, the absorption
band at 1638 cm ! represents vibrational modes of C=C double bonds
of the AuNP/antibody/mycolic acid complex. Lastly, the absorption
peak at 1462 cm ' shows the presence of an aromatic (C=C stretch).
These findings indicate the presence of mycolic acid in the reaction
mixture containing bioconjugated AuNPS, however, does not confirm
direct binding without the support of other qualitative and quantitative
characterization tests including SEM, EDX, AFM, and DLS.
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3.5. SEM and EDX spectroscopy

The presence of bioconjugated gold Nanourchins on the biosensing
surface was studied using SEM analysis for end-point characterization.
Gold NanoUrchins have unique optical properties as compared to
spherical gold nanoparticles with the same diameter. NanoUrchins have
a spiky uneven surface which causes a red shift in the surface plasmon
peak and a larger enh of electre ic fields at the tips of
the NanoUrchin spikes as compared to that of a spherical particles. The
60 nm nano-urchins used in this study were chosen because they have
the same absorption wavelength as the gold deposited on the glass
substrate. To perform SEM and EDX, three sample groups were prepared
namely a thin gold film surface, the experiment sample, and the control
sample. The experiment and control samples were prepared on a thin
gold film surface. The thin gold sample with an approximately 40 nm Au
layer was used as a reference to visualize the distribution of Au on the
surface. The experiment sample surface consisted of mycolic acid TB
antigen, anti-Mycobacterium tuberculosis primary antibody, and AuNPs
bioconjugated with goat anti-rabbit IgG H&L secondary antibody. There
was no anti-Mycobacterium tuberculosis antibody on the biosensing sur-
face of the control sample. The control sample was used to test for the
specificity of the biorecognition element (MA) to the primary antibody.
SEM images were obtained without coating the samples. Observing the
images in Fig. 6C and D of the Au thin film sample, it is evident that the
gold is uniform, evenly distributed, closely, and densely packed. The
film shows a columnar structure resembled by round-shaped structures.
This is in agreement with what has been documented in literature [17].
The nano-interspaces between the columnar structures support what has
been detected in other studies, and this is an indication that the film is
robust and can be used to develop biosensing platforms [26]. The
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morphology of the Au nano-urchins used in this study is spherical and
multi-branched. On the experiment sample, SEM was able to detect a
substantial amount of the spherical multi-branched AuNPs (Fig. 6B).
There were no agglomerations observed on the surface and the AuNPs
were evenly dispersed. In the control sample, the addition of bio-
conjugated AuNPs was not expected to bind to the surface unless there
was non-specific binding. The non-specific binding observed could
result from the blocking agent (bovine serum albumin) immobilized on
the biosensing surface, longer incubation time, or even inadequate wash
steps. Fig. 6C shows the SEM results of the control sample where small
traces of AuNPs were visualized. These traces of bioconjugated AuNPs
detected on the biosensing surface of the control sample were confirmed
by EDX to be insignificant. The percentage of Au for both the reference
sample (Au thin film layer) and the control sample was 42.83 (Fig. 7A)
and 42.50 (Fig. 7C), respectively. These results confirm the successful
binding of bioconjugated AuNPs on surfaces containing immobilized
anti-Mycobacterium tuberculosis antibodies and also support the speci-
ficity of mycolic acid reaction with anti-Mycobacterium tuberculosis
antibodies.

To confirm the specific binding of bioconjugated AuNPs on the
biosensing surface containing immobilized anti-Mycobacterium tubercu-
losis, EDX was performed. EDX was used to qualitatively determine the
elemental composition between the reference sample (Au thin film),
experiment, and control samples, with Au as the main element of in-
terest. The biosensor chips used for SEM were also used to perform EDX
spectroscopy. The biosensor chip design and development as seen in
Scheme | consisted of a glass substrate (1 mm thick), a 40 nm Au thin
layer deposited on a 5 nm thin layer of titanium. The elemental
composition as per Fig. 7A - C shows that Au and Si dominate over all the
other elements detected on the biosensor chip and are present in all

Fig. 6. SEM images of the biosensing surface of the
thin bare gold surface (A), experiment sample (B))
and control sample (C). The experiment sample sur-
face consists of SAM of mycolic acid TB antigen, anti-
Mycobacterium tuberculosis antibody, and a secondary
antibody bioconjugated to AuNPs. The control sam-
ple lacks an anti-Mycobacterium tuberculosis antibody
on the surface. The AuNPs (nano-urchins) under SEM
are visualized as tiny bright spots resembling stars.
Minimal traces of bioc gated AuNPs were spotted
on the biosensing surface of the control sample. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)
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Au-thin film:
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Fig. 7. EDX spectrographs of the bare gold-coated surface (A), the experiment sample (B), and the control sample (C). The same samples prepared for SEM were used
to perform EDX. The biosensing surface of the experiment sample consisted of mycolic acid TB antigen, an anti-Mycobacterium tuberculosis primary antibody, and a
goat anti-rabbit IgG H&L secondary antibody bioconjugated to AuNPs. The main elements obtained from all three samples are Au, Si, Ti, Na, Mg, Ca, and Cl. There
were significant differences in the weight, and atomic percentage of Au detected between the experimental sample compared to the control and reference samples

which had approximately similar percentages. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

sample groups. Si is from the SiO; glass substrate, and Au is from the Au
thin film and/or AuNPs. Si was detected at a weight percentage lower
than Au in all sample groups, however, its atomic percentage was higher
than Au in all the samples. The weight percentage of Au in the reference
sample, experiment, and control sample were 42.83, 52.62, and 42.50,
and the atomic percentage was 9.77, 13.77, and 9.57, respectively. The
weight and atomic percentage of Au were higher on the experiment
sample containing immobilized bioconjugated AuNPs as seen on SEM
(Fig. 6B). This indicates that the additional Au percentage detected was
contributed by the AuNPs on the surface. Approximately similar weights
and atomic percentages of Au were detected on the Au thin film surface
and the control sample. This indicates that the detected Au percentage
was primarily from the Au layer. Common elements detected in all
sample groups were magnesium (Mg), sodium (Na), and calcium (Ca). In
addition, chlorine (Cl) was detected only in the experiment sample, and
aluminium (Al) was detected at very low levels in the reference sample
instead of Ti detected in both the experiment and control samples.

3.6. Atomic force microscopy

Atomic force microscopy was used to perform layer-by-layer char-
acterization during the process of developing the biosensor chip. The
AFM analysis is a quantitative technique and provides direct informa-
tion on the height of the surface structures. This is a crucial technique in
the process of developing a biosensor chip to confirm the surface binding
of structures. Changes in height and surface roughness at various stages

of biosensor chip development were studied. The images taken using
AFM are shown in F'ig. 8, and each of the scans represents a 5 pm x 5 pm
lateral area that was scanned. AFM was used to characterize surfaces of
the Au thin film layer, MA, MA + 1° Ab, MA + 1° Ab+2°Ab, and MA +
2°Ab. The Au-thin layer referred to as the background sample had
nothing immobilized on the surface. The MA sample, referred to as the
reference sample consisted of mycolic acid immobilized on a surface
consisting of cysteamine (Cys). The Cys was used as a linker for MA
which is the biorecognition element. Stearic acid was covalently
attached to the Cys before the introduction of MA. The binding of MA to
the Cys/stearic acid complex may be associated with the strong Van der
Waal's hydrophobic attractive forces existing between the alkyl chains
of the MA and stearic acid [27]. The MA + 1° Ab sample had an anti-
Mycobacterium tuberculosis antibody introduced onto the MA surface.
The MA + 1° Ab+2°Ab referred to as the experiment sample, consisted
of AuNPs bioconjugated with goat anti-rabbit IgG H&L secondary anti-
body and added to the surface containing the primary antibody. Lastly,
the MA + 2°Ab sample, referred to as the control sample, was introduced
to test for non-specific binding and consisted of AuNPs bioconjugated
with the goat anti-rabbit IgG H&L secondary antibody introduced on a
MA surface in the absence of anti-Mycobacterium tuberculosis primary
antibody. Homogenous and smooth coverage of the surface was
observed in the Au thin film sample (Fig. 8A). Numerous islands were
formed on the surface when MA was introduced (Fig. 8B). A similar
pattern was observed when the bioconjugated antibody was introduced
on the MA surface and subsequently washed. This may be due to the
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Fig. 8. Atomic force microscopy micrographs of the five sample groups captured at different stages of the biosensor chip development. Sample groups include Au
thin film layer (A), MA (B), MA + 1°Ab (C), MA + 1°Ab + 2°Ab (D), and MA -+ 2°Ab (E). A sharp increase in height and surface roughness was observed in MA + 1°
Ab+2°Ab sample (D) confirming the successful binding of the bioconjugated AuNPs with the goat anti-rabbit 1gG H&L secondary antibody added on a surface
containing anti-Mycobacterium tuberculosis primary antibody. The binding of the bioconjugated AuNPs to the surface is critical for detection signal enhancement

during optical biosensing.

absence of a primary antibody on the surface to react with the bio-
conjugated secondary antibody (Fig. S8E). Interestingly, when the pri-
mary antibody was introduced to react with mycolic acid, the islands
disappeared and the surface displayed a smooth morphology (Fig. 8C).
On the contrary, various large and rough structures were visualized in
the MA + 1° Ab+2°Ab sample (Fig. 8D). This may be the resemblance of
AuNP-antibody complexes. This also supports findings by Lee et al.,
2015 who d rated the possibility of visualizing AuNP-antibody
complexes as a result of the presence of immobilized AuNPs. The
roughness of the surface increased significantly on the surface contain-
ing AuNPs bioconjugated to goat anti-rabbit IgG H&L secondary anti-
body (Fig. 8D). The Z range increased from 289 nm in the Au thin film
sample (Fig. 8A) to 681 nm in the MA + 1° Ab-+2°Ab sample containing
immobilized bioconjugated AuNPs. This shows that immobilization of
the secondary antibody to the AuNPs was achieved and the secondary
antibody on the surface of the AuNPs was able to react with the primary
antibody on the surface of the biosensor chip. This finding supports the
UV-vis absorption spectroscopy findings in section 3.2, and the SEM and
EDX spectroscopy results in section 3.5.

3.7. LSPR biosensing

The optimized biosensor chip with characterized bioconjugated

10

AuNPs immobilized on the biosensing surface was analyzed using a
custom-built transmission spectroscopy setup to perform LSPR bio-
sensing. Samples were prepared in triplicates under the same conditions
and repeated three times (n = 3). The transmitted intensity between the
five sample groups was measured. Sample groups included Au-thin
layer, MA, MA + 1° Ab, MA + 1° Ab+2°Ab, and MA + 2°Ab. Mea-
surements of transmitted intensity of the five sample groups are depicted
in Fig. 9A. The transmitted intensity ements of the five I

groups demonstrated that there was more light transmitted in the Au-
thin film sample used as the background. The MA sample transmitted
less light compared to the Au. The MA + 2°Ab sample used to test for
non-specific binding transmitted less light compared to the MA. This
shows that the bioconjugated secondary antibody could not bind
directly to MA. The small traces of AuNPs seen on the SEM surface
(Fig. 6C) may be a result of MA + 2°Ab transmitting less light compared
to the MA sample group. However, there were no significant differences
between these two samples when comparing the average peak height
(Fig. 9B) and the area under the graph (Fig. 9C). The MA + 1° Ab sample
less light compared to the MA + 2%Ab. This finding supports the suc-
cessful binding of the primary antibody to the MA surface. A small shift
in the wavelength from 516.25 to 516.67 nm was observed in sample
groups containing the primary antibody. The MA + 1° Ab+-2°Ab sample
reported the lowest transmitted intensity. From these results and the
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Fig. 9. The transmitted intensity between the Au thin film layer, MA, MA + 1°Ab, MA + 1°Ab + 2°Ab, and MA + 2°Ab. The Au-thin layer was used as the
background sample since all the sample groups were developed from it. The MA sample was used as a reference sample since all the sample groups except the
background sample have MA on the surface as the biorecognition element. (A) shows transmitted intensity peaks of the five sample groups, whereby the Au-thin layer

foll

itted more light,

d by MA, MA + 2°Ab, MA + 1°Ab, and the MA + 1°Ab + 2°Ab sample reported the lowest transmitted intensity. (B) shows differences

in height (B) and area under the graph (C) for each sample group spectrum observed in (A). Sample groups were prepared in triplicates under the same conditions and

repeated three times (n = 3).

AFM results, it is evident that immobilization of the biorecognition
element on the biosensor chip was successful and enabled reaction with
the targeted primary antibody which subsequently reacted with the
secondary antibody on the surface of AuNPs, hence the increase in
height and roughness detected on AFM which lead to less transmitted
light on LSPR biosensing.

4. Conclusion

In summary, a custom-made optical biosensor chip consisting of a
thin gold-coated layer deposited on a titanium layer on a glass substrate
was developed using the Korvus Technology HEX benchtop thin film
deposition system. The developed biosensor chip was subsequently
functionalized with mycolic acid TB antigens for the detection of anti-
Mycobacterium tuberculosis antibodies, and a custom-built localized
surface plasmon resonance biosensing setup was successful in differen-
tiating between experiment and control groups for the detection of anti-
Mycobacterium tuberculosis. In this study, Mycolic acid TB antigens were
realized as efficient biomarkers to specifically capture anti-Mycobacte-
rium tuberculosis antibodies and produce a detectable signal for purposes
of TB diagnosis. Based on data acquired using UV-vis absorption spec-
troscopy, DLS, and FTIR it was proven that the covalent bioconjugation
of AuNPs with antibodies was successful. Furthermore, biosensing

surface characterization using SEM showed the presence of the bio-
conjugated AuNPs on the biosensor chip surface, and the gold percent-
age on EDX spectroscopy was higher in the experiment group containing
AuNPs than in the control group and the Au-coated chip used as refer-
ence. On AFM, surface roughness and height increased in the experiment
group compared to the control and reference groups. And on LSPR
biosensing, there was more light transmitted in the reference sample
when analyzing peaks based on peak intensity and area under the peaks,
followed by the control samples, and the experiment sample transmitted
less light. Overall, it was proven that mycolic acid could be applied as an
efficient biomarker to capture anti-Mycobacterium tuberculosis anti-
bodies. It can be used for the development of biosensor chips for TB
diagnosis. And also, biosensor chips can be successfully analyzed using
optical detection techniques such as LSPR for diagnostic purposes.
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Despite major efforts made to control tuberculosis disease (TB), this disease continues to
present a major global health challenge and drug resistance is continuously growing. TB is
caused by Mycobacterium tuberculosis and spreads exclusively via human-to-human contact
transmission. Therefore, early detection and diagnosis for proper treatment with active TB
have a great impact on public health. Regardless, most people in developing countries with
TB or TB-associated symptoms do not have access to an adequate initial diagnosis.
Available bacteriologic-based techniques are either inefficient or may require a longer
turnaround time from the laboratory. Contemporarily, non-bacteriologic based methods
have both questionable sensitivity and specificity and while others cannot distinguish
between active and latent TB. Thus, additional efforts have been made to find accurate
diagnostic tests for TB. Herein, we review the available methods used for TB diagnosis, and
in addition, we explore point of care (POC) diagnostics as an alternative way to develop TB
diagnostic tests and further evaluate whether bicinformatics can be used as an additional
screening tool for identification of possible TB biomarkers for the development of POC TB
diagnostics, which is part of our research focus.

© 2023 Tuberculosis Association of India. Published by Elsevier B.V. All rights reserved.

1. Introduction

Global Tuberculosis report of 2020 reported that almost 10.4
million people were infected with TB in 2019 and approxi-
mately 1.2 million TB-related deaths were reported in HIV-

Tuberculosis (TB) is a contagious, chronic infectious disease
that is caused by a bacterium, Mycobacterium tuberculosis, and
can infect a variety of organs including the lungs (pulmonary
TB) or organs other than the lungs (extrapulmonary TB)." The

negative individuals, while an estimated 250 000 accounted
for HIV-positive individuals. The majority of these cases were
reported in the developing world including Asia (44%), Africa
(25%), Western Pacific (18%), and Eastern Mediterranean
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(8.2%), while the developed regions accounted for a minority
of the cases, Americas (2.9%), and finally Europe (2.5%).”

TB is curable and preventable under the right conditions.™*
People who develop TB disease can be successfully treated
with a 6-month antibiotic regimen. Although the cost of treat-
ment is reasonably cheap and highly effective, this disease has
remained the leading cause of illness and death for many years
before the COVID-19 pandemic. TB is mostly associated with
poverty, with the majority of cases (95%) and deaths (98%) re-
ported in developing countries.,” Moreover, the HIV/AIDS
pandemic in the majority of these regions has been shown to
increase the risk of infection proceeding to overt disease.”

TB is primarily spread through human-to-human trans-
mission and thus the disease must be diagnosed early and
followed by appropriate treatment in individuals with active
TB." Several issues have been associated with the elimination
of TB globally. One of the major aspects of the hindrance is the
availability of better diagnostic tools to enhance early detec-
tion.” Many developing countries still employ traditional
methods such as Tuberculin skin testing (TST), sputum smear
microscopy (SSM), and evaluation of clinical symptoms as a
way of early detection.®” The sensitivity and specificity of
these tests have been questionable, particularly in patients
with HIV and extrapulmonary infection.'”'" Thus, there is a
need to improve current diagnostics which will ultimately
improve cure rates, and to achieve this relies primarily on the
implementation of point of care (POC) diagnostics.'

Almost two-thirds of TB cases remain undiagnosed or re-
ported to health authorities.'” Thus, if the goal is to eliminate
TB, several tools must be put in place. For example, new
vaccines against TB, the development of new treatment regi-
mens that can be administered for a shorter period, and lastly,
new diagnostic tools that are easier to use and do not require
specialized infrastructure.'” Central to TB control and possibly
elimination is the development of rapid diagnosis. Improved
diagnosis does not rely entirely on sensitivity or specificity
and drug resistance, but the test should be cost-effective, and
user-friendly, i.e., useable in remote areas with no or lack of
infrastructure development and can be used by health
workers with minimal training.

Advancements in TB POC diagnostics have been made in
recent years. For example, molecular tests such as the Xpert
MTB, loop-mediated isothermal amplification (LAMP) assays,
lipoarabinomannan (LAM) urine strip test, and molecular line-
probe assay have been used and shown improvements in
early TB diagnosis.”* However, these are costly and there is
still limited access to these diagnostic tools in most devel-
oping countries, thus a need for improvement and accessi-
bility. This review aims to provide insights on POC diagnostics
and highlight other technologies that can be used to further
improve this diagnostic test for better use and improved
sensitivity and specificity.

2. Current TB diagnostic methods

There are numerous methods used for screening and diag-
nosing TB. Diagnosis is primarily dependent on initial clinical
assessment, chest radiography or chest x-ray (CXR), and
subsequent laboratory confirmation by various bacteriologic

studies. The most commonly used TB screening and diag-
nostic methods include purified protein derivative (PPD), TST
or Mantoux test, SSM, TB culture, and various nucleic acid
amplification tests (NAATs)."*"”
2.1.  Rapid tests
The TST is a subcutaneous delivery/injection of a purified
protein derivative protein. This test has been successfully
used for rapid TB screening, but it has since failed to
discriminate between active and latent TB infection. More-
over, a high percentage of false positive results have been
reported in individuals with preceding Bacillus Calm-
ette—Guérin (BCG) vaccination.'” It is used as a standard test
to diagnose latent TB but has the potential for a high number
of false positives. The high percentage of false positives
cannot only be not limited to previous BCG vaccination but
infection with non-tuberculosis mycobacteria and incorrect
interpretation of the results'*'®
2.2.  Microscopy
The SSM is a simple test used to identify MTB acid-fast bacilli
and remains the primary method for diagnosis of pulmonary
TB in low- and middle-income countries with limited settings.
It is affordable and can be performed in basic laboratories at
primary healthcare clinics.’” It has low sensitivity and re-
quires a minimum of 5000 acid-fast bacilli per milliliter (AFB/
ml) for detection which is a challenge to pulmonary TB diag-
nosis in children and immunocompromised individuals with
HIV/AIDS comorbidities that have low bacilli count and those
with extrapulmonary TB."” Furthermore, it cannot distinguish
between dead or live bacilli. Since all mycobacteria are acid-
fast, the SSM cannot distinguish between tuberculous and
non-tuberculous mycobacteria, hence it cannot be used for
species differentiation and drug sensitivity testing (DST)."?
TB culture is the gold standard for diagnosing TB and has
high sensitivity and specificity and can also be used for DST.
MTB is a slow-growing and fastidious bacterium that requires
specialized media and approximately 2—-6 weeks to detect
growth on culture media, and these cultures are kept for up to
12 weeks before they can be reported negative.”* TB culture
has its limitations, for instance, it requires specialized infra-
structure such as Biosafety level 4 (BSL4) laboratories which
may not be always available in resource-limited settings,
poses a high risk to laboratory personnel, and therefore re-
quires highly trained staff to perform tests, and the turn-
around time for results is long.*’
2.3.  Point of care diagnostics
Recent innovations in POC diagnostic technologies for TB have
resulted in early treatment initiation. For instance, the roll-out
of GeneXpert MTB/RIF devices offers the potential for rapid
and effective diagnosis of TB, especially in resource-limited
countries with a high burden for TB/HIV co-infection.”’ "
Currently, Xpert MTB/RIF assay (Cepheid, Inc., Sunnyvale,
CA, USA) is the recommended NAAT for rapid detection of TB
and rifampicin resistance by WHO in people with suspected
pulmonary TB”* “* The NAAT can rapidly detect the genetic
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material of MTB from the respiratory specimen; however, it
cannot be used to monitor treatment response because it
detects both viable and non-viable tuberculous mycobac-
teria."” The Xpert MTB/RIF also has limitations associated
with it, for example, resistance to rifampicin (RIF) is used as a
marker for multi-drug resistance TB (MDR-TB), however, other
bacterial strains may exhibit only mono-resistance to RIF
which may not necessitate full line MDR therapy, thus
resulting in false positive RIF diagnosis. Other drawbacks
include high costs for testing, appropriate infrastructure, and
annual calibration of the instrument.”” Ensuring an uninter-
rupted supply of cartridges remains a challenge as the global
demand for Xpert cartridges increases.”

3. Bioinformatics

The introduction of high throughput sequencing technologies
has allowed clinical laboratories to extract a large amount of
data about the genome, transcriptome, metabolome, and phe-
nome of various patients.”® This information allows screening
and early detection of diseases as well as therapeutic targets in
drug discovery. Bioinformatics is a discipline in the field of
biology that uses computational techniques for analysis and
extracting information from biomolecules.” This review will be
mainly focused on the role of transcriptomics in the identifi-
cation of possible biomarkers for TB diagnosis.

3.1.  Transcriptomics

In recent years transcriptomic analysis of human samples has
provided insights into understanding genes that are
expressed in different patient samples. Thus, comparisons of
gene expression profiles from test samples (i.e. those with
disease) to those without, have made it possible to identify
genes that differ in their expression between groups, thus
giving a disease signature. Identification of disease signatures
is beneficial for diagnostic tool development and drug dis-
covery, thus understanding pathways that are affected during
the disease.”” For example, de Araujo et al. (2019) showed
differential expression of four major classes of small non-
coding RNAs in peripheral blood from patients with different
stages of TB infection. This study reported that in addition to
microRNA (miRNAs), which are known to be highly regulated
in blood cells of TB patients, there was a significant expression
of PIWI-interacting RNA (piRNA) and small nucleolar RNA
(snoRNA) in both latent and active TB, thus yielding promising
biomarkers. While the functions of small nuclear RNA
(sncRNA) have not been fully elucidated, their results strongly
suggested that at least piRNA and snoRNA populations may
represent potential biomarkers of TB diagnosis in the different
stages of TB infection.” Currently, there is a plethora of data
generated for biomarker development using microarray plat-
forms. In another study, bicinformatic tools including gene
ontology (GO) analysis, and KEGG pathway analysis for gene
function, and enrichment was used to analyze differentially
expressed genes from pulmonary TB from the Gene expres-
sion Omnibus (GEO) database. Overall, 7 genes namely C-C
motif chemokine ligand 20 (CCL20), prostaglandin-
endoperoxide synthase 2 (PTGS2), Intercellular adhesion

molecule 1 (ICAM1), TIMP metallopeptidase inhibitor 1
(TIMP1), matrix metalloproteinase 9 (MMP9), C-X-C motif
chemokine ligand 8 (CXCL8) and Interleukin-6 (IL6) were
associated.”’ Using a similar approach, a transcriptional
regulator factor 1 (IRF1) was up-regulated in TB-infected in-
dividuals when compared to healthy controls and thus mak-
ing it a potential biomarker for TB.*” Another study
investigating host-blood derived biomarkers using blood-
derived transcriptomes for the GEO database has revealed
that Ubiquitin/ISG15-conjugating enzyme E2 L6 (UBE2L6),
Basic leucine zipper transcriptional factor ATF-like (BATF2),
Plasma protease C1 inhibitor (C1-IMH), and vesicle-associated
membrane protein S (VAMPS) could potentially be used for
diagnosis of active TB and possibly be used to differentiate
active and latent TB.” Another study showed that a protein
marker, C-X-C motif chemokine ligand 1 (CXCL1) was suc-
cessfully used in discriminating between active pulmonary TB
from non-pulmonary TB, latent TB, and healthy controls.”* A
recent study was conducted using whole-blood transcriptome
data obtained from the GEO database. This data was collected
from children with active and latent TB. The data revealed
that genes associated with neutrophil activation and degran-
ulation, neutrophil-mediated immunity, and defense
response were significantly differentially expressed. Amongst
the cohort was Toll-like receptor 2 (TLR2), Formyl peptide re-
ceptor 2 (FPR2), Matrix metallopeptidase 9 (MMP9), Myelo-
peroxidase (MPO), carcinoembryonic antigen-related cell
adhesion molecule 8(CEACAMS), Elastase, neutrophil
Expressed ELANE (Fc fragment of IgG receptor 1A), Fc fragment
of IgG receptor 1A (FCGR1A), Selectin (SELP), Arginase 1
(ARG1), G protein subunit gamma 10 (GNG10), Haptoglobin
(HP), Lipocalin 2 (LCN2), Lactotransferrin (LTF), Adenylate
cyclase 3 (ADCY3) were able to differentiate between latent
and active TB in children, thus, presenting potential gene
markers for developing non-sputum diagnostic tools for
childhood tuberculosis.”” These are just a few examples of
studies performed on host transcriptomics to search for po-
tential biomarkers for the diagnosis of different stages of TB.
Many studies available on biomarker development for diag-
nosis and treatment have mainly focused on the host tran-
scriptome and little has been reported on the pathogen
differential expression at different stages of the disease.
Perhaps, future studies should also consider the differential
expression of the TB pathogen in the host in conjugation with
the host immune response to better understand the host-
pathogen interaction. These findings may be useful in
searching for additional biomarkers for TB diagnostics.

4, The application of photonics in TB
diagnostic test development

Photonics-based diagnostic platforms have shown a great
potential to be adapted for rapid and accurate diagnosis of TB,
nonetheless, these have not been extensively explored and
thus, have since emerged as a promising technology for
diagnosis. For example, more advanced biophotonics-based
methods such as Raman spectroscopy (RS), surface plasmon
resonance (SPR), and biosensors-based approaches for TB
diagnosis will be discussed in more detail in this review.
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4.1. Surface plasmon resonance

Surface plasmon resonance (SPR) is defined as a label-free,
high-throughput, optical test that can be used to analyze
protein-protein interactions. It is highly sensitive and uses
small numbers of samples for real-time measurement of
biomolecular interactions. In addition to studying the ther-
modynamics of biomolecular interactions, it can also be used
to determine study binding kinetics, specificity, and affinity.
The phenomenon of SPR occurs when photons of an incident
light source hit a thin metal surface (for example, gold, and
silver) at a specific angle, these metal surface electrons get
excited and start resonating. These resonating electrons
generated at the boundary of the metal surface are referred to
as surface plasmons.”® A study by Malabi et al. (2019) showed
that SPR can be used to detect biological analyte.”’ Other
studies showed that SPR was able to detect TB-specific anti-
gens or antibodies. For example, Hong et al. (2010) showed
that a tissue-specific antigen found in most TB patients, CF10
could be detected using SPR. In this study monoclonal anti-
bodies (anti-CF10) were immobilized on a gold surface to
specifically bind to CF10 antigen. This assay was able to detect
up to 100 ng/ul of TB antigen (CFP-10 antigen) in tissue fluid.”
The sensitivity of the SPR system was further enhanced by
using TB antigen CFP-10 in sandwich assay and coupling the
secondary sandwich antibodies with nanoparticles (*).
Another study by Sun et al. (2017) showed that a localized SPR
was able to detect TB- specific antibodies. In this study, a
fusion protein CFP10-ESAT6 antigen was immobilized to gold
nano-rods by using chemical modification. The functionalized
gold nanorods-antigen complex was incubated with serum
collected from patients with active TB, non-tuberculous pul-
monary disease, and their healthy controls. The test suc-
cessfully detected TB CFP10-ESAT6 with a specificity and
sensitivity of 79% and 92%, respectively.’” Kimuda et al. (2018)
showed that SPR can also be used to characterize antibody
avidity in patients with active pulmonary TB, and latent TB
when compared to the healthy controls.”* SPR has also been
used to detect TB-specific sequences, for example, Duman
et al. (2010) showed that the M. tuberculosis complex (MTBC)
was successfully detected using SPR based multichannel
system. Herein the probe was designed to have a spacer that
would bind directly to the target sequence. The sensor was
prepared by direct coupling of the thiolated probe with a gold
surface and blocked with mercapto-1-hexanol to prevent non-
specific binding. This assay was able to detect up to 30 ng/ul of
the target.

4.2. Raman Spectroscopy

Raman Spectroscopy has been used as a preferred method for
qualitative analysis and it is often used for the characteriza-
tion of biological samples owing to its high specificity in
determining and differentiating chemical bonds in mole-
cules.”” It has become a powerful non-invasive and non-
destructive molecular identification tool.”” RS has been used
for TB detection using sputum sample.”” The analysis done on
Raman spectra showed the presence of a TB biomarker com-
pound in the sputum sample and this biomarker created
variations of Raman peaks. These variations included

intensity fluctuation and wavenumber shift of coinciding
peaks, furthermore, the signal detected was weak. As a result,
RS was coupled to a machine learning algorithm, Principal
component analysis (PCA) to accurately differentiate TB-
negative and TB-positive specimens using cell-free superna-
tant of sputum samples. Thus, the inclusion of PCA on the
acquired Raman data resulted in a more rapid and accurate
detection system for TB.

5. Biomarkers and biosensors

Studies on the identification of TB biomarkers for the devel-
opment of biosensors that can be used for effective TB diag-
nosis have been described. For example, Liu et al. (2018)
developed a multiplex TB biomarkers detector coupled with an
optical sensor. This optical diagnostic platform was based on
silicon photonic microring sensors and asymmetric
isothermal amplification technique (SPMS-AIA). These bipho-
tonic sensors did not require labeling and were successfully
used for the detection of a single MTBC biomarker (1S6110) and
as a multiplex for the detection of two biomarkers (1S6110 and
1$1081) in clinical sputum specimens. The assay was rapid and
label-free, and results were obtained in real-time." In another
study, Crawford et al. (2017) used a Surface-enhanced Raman
scattering (SERS)-based immunoassay approach for the
detection of mannose-capped Lipoarabinomannan (ManLAM),
an antigenic marker for active tuberculosis infection in human
serum. The platform used a combination of gold nanoparticle
(AuNP) labels, ManLAM monoclonal antibodies (mAbs), and
surface-enhanced Raman scattering (SERS) detection. The
limit of detection was also evaluated in human serum samples
that were spiked with ManLAM antigen. Furthermore, the
sensitivity was further enhanced by adding a layer of Cyanine
5 to a layer of gold capture surface, thus this complex chemi-
cally interacts with the substrate to form the Surface-
enhanced Resonance Raman Scattering (SERRS).” Other
studies showed that the fabrication of biosensors has
improved with the coupling of photonic sensor chips into
polymer microfluidic cartridges. For instance, Gonzalez-
Guerrero et al. (2016) developed a novel photonics-based
platform for the detection of TB in human urine samples.*®
This platform consists of the label-free detection of Lip-
oarabinomannan (LAM) in unprocessed urine. The photonic
sensor chip is based on a Mach—Zehnder Interferometer (MZI)
transducer which was combined with an on-chip spectral fil-
ter.***” A broadband light source was used as a light source
whereas a complementary metal oxide semiconductor (CMOS)
sensor was employed as a signal detector. The sensor chip
surface was functionalized with specific monoclonal anti-
bodies against LAM. The shift in the wavelength induced by
the refractive index changes on the surface of the sensor was
used to evaluate the sample diagnosis in real-time. TB has
detected in human urine samples in less than 15 min and the
limit of detection was as low as 475 pg/mL for the direct
detection in spiked urine samples. The results obtained using
the Mach-Zehnder interferometer biosensor correlated to
those obtained with GeneXpert. The platform showed up to
100% sensitivity and specificity when compared to rapid tests
commercially available for TB detection.”’
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Novel devices that utilize immunosensor and bio-opticals
have been developed to diagnose pulmonary Tuberculosis
(TB) in patients.”** These devices use prisms whereby the
surfaces are coated with Mycobacterium tuberculosis-specific
antibody and fluorescent peptide determinants.”® In the
presence of TB bacterium, the fluorescent-coated de-
terminants are displaced by TB bacterium and the diode laser
of the measuring device interrogates this biochemical pro-
cess. The amount of the antigen present on the surface of the
prism is determined by evanescent wave fluorimetry on the
device.””** Results are obtained within a few minutes and the
assay was able to detect up to 50—75 CFU/mL of Mycobacte-
rium tuberculosis cells*

All these studies show that POC diagnostics offers more
advantage in TB diagnosis as they are rapid, easy to handle,
and operate. In particular, biosensors are portable, rapid, and
sensitive and they can be used even in clinical settings outside
the laboratory which is advantageous, especially in the
developing world where there is limited access to specialized
laboratories.™

6. Conclusions

TB disease still affects millions of people globally and
achieving complete eradication will depend primarily on the
availability of proper diagnostic tools for early detection.
Herein, we reviewed POC diagnostic tools that are reliable,
robust, and easily accessible even in the most decentralized
areas that offer a better alternative. Most of these tests are
performed on samples that are easily accessible and results
are usually obtained in real-time. Thus, the availability of
these tests will increase treatment turnaround time and
consequently reduce the risk of patient loss-to-follow-up.
Although many of these tests including the Xpert MTB/RIF,
LAM, and NAAT have been proven effective in recent years,
there is also a major drawback associated with them, thus a
need for improvement. Biophotonics-based techniques have
somewhat shown increased sensitivity and specificity in TB
diagnostics and thus can ultimately be used to complement
available diagnostic tools. Regardless, there is still limited data
available on the biomarkers that can be effectively used for
the definitive diagnosis of TB in different stages of infection
(active vs latent), different patient samples (healthy vs
immunocompromised), and in adults vs children. The
advancement of next-generation sequencing technology or
bioinformatic tools has enabled the identification of possible
TB biomarkers in the host. Similarly, these technologies can
also be used for searching for additional biomarkers of TB ex
vivo in different stages of TB infection, which is our research
focus. These biomarkers can be effectively used for the
development of biphotonic-based POC diagnostics tools.
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ABSTRACT

When it comes to diagnostics for various microorganisms, biosensors offer great advantages over conventional analytical
techniques. Specifically, they can provide multiple capabilities such as user-friendly operation, real-time analysis, rapid
response, high sensitivity and specificity, portability, label-free detection, and cost-effectiveness. As a result, this
diagnostic approach possesses suitable features to develop point-of-care (POC) diagnostics and monitoring technologies.
In this study, for the first time, an optical biosensor chip was developed and analysed using a localised surface plasmon
resonance (LSPR) optical biosensing technique to monitor biomolecular interactions between mycolic acid TB antigen and
anti-mycobacterium tuberculosis antibody. Mycolic acid was successfully immobilised on a gold-coated biosensor chip
and allowed to react with an anti-mycobacterium tuberculosis antibody. To enhance the detection signal from biomolecular
binding events, AuNPs were used and successfully bioconjugated with goat anti-rabbit IgG H&L secondary antibody and
characterised using ultraviolet-visible (UV-vis) spectroscopy and subsequently introduced on the biosensing layer.
Scanning electron microscopy (SEM) and energy-dispersive X-ray (EDX) spectroscopy were used to characterise the
biosensing surface. The optimised biosensor chip was analysed using a custom-built biosensing transmission spectroscopy
setup to perform LSPR biosensing. From our findings, it was realised that mycolic acid was successfully immobilised on
the biosensing surface and made it possible to capture anti-mycobacterium tuberculosis antibodies. The LSPR optical
biosensing technique was indeed successful in the detection of anti-mycobacterium tuberculosis antibodies.

Keywords: Localised surface plasmon resonance, optical biosensing, transmission spectroscopy, scanning electron
microscopy, energy dispersive X-ray, atomic force microscopy, mycolic acid, mycobacterium tuberculosis
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Figure 1: A custom-built optical biosensing setup used to measure transmitted light. The setup consists of a 512nm green light source
with a power of 3.1 mW, collimating lenses (L.1 and 2), XYZ stage, a 10x microscope objective, and an imaging system consisting of a
CCD camera and computer. focussing lens (L3). an optical fiber, and a portable USB spectrometer connected to a computer.

3. RESULTS AND DISCUSSION
3.1. UV-vis absorption spectroscopy

UV-vis absorption spectroscopy was used in this study to characterise the 60 nm Au Nanourchins before and after
bioconjugation to goat anti-rabbit IgG H&L secondary antibody. The bioconjugated AuNPs play a significant role in
enhancing the detection signal when introduced on the biosensing surface containing the complementary primary antibody.
A spectrophotometer can be used to identify components in a solution mainly based on their unique absorbance
characteristics [16]. Covalent conjugation chemistry was used to functionalise AuNPs with the secondary antibody.
Specifically, EDC and NHS chemistry was used to link the goat anti-rabbit IgG H&L secondary antibody to polyethylene
glycol (SH-PEG-COOH). In this chemistry, EDC and NHS activate the carboxyl groups of the AuNP surface to form an
intermediate that interacts with the amine group (NH>) on the antibody !'”). Successful bioconjugation occurs when the
secondary antibody binds to the AuNPs surface and is confirmed by observing a wavelength redshift in the absorption
spectrum by a few nanometres ', Figure 3 shows the UV-vis absorption spectrum of AuNPs before and after
bioconjugation.
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Figure 2: UV-vis absorption spectrograph of the AuNPs recorded before and after bioconjugation to goat anti-rabbit IgG H&L secondary
antibody. The black line represents the spectrum of neat AuNPs before bioconjugation, and the red spectrum represents AuNPs after
bioconjugation with a secondary antibody. A redshift of 10 nm was detected to confirm successful conjugation.

The reduction in absorption intensity and the redshift in the wavelength observed after AuNPs bioconjugation with the
secondary antibody was an indication of successful covalent bioconjugation. The use of this bioconjugated AuNPS plays
asignificant role in signal enhancement by changing the refractive index when introduced on the biosensing surface. Figure
3 shows the absorption spectrum of AuNPs before bioconjugation (black line spectrum) and the spectrum of AuNPs after
bioconjugation (red line spectrum). An absorption peak intensity of 575 nm was detected before bioconjugation, and 585
nm after bioconjugation was observed, thus resulting in a redshift of 10 nm. The NanoUrchins used in this study have a
spiky uneven surface morphology which causes a red shift in the surface plasmon peak and a larger enhancement of
electromagnetic fields at the tips of the NanoUrchin spikes as compared to that of spherical particles '), The unique optical
properties of the Nanourchins allow them to be easily manipulated compared to bulk gold. These special characteristics
provide vast advantages, especially in biosensing and diagnostic imaging. One of the major attributes is the interchange of
light with electrons on the exterior ), The resonance wavelength and bandwidth of the AuNPs are dependent on the shape,
particle size, refractive index of the surrounding media, and temperature. The shift in the AuNPs-IgG bioconjugate spectra
might be a result of the changes in the dielectric environment surrounding the AuNPs 12!,

3.2. Scanning Electron Microscopy (SEM)

The SEM analysis was used for end-point characterisation of the biosensing surface. To perform SEM and EDX, three
sample groups were prepared, namely a gold thin film surface as the background sample, the experiment sample, and the
control sample. The Au thin film was used to prepare the experiment and control samples consisting of the MA
biorecognition element on the surface. The Au thin film sample consisted of approximately 40nm of Au, and SEM was
able to produce images of the distribution pattern on the surface (Figure 3A). The experiment sample surface consisted of
mycolic acid TB antigen, anti-mycobacterium tuberculosis primary antibody, and AuNPs bioconjugated with goat anti-
rabbit IgG H&L secondary antibody. The control sample consisted of everything else except the anti-mycobacterium
tuberculosis antibody. This was done to test the specificity of the biorecognition element (MA) to the primary antibody
and other antibodies. Images of the three sample groups are depicted in figure 3.

Proc. of SPIE Vol. 12387 123870E-6

Downloaded From: https://www.spiedigitallibrary.org/conf ings-of-spie on 22 Mar 2023
Terms of Use: hlips:Ilwww.spiedigitaIlibvary.mgﬁerms-o!—use

127
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Figure 3: SEM images of the biosensing surface of the Au thin film deposited on a glass substrate (A), experiment sample consisting
of SAM of mycolic acid TB antigen, anti-mycobacterium tuberculosis antibody, and a secondary antibody bioconjugated 0 AuNPs.
(B), and the control sample which lacks an anti-mycobacterium tuberculosis antibody. The AuNPs (Nano-urchins) under SEM are
visualised as tiny bright spots resembling stars. Minimal traces of bioconjugated AuNPs were spotted on the biosensing surface of the
control sample.

Figure 3A displays how Au was deposited on the glass substrate using titanium for attachment. It is evident that the
distribution is uniform, closely, and densely packed. They are columnar structures that resembled round-shaped structures,
and this is in agreement with what has been documented in the literature ). The nano-interspaces between the columnar
structures support what has been detected in other studies, and this is an indication that the film is robust and can be used
to develop biosensing platforms **, On the experiment sample, SEM was able to detect a substantial amount of the
spherical multi-branched AuNPs (Figure 3B). Agglomeration of AuNPs was not observed on the surface, and the AuNPs
were evenly dispersed. The secondary antibody bioconjugated to the AuNPs is specifically designed to bind the primary
antibody and not MA; hence in the control sample, the addition of bioconjugated AuNPs on the surface resulted in a
negative outcome following the wash step before sample analysis. The non-specific binding observed could result from
the blocking agent (bovine serum albumin) immobilised on the biosensing surface, longer incubation time, or even
inadequate wash steps. Figure 3C shows the SEM results of the control sample where small traces of AuNPs were
visualised. These traces of bioconjugated AuNPs detected on the biosensing surface of the control sample were confirmed
by EDX to be insignificant.
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3.3. Energy-dispersive X-ray (EDX) spectroscopy

EDX spectroscopy was used to detect the elements present on the surface of the three samples described in section 3.2.
EDX was able to qualitatively determine the elemental composition between the reference sample (Au thin film),
experiment, and control samples, primarily focusing on the quantity of Au as the main element of interest. The biosensor
chips used for SEM were also used to perform EDX spectroscopy. The elemental composition, as per figure 4A - C shows
that Au and Si dominate over all the other elements detected between the three sample groups. Since the glass was used as
the substrate, Si is present in all the samples in approximately equal quantities. The quantity of Au between the different
samples is per contribution from the Au thin film and the amount of AuNPs on the surface.

Figure 4: EDX spectrographs of the Au thin film deposited on a glass substrate (A): the experiment sample consisted of mycolic acid
TB antigen, an anti-mycobacterium tuberculosis primary antibody, and a goat anti-rabbit IgG H&L secondary antibody bioconjugated
to AuNPs. (B), and the control sample consists of the biorecognition element (MA) and the bioconjugated secondary antibody which is
not designed to bind to MA (C). The main elements obtained from all three samples are Au, Si, Ti, Na, Mg, Ca, and CI. Significant
differences in Au quantity were observed when the experiment sample was compared to the control and reference samples.

The quantity of Au in the reference sample, experiment, and control sample were 42.83, 52.62, and 42.50. This observation
supports the SEM data whereby AuNPs were dominant on the surface of the experiment sample (Figure 3B) compared to
the control. The additional Au percentage detected in the experiment sample was contributed by the presence of AuNPs
on the surface. Approximately similar quantities of Au were detected on the Au thin film sample and the control as an
indication that the detected quantity was mainly from the surface deposited Au.
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3.4. Optical biosensing

The optimised biosensor chip with immobilised biorecognition element was analysed using the custom-built
nanoplasmonic biosensing setup to measure transmitted light intensity between the five sample groups. Samples were
prepared in duplicates under the same conditions, and analysis was performed three times (n=23) for reproducibility. Optical
biosensing was performed on five sample groups obtained at different stages of the biosensor chip development. This is
significant to confirm the surface immobilisation integrity of the biosensor chip. Sample groups included Au-thin film
immobilised on a glass substrate, MA monolayer (MA + 1° Ab), secondary antibody bioconjugated with AuNPs
immobilised on a surface containing primary antibody (MA + 1° Ab + 2° Ab), and bioconjugated secondary antibody
immobilised on a surface containing MA (MA + 2° Ab). Measurements of transmitted intensities between the five sample
groups are depicted in figure SA. From the analysis, it was realised that there was more light transmitted in the Au-thin
film sample used as a reference.
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Figure 5: Transmitted intensity between the Au thin film layer, MA, MA+1°Ab, MA+1°Ab+2"Ab, and MA+2°Ab. Figure (A) shows
the transmitted intensity peaks of the five sample groups, whereby the Au-thin layer transmitted more light, followed by MA, MA+2°Ab,
MA+1°Ab, and the MA+1°Ab+2°Ab sample reported the lowest transmitted intensity. Figure (B) shows the difference in peak height
between the five sample groups.

The MA sample transmitted less light compared to the Au. The MA+2"Ab (referred to as control in sections 3.2 and 3.3)
sample was used to test for non-specific binding transmitted less light compared to the MA. This may have been due to
the small traces of AuNPs observed under SEM in figure 3C. This shows that the bioconjugated secondary antibody could
not bind directly to MA; however, there was still non-specific binding detailed in section 3.2. There were no significant
differences between these two samples when comparing the average peak height (Figure SB). The MA+1" Ab sample
transmitted less light compared to the MA+2"Ab. This finding supports the successful binding of the primary antibody to
the MA surface. The MA+1° Ab+2°Ab (referred to as the experiment sample in sections 3.2 and 3.3) sample reported the
lowest transmitted intensity. From these findings, it is proven that immobilisation of the biorecognition element on the
biosensor chip was successful, and binding to the primary antibody was successful. It was also evident that the
biorecognition element specifically binds to anti-mycobacterium tuberculosis and not any other antibody.

4. CONCLUSION

In conclusion, a custom-made gold-coated optical biosensor chip was designed and successfully developed for the optical
detection of anti-mycobacterium tuberculosis. The developed biosensor chip was efficiently functionalised with mycolic
acid TB antigen as the biorecognition element to react specifically to the anti-mycobacterium tuberculosis antibody. The
biorecognition element’s specificity was proven by introducing a goat anti-rabbit IgG H&L antibody bioconjugated with
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Photonic crystal-based biosensor chip development for TB diagnosis

Charles Maphanga L.2* Saturnin Ombinda-Lemboumba !, Yaseera Ismail 2, Patience Mthunzi-
Kufa -2

!Council for Scientific and Industrial Research, National Laser Centre, P O BOX 395, Pretoria,
0001, South Africa

2University of KwaZulu-Natal, School of Chemistry and Physics, Westville Campus, University
Road, Durban, South Africa

ABSTRACT

Tuberculosis (TB) is one of the world’s largest infectious diseases. It causes high mortality in humans and leads to about
three million deaths worldwide annually, hence early detection is crucial, especially in a point-of-care (POC) setting to
prevent the spreading of the pathogen by undiagnosed individuals. In the current work, a photonic crystal (PhC)-based
optical biosensor chip was developed for diagnosing TB using mycolic acid TB antigen as a biorecognition element to
capture anti-mycobacterium tuberculosis antibodies. Mycolic acid was successfully immobilized on the PhC biosensor
chip to react with anti- mycobacterium tuberculosis antibody, and the white light-based transmission setup was used for
optical biosensing to monitor biomolecular interactions between the antigen and antibody. Gold nanoparticles (AuNPs)
before and after bioconjugation with goat anti-rabbit IgG H&L secondary antibody were characterised using ultraviolet-
visible (UV-vis) spectroscopy. Bioconjugated AuNPs were subsequently bound to the biosensing surface to enhance the
detection signal of biomolecular binding events. The biosensing surface was further characterised using atomic force
microscopy (AFM). Analysis of biomolecular binding events on the biosensing surface was achieved using a custom-built
PhC optical biosensing setup which successfully distinguished between experiment and control samples. From our
findings, it was realised for the first time that mycolic acid antigen could be immobilised on a biosensing surface to capture
anti-mycobacterium tuberculosis antibodies. From this result, it was concluded that the PhC optical biosensing technique
was successful in detecting small refractive index changes on the biosensing surface for the diagnosis of TB. These results
pave the way for the development of a photonics-based POC diagnostic device for TB.

Keywords: Optical biosensing, photonic crystal, gold nanoparticles, atomic force microscopy, mycolic acid,
mycobacterium tuberculosis
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system and the spectrometer using a fiber. Transmitted light was focused into the fiber using a focussing lens and directed
to the USB 4000 portable spectrometer (Ocean Optics Inc, United States) connected to the computer. The imaging system
enabled the visualisation of biosensing activities on the sample stage and was formed by a charge-coupled device (CCD)
camera connected to a computer. SpectraSuit software was used to perform spectroscopic analysis of the different sample
groups. Sample groups were prepared in triplicates under the same conditions and the analysis was repeated three times
(n=3). During sample analysis, background measurements were taken before each recording. The acquired data were
further analysed using OriginPro software to plot wavelength-shift differences between the sample groups.
a2
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Figure 1: A custom-built photonic crystal biosensing setup used to measure transmitted light. The setup consists of a broadband LED
light source, collimating lenses (L1 and 2), XYZ stage, a 10x microscope objective, and an imaging system consisting of a CCD camera
and computer. The focusing lens (L.3) was used to focus the light into the optical fiber, and the portable USB spectrometer connected to
a computer was used for data acquisition.

2. RESULTS AND DISCUSSION
3.1. Atomic force microscopy

Atomic force microscopy was used in this study to perform layer-by-layer characterisation of the PhC biosensor chip
surface during the chip development process. As different elements were covalently and physically adsorbed on the
biosensor chip surface to distinguish the experiment from the control sample, it was crucial to study the changes in height
and surface roughness between the different sample groups. Sample groups included neat PhC, control, and experiment
sample. The control sample consisted of mycolic acid immobilised on the biosensing surface as the biorecognition element,
and the goat anti-rabbit IgG H&L secondary antibody bioconjugated to AuNPs (TB-bioconjugate). The introduction of the
TB bioconjugate on the surface containing mycolic acid was used to test for the specificity of mycolic acid to antibodies.
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There was no primary antibody on the surface of the control sample. Mycolic acid used in this study should only bind to
the anti-mycobacterium tuberculosis antibody, and the secondary antibody is designed to bind to the primary antibody.
The experiment sample consisted of mycolic acid, anti-mycobacterium tuberculosis primary antibody, and the TB
bioconjugate. The images taken using AFM are shown in figure 2, and each of the scans represents a Spm X Sum lateral
area that was scanned.

3-Dimensional view

Flat view

oo 1: Maight 5.0 : ) 1: Makght 10.0 pon

Figure 2: Atomic force microscopy micrographs of the PhC, control, and experiment group displayed in 3-dimensional and flat view
projection. Figure A and D show the 1-D PhC used as the reference sample displayed in 3D and flat view. Figures B and E show the
control sample in 3D and flat view projection. Figures C and F show the experiment sample in 3D and flat view. The PhC surface was
smooth with no debris detected on it. The experiment sample displayed much more surface roughness compared to the control sample.

In the absence of a primary antibody on the surface of the control sample, the TB-bioconjugate was not expected to bind
to the surface, hence the intense surface roughness observed in the experimental sample was not detected in the control
sample (Figure 2B and E). Various structures resembling AuNP-antibody complexes were visualised on the surface
containing bioconjugated AuNPs in figures 2C and F of the experiment sample. This also supports findings by Lee et al.,
2015 who demonstrated the possibility of visualising AuNP-antibody complexes as a result of the presence of immobilised
AuNPs. The increased surface roughness in the experiment sample could be attributed to the immobilisation of the AuNPs
contained in the TB-bioconjugate bound to the surface of the experiment sample. The Z-range increased from 150 nm in
the neat 1D PhC sample used as a reference to 344 nm in the control sample. The experiment sample containing
immobilised bioconjugated AuNPs displayed a z-range of 473 nm. This shows that the immobilisation of the secondary
antibody to the AuNPs was successful, and the secondary antibody was subsequently attached to the primary antibody on
the surface of the biosensor chip. This finding supports the UV-vis absorption spectroscopy findings in section 3.2 below.

3.2. UV-vis absorption spectroscopy

UV-vis absorption spectroscopy was performed to characterise AuNPs before and after bioconjugated to goat anti-rabbit
IgG H&L secondary antibody. The spectrophotometer can identify components in a solution mainly based on their unique
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absorbance characteristics ?*?!l. Covalent bioconjugation chemistry was used for the bioconjugation of AuNPs to the
secondary antibody. NHS and EDC chemistry was used to bind the secondary antibody to PEG. In this chemistry, NHS
and EDC activate the carboxyl groups of the AuNP surface to form an intermediate that reacts with primary amine groups
on the antibody '**. Bioconjugation occurs upon successful binding of the antibody to the AuNPs surface, thus resulting
in a wavelength redshift in the absorption spectrum by a few nanometres %, The UV-vis absorption spectrum of AuNPs
before and after bioconjugation is shown in figure 3. After successful bioconjugation of the AuNPs with the antibody, a
reduction in absorption intensity in the TB-bioconjugate was observed. Successful bioconjugation of AuNPs with the
secondary antibody plays a crucial role in changing the refractive index when introduced on the biosensing surface of the
biosensor chip. As a result, the sensitivity of the detection system during optical biosensing is enhanced.

10

—— AuNPs
—— TB-bioconjugate

Normalized absorbance (a.u)

400 450 500 550 600 650 700
Wavelength (nm)

Figure 3: UV-vis absorption spectrograph of AuNPs before and after bioconjugation to goat anti-rabbit 1gG H&L secondary antibody
(TB-bioconjugate). The black line represents the spectrum of neat AuNPs before bioconjugation, and the red line represents the spectrum
of AuNPs after bioconjugation with the secondary antibody. A reduction in absorption intensity and a redshift in the wavelength were
observed between the AuNPs and the TB-bioconjugate.

The absorption spectrum of AuNPs before bioconjugation (black spectrum) and the spectrum of AuNPs after
bioconjugation (red spectrum) with goat anti-rabbit IgG H&L secondary antibody is represented in figure 3. Before
bioconjugation, the AuNPs displayed an absorption peak intensity of 575 nm, and a 585 nm peak intensity was observed
after bioconjugation in the TB-bioconjugate. A 10nm redshift in the wavelength was observed as confirmation of
successful bioconjugation. The resonance wavelength and bandwidth of the AuNPs are dependent on the shape, particle
size, refractive index of the surrounding media, and temperature. The shift in the AuNPs-IgG bioconjugate spectra might
be a result of the changes in the dielectric environment surrounding the AuNPs 20241,

3.3. Photonic crystal biosensing

A custom-built PhC biosensing setup was used to differentiate and detect differences between the neat PhC sample, the
control, and the experiment sample. Transmitted light intensity was measured between the three sample groups. During
data acquisition, the samples were placed flat (0° angle) on the sample stage, enabling light to pass directly vertically
through the sample. Based on the manufacturer's instruction, the 1D PhC used in this study provides optimum results at 0°
to 10° angles. In this study, 0° angle provided optimum results. There were clear wavelength-shift differences between the
three samples (Figure 4). The neat PhC sample was detected at a wavelength of 650.08 nm, and the control sample with
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mycolic acid biorecognition element on the surface was detected at a wavelength of 653.48 nm. There was a redshift of
3.4 nm in the wavelength detected between the reference sample and the control. The redshift detection is due to changes
in the refractive index between the two samples [>!I. There was also a significant reduction in transmitted intensity between
the neat PhC and the control, and this is attributed to the successful immobilisation of the biorecognition element in the
control sample. The experiment sample was detected at a wavelength of 655.88 nm, and a redshift of 2.4 nm was detected
between the control and the experiment. A further reduction in transmitted intensity was detected between the control and
the experiment, suggestive of successful binding of anti-mycobacterium tuberculosis to the biosensing surface containing
immobilised biorecognition element, and the binding of the TB-bioconjugate containing AuNPs may also have contributed.
These results fully support the AFM results in section 3.1. When the experiment sample was compared to the reference
sample, a redshift of 5.8 nm was recorded. From these findings, it is evident that the introduction of elements on the PhC
changes the refractive index of the material, which contributes directly to changes in detectable wavelength between
various sample groups. These findings suggest a possible diagnosis of TB using label-free PhC optical biosensing and
provide a platform for the possible development of photonics-based POC TB diagnostic devices.
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Figure 4: Photonic crystal spectrograph for the detection of anti-mycobacterium tuberculosis antibodies. The neat PhC spectrum is
represented by the black line, the control is represented by the red spectrum, and the experiment is represented by the blue spectrum.
There were clear detectable wavelength differences between the three sample groups, and a reduction in transmitted intensity was also
recorded.

4. CONCLUSION

In conclusion, anti-mycobacterium tuberculosis antibodies were successfully detected using a 1D photonic crystal-based
biosensor chip. Mycolic acid was successfully immobilised on the biosensor chip for purposes of specific binding to anti-
mycobacterium tuberculosis. Non-specific binding was successfully ruled out by introducing a bioconjugated secondary
antibody to the surface of the biosensor chip containing the biorecognition element. The secondary antibody was unable
to bind to the biorecognition element and was confirmed using atomic force microscopy. The AFM further provided clear
height and surface roughness differences between the three samples. The bioconjugated secondary antibody was able to
bind to the primary antibody on the biosensing surface, and further changed the refractive index of the surface. This resulted
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ABSTRACT

Recently, various nanomaterials have been used to develop nanotechnology-based rapid diagnostic tests. Due to their
unique optical properties, gold nanoparticles (AuNPs) have been employed to design and develop modern biosensors for
the rapid and real-time detection of various diseases or pathogen-specific biomolecules/markers, such as DNA, RNA,
proteins, and whole cells. Optical biosensors offer great advantages over conventional analytical techniques.
Specifically, they can provide multiple capabilities such as user-friendly operation, real-time analysis, rapid response,
high sensitivity and specificity, portability, label-free detection and cost-effectiveness. As a result, this diagnostic
approach possesses suitable features to develop point-of-care (POC) diagnostics and monitoring technologies. This study
implemented the use of surface plasmon resonance (SPR) biosensing to monitor biomolecular interaction between
biorecognition element covalently immobilized on a gold-coated glass substrate and an analyte. A custom-built
Kretschmann configuration SPR optical biosensing setup was used to measure angle shift to monitor the biomolecular
interaction events on the biosensing layer. To amplify the differences in SPR biosensing due to biomolecular binding
events, AuNPs were used and successfully conjugated to the anti-TB antibodies and confirmed using ultraviolet-visible
(UV-vis) spectroscopy. Mycolic acids were successfully immobilized on gold-coated substrates and were able to bind to
the anti-TB antibodies that were introduced on the substrates, therefore enabling the detection of the captured anti-TB
antibodies. As a result, mycolic acids have been realized to be efficient biomarkers to specifically react with anti-TB
antibodies and produce a detectable signal for the purpose of TB diagnosis.

Keywords: Surface plasmon resonance (SPR), optical biosensing, gold nanoparticles, mycolic acid, mycobacterium
tuberculosis, point-of-care.
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2. MATERIALS AND METHODS
2.1 UV-vis absorption spectroscopy

The absorption spectra of the AuNPs before and after conjugation (TB bioconjugate) were recorded using the NanoDrop
ND-1000 spectrophotometer. Several UV-vis spectra were recorded before and after conjugation.

2.2 SPR biosensing
2.2.1  The SPR setup

The custom-built Kretschmann configuration SPR setup (figure 1) used in this study consisted of a 627 nm light emitting
diode (LED) with 5.8 mW total optical power as light source. The incident beam was passed through a neutral density
(ND) filter, a half-wave plate and a polarizing beam splitter in order to control the power and also enable selection of the
p-polarisation of the laser beam. The incident light from the LED was set to p-polarization. The light propagating from
the polarizer was then focused and used to illuminate the gold-coated biosensing layer containing immobilised bio-
recognition element and an analyte through the BK7 equilateral glass prism with a refractive index n = 1.517 to excite
surface plasmons. The reflected beam was collected using a Watec charge-coupled device (CCD) camera attached to a
computer for image acquisition. The CCD camera was used as a photodetector. The obtained images were analysed for
mean intensity using ImagelJ software.

Beam Micrometer rotating stage

blocker

627 nm

Diode Laser % wave plate

ND filter

CCD camera

Figure 1: A schematic representation of the custom-built Kretschmann configuration surface plasmon resonance (SPR) optical
biosensing setup using a CCD camera as a detector for intensity variation image analysis using Imagel software.

2.2.2  Functionalization of the gold-coated biosensor chip

The gold-coated biosensor chip surface was washed with absolute ethanol and blow dried with N, gas prior to incubation
with 10 mM cysteamine (Cys) (Sigma-Aldrich, M9768) in absolute cthanol for 18 hours at room temperature to form an
Au-Cys monolayer (figure 2). NHS (N-hydroxysuccinimide) (Sigma-Aldrich, 56480) and EDC (1-Ethyl-3-(3-
dimethylaminopropyl)-carbodiimide) (Sigma-Aldrich, E7750) with similar molar ratio were used for covalent attachment
of stearic acid (STA) (Sigma-Aldrich, S4751) using carbodiimide coupling chemistry to form an amide bond. After the
formation of the Cys-STA monolayer, the modified gold-coated surface was washed thoroughly with ethanol and water
to remove physically adsorbed stearic acid species. Mycolic acid (MA) from mycobacterium wuberculosis (bovine strain)
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(Sigma-Aldrich, M4537) TB antigens were immobilised on STA monolayer by incubating the biosensor chip in a
solution of 0.5 mg/ml of MAs in hexane over night at room temperature. Post incubation the biosensor chip was rinsed
thoroughly with Ix phosphate buffered saline (PBS) (Sigma-Aldrich, D1283) to remove physically adsorbed MA, and
subsequently incubated in a solution of 1% bovine serum albumin (BSA) (Roche Diagnostics, 10711454001) blocking
agent for an hour prior to addition of primary anti-mycobacterium tuberculosis antibody (Abcam, ab905). To enhance the
sensitivity of the biosensor chip, a secondary goat anti-rabbit IgG H&L antibody (Abcam, ab6702) was conjugated to
gold nanoparticles (AuNPs) (Sigma-Aldrich, 797707) and herein called TB bioconjugate.

NH, NH, NH, 0=2  0-2 o0=2 o_': o-" o_': o_"
NH NH NH

Cysteamine g Stearic acid Mycollc acid
—— —

2 7 & IBSA.

SH

g
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Figure 2: Schematic representation of the gold-coated biosensor chip developed in-house for TB diagnosis using immobilised mycolic
acid antigens to capture anti-TB antibodies. Schematic key steps include the following: (1) thin gold coated slide, (2) immobilization
of cysteamine monolayer on the gold coated surface, (3) covalent attachment of STA (stearic acid) to cysteamine and formation of
amide bonds using NHS and EDC, (4) development of a self-assembled monolayer (SAM) of mycolic acid (MA) through inter-
molecular forces existing between STA and MA, (5) introduction of 1% bovine serum albumin (BSA) to prevent non-specific binding
of molecules, (6) binding of anti-TB primary antibody to MA, (7) binding of gold-conjugated secondary antibody to primary antibody.

Primary antibody

NHS (N-hydroxysuccinimide) (Sigma-Aldrich, 56480) and EDC (1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide)
(Sigma-Aldrich, E7750) with similar molar ratio were added to a heterobifunctional polyethylene glycol (SH-PEG-
COOH) (Sigma-Aldrich, 757845) in ultrapure water and shaken for an hour on an orbital shaker. The pH of this reaction
mixture was adjusted to 7.4 using 10x PBS and the goat anti-rabbit IgG H&L secondary antibody was added to the
solution. The reaction mixture was incubated for an additional 2 hours before filtering with a SOKDA filter to remove any
by-products. The final SH-PEG-IgG conjugated solution was obtained after washing with 1x PBS twice. From the SH-
PEG-1gG mixture, 12ul. was added to 200uL of AuNPs and incubated for an hour to form the TB bioconjugate
confirmed using UV -vis spectroscopy.
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3 RESULTS AND DISCUSSION
3.1 UV-vis absorption spectroscopy

UV-vis absorption spectroscopy was used to characterize AuNPs conjugated to the secondary antibody using covalent
conjugation method (figure 3). EDC and NHS chemistry were used for covalent conjugation of the secondary antibody to
polyethylene glycol (SH-PEG-COOH). EDC and NHS activate the carboxyl groups on the particle surface to form an
intermediate that can subsequently react with primary amine groups on the antibody. Figure 3 shows UV-vis spectra of
AuNPs before and after conjugation. The LSPR of the AuNPs was observed at 645.5 nm wavelength and the TB
bioconjugate at 652 nm. The spectra show a 6.5 nm red shift and a reduction in the absorption intensity after conjugation
of AuNPs to the secondary antibody. Bioconjugation occurs upon successful binding of the antibody to the AuNPs
surface, thus resulting in localized surface plasmon resonance (LSPR) red-shift in the spectrum which is an increase in
wavelength by a few nanometres [15].
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Figure 3: UV-vis absorption spectra of AuNPs before and after covalent conjugation with secondary antibody. The TB bioconjugate
consists of AuNPs covalently attached to secondary antibody through PEG, NHS and EDC.

AuNPs have unique optical properties that can be easily manipulated compared to bulk gold. These special
characteristics provide a variety of advantages especially in biosensing. One of the major attributes is the interchange of
light with electrons on its exterior [10]. AuNPs optical properties also depend on the refractive index near the
nanoparticle surface. As the refractive index near the nanoparticle surface increases, the AuNPs spectrum shifts to
longer wavelengths known as a red shift. A shift to longer wavelengths and broadening of the LSPR peak is observed as
the size of NPs increases and as the distance between particles decreases due to aggregation [17].

3.2 SPR biosensing

SPR was used to study the molecular binding interactions on the biosensing surface of the biosensor chip between
immobilised MA TB antigens and anti-TB antibodies. SPR biosensing was successfully performed on the Kretschmann
configuration custom-built setup. Figure 4 show images of PBS, AuNPs, TB bioconjugate, first (D1) and second (D2)
serial dilutions of the TB bioconjugate as analytes on the biosensor chip taken at various incident angle (45° - 60°). Each
picture indicates the intensity of the sample surface at a specified incident angle. A CCD camera was able to capture
images at the various incident angles. The images we processed with ImageJ software for mean intensity. The SPR
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biosensing spectra were represented as the intensity variation of the reflected light at various incident angles for each

Figure 4: SPR

of mycolic acid TB antigens and primary anti-TB antibodies. Analytes included PBS, AuNPs, TB biocc

conjugated Au

analyte (figure 5).

Intensity in function of angle
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images of the biosensor chip for TB detection as seen from the CCD camera. The biosensing layer consisted of SAM
jugate which consisted of
NPs with secondary antibody, first (D1) and second (D2) serial dilutions of the TB bioconjugate. The analytes were

washed off and the biosensor chip was dried with N, gas prior to SPR biosensing image acquisition.

Figure 5 shows the results of SPR biosensing using the custom-built Kretschmann configuration optical setup. Five
sample reactions as analytes where prepared on a biosensor chip coated with primary anti-TB antibodies immobilised on

a MA SAM

bioconjugate.

monolayer. Analytes included PBS, AuNPs, TB bioconjugate, serial dilution 1 (D1) and 2 (D2) of the
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Figure 5: SPR biosensing spectra of PBS, AuNPs, TB bioconjugate, D1 and D2 analytes. The spectra are a representation of the
recorded data images processed by Imagel software as intensity variation of the reflected light at various incident angles for each
analyte.

The SPR resonance angle for PBS or AuNPs could both serve as the background. PBS and AuNPs are the only two
analytes which had no complementary binding species on the biosensing surface; however the TB bioconjugate and its
serial dilutions (D1 and D2) chemically reacted to the primary antibody on the biosensing surface. Therefore Resonance
angle of the TB bioconjugate, D1 and D2 could be subtracted from either PBS or AuNPs as background on the spectra.
There were significant angular shifts observed between the five analytes. PBS was detected at SPR resonance angle of
53.23° AuNPs at 52.38°, TB bioconjugate at 53.77°, D1 at 49.31, and D2 at 50.74°. A 0.54° shift was observed between
PBS and TB bioconjugate, 3.92° between PBS and D1, and 2.49° angle shift between PBS and D2. The detected angular
shifts are a result of changes in the refractive index on the biosensing surface and are of diagnostic significance for TB.
However, the shifts were not consistent and further optimization of the biosensor chip and/or data analysis will be
explored.

4 CONCLUSION

In conclusion, the biosensor chip was successfully fabricated and MA TB antigens SAM was formed on the biosensing
surface and used to detect anti-TB antibodies. To enhance the sensitivity on the biosensing surface, AuNPs were
covalently conjugated to secondary antibody and a red shift was detected using UV-vis absorbance spectroscopy. SPR
was successful in detecting angular shifts between various analytes while varying the incident angle at a fixed
wavelength of 627 nm. The shifts were not consistent and therefore further optimization of the system and/or data
analysis will be explored in future studies.

5 REFERENCES

[1] WHO. (2017). TB Report 2017. https://doi.org/10.1001/jama.2014.11450

[2] WHO. (2018). Global WHO report on tuberculosis 2018.

[3] McNerney, R., Macurer, M., Abubakar, I, Marais, B., McHugh, T. D., Ford, N., Zumla, A. (2012).
Tuberculosis diagnostics and biomarkers: Needs, challenges, recent advances, and opportunities. Journal of

Proc. of SPIE Vol. 11651 1165103-7

Downloaded From: https://www.spiedigitallibrary.org/conf ings-of-spie on 11 May 2021
Terms of Use: hlips:Ilwww.spiedigitaIlibvary.mgﬁerms-o!—use

150



151



PROCEEDINGS OF SPIE

SPIEDigitalLibrary.org/conference-proceedings-of-spie

Detection of mycobacterium
tuberculosis using gold nanoparticles
conjugated to TB antibodies

Maphanga, Charles, Manoto, Sello, Ombinda-
Lemboumba, Saturnin, Mthunzi-Kufa, Patience

Charles Maphanga, Sello Manoto, Saturnin Ombinda-Lemboumba, Patience
Mthunzi-Kufa, "Detection of mycobacterium tuberculosis using gold
nanoparticles conjugated to TB antibodies," Proc. SPIE 11651, Optical
Diagnostics and Sensing XXI: Toward Point-of-Care Diagnostics, 116510X (5
March 2021); doi: 10.1117/12.2578789

SPIE. cEvent SPIE BiOS, 2021, Online Only

Downloaded From: hitps:/ivaww.spiedigitallibrary.org/conference-proceedings-of-spie on 11 May 2021 Terms of Use: hitps://iwww.spiedigitallibrary.org/terms-of-use

152



Detection of mycobacterium tuberculosis using gold nanoparticles
conjugated to TB antibodies

Charles Maphanga ', Sello Manoto ', Saturnin Ombinda-Lemboumba ', Patience Mthunzi-Kufa '

!Council for Scientific and Industrial Research, National Laser Centre, P O BOX 395, Pretoria,
0001, South Africa

2University of KwaZulu-Natal, H Block, Westville Campus, University Road, Westville, Durban,
3209

ABSTRACT

In recent years, conjugated nanoparticles have gained significant applications in diagnostics, particularly gold
nanoparticles (AuNPs). When functionalized with antibodies, AuNPs can selectively interact with cells and
biomolecules. The conjugation of biomolecules to AuNPs has been achieved using a variety of techniques, one such
approach is the covalent coupling method used in the current study. Generally, in diagnostics, the conjugation of
different moieties such as antibodies to the AuNPs widens their applications and provides them with new or enhanced
properties. Due to their high specificity and diversity, antibodies are widely used to provide specificity and bioactivity to
AuNPs, particularly for biosensor applications. Localized surface plasmon resonance (LSPR) has emerged as a leader
among label-free biosensing techniques because it offers sensitive, robust, and rapid detection of biological analytes.
Biomolecular adsorptions on AuNPs surface increases the dielectric constant and change the intensities and the
wavelengths of the LSPR band associated with AuNPs. As a result, the adsorptions of biomolecules onto surfaces of this
AuNPs can be monitored by measuring the absorption spectra of the AuNPs. In this study, TB antibodies were
covalently conjugated to AuNPs and used to detect mycolic acid TB antigens at various concentrations. Characterization
of the AuNPs was done using transmission electron microscopy (TEM) while the biomolecular interaction between TB
antibodies and the antigen was measured using LSPR. From our findings, it was realised that the use of antibody-
conjugated AuNPs enhanced the detection of the analyte even at low concentrations of the analyte.

Keywords: Localized surface plasmon resonance (LSPR), gold nanoparticles (AuNPs), biosensing, mycolic acid,
mycobacterium tuberculosis.
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Figure 2: Absorption spectra of AuNPs covalently conjugated with TB antibody in the presence of mycolic acid at different
concentrations. Sample 1 consists of the bioconjugate and 0.5mg/ml of mycolic acid, while sample 2 and 3 consists of 0.06mg/ml and
0.008mg/ml of mycolic acid respectively.

The absorption spectra around 280nm region on figure 2A and 3A indicate the behaviour of the bioconjugated anti-TB
antibodies. The absorbance of UV radiation by intrinsic chromophores is a commonly used method, particularly useful is
absorbance at 280 nm (Asg), which offers high specificity, as it arises strictly from tryptophan and tyrosine residues.
Thus, the molar absorptivity for a protein at 280 nm can be accurately estimated directly from its amino acid sequence
[21]. In our study, a decline at a wavelength around 280nm was observed with a decrease in the concentration of the TB
antigen analyte (figure 2B and 3B).
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Figure 3: Absorption spectra of AuNPs physically conjugated with TB antibody in the presence of mycolic acid at different
concentrations. Sample 1 ists of the bioconjugate and 0.5mg/ml of mycolic acid, while sample 2 and 3 consists of 0.06mg/ml
and 0.008mg/ml of mycolic acid respectively.

The AuNPs showed their characteristic plasmony peak at a wavelength of 646nm and after bioconjugation with anti-TB
antibody there was a red shift in the wavelength. The red shift observed in this study was 12nm for covalent coupling of
anti-TB antibodies (figure 2C) and 6nm for direct conjugation of antibodies by electrostatic attraction (figure 3C). A red
shift is a result of increased amounts of organic molecules anchored to the surface of the AuNP [17]. The red shift is
attributed to the fact that the antibody replaces the negative charge citrate capping on the surface of citrate stabilized
colloidal gold nanoparticles [17]. Sample 1 containing the highest concentration of the analyte showed the highest
absorption intensity and sample 3 containing the lowest concentration of the analyte showed the lowest absorption
intensity of the analytes. A red shift was clearly observed when the AuNPs spectra were compared to the bioconjugate
and the samples containing the analyte.

3.3 Fourier-transform infrared spectroscopy

FTIR was carried out to identify the possible biomolecules involved in the bioconjugation of AuNPs with anti-TB
antibodies and the introduction of mycolic acid analyte. To analyse the molecular bonds formed between the AuNPs,
anti-TB antibody and the analyte, we performed FTIR using a sample of AuNPs, physical and covalent bioconjugates
only, and the bioconjugates containing the highest concentration of the analyte (0.5mg/ml). Since mycolic acids are
unique long chain fatty acids found in the lipid-rich cell walls of mycobacteria, we were expecting to detect fatty acids or
lipid bands from the FTIR spectra. In our study we used the same liquid samples used for UV-vis spectroscopy to
perform FTIR spectroscopy. Figure 4 and 5 shows FTIR spectra of covalent and physical adsorption bioconjugation. The
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spectra were the same for both methods of bioconjugation; however the representation of fatty acid peaks is not very
prominent on figure 4 yet prominent and broad on figure 5.
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Figure 4: FTIR spectra of AuNPs (A), covalently attached TB bioconjugate (B), the bioconjugate in the presence of the analyte
(mycolic acid, 0.5mg/ml) (C), and (D) is the merged comparison of the three spectra.

Figure 4A shows the AuNPs FTIR spectrum with two intense bands at 3318 cm™ and 1637 cm™, and a less Prominenl
peak at 2352 cm’. Since we used an aqueous sample, the intense broad band present in all samples at 3318 cm™ on figure
4A, 3289 ecm” on figure 4B and 3319 cm” was due to stretching and bending of O-H groups in water. The second
intense band at 1637 cm™' noted in all samples was caused by O-H-O scissors bending in water. Further, a smaller band
located at 2353 cm™ is present in all samples but not so prominent on the spectrum of AuNPs however becomes more
prominent with the introduction of anti-TB antibodies and mycolic acid TB antigens on the surface of the metallic
nanoparticles. This band is the result of coupling of scissors-bending and the broad band in the near-infrared region [22].
The band at 2926 cm™' corresponds to asymmetric stretching of CH, in fatty acids [2]. And therefore FTIR was success in
detecting the bioconjugation of anti-TB antibodies to AuNPs.
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Figure 5: FTIR spectra of AuNPs (A), physically adsorbed TB bioconjugate (B), the bioconj in the p ¢ of the analyte

(mycolic acid, 0.5mg/ml) (C), and (D) is the merged comparison of the three spectra.

Figure 5A shows the AuNPs FTIR spectrum with bands at 3318 cm™, 1637 cm™ and a not so prominent band at 2353 cm™
! similar to figure 4A explained above. The introduction of mycolic acid analyte resulted in additional peaks at 2920 cm’'
representing asymmetric stretching of CH, in fatty acids, and 2850 cm™' representing symmetric stretching of CH, in fatty
acids [23]. These results are also consistent with other publications. On Figure 4D and 5D it is clear that the introduction
of the analyte did not only introduce new peaks but also resulted in a shift in wavenumbers and an increase in
transmission intensity which is very significant for diagnostic purposes.

4. CONCLUSION

In conclusion, anti-TB antibodies were successfully conjugated to AuNPs using two different conjugation strategies
namely covalent conjugation using NHS, EDC and PEG, and physical conjugation by electrostatic attraction. Both
methods produced similar results on UV-vis spectroscopy and FTIR spectroscopy techniques. Mycolic acid TB antigens
successfully reacted with anti-TB antibodies for diagnostic purposes and concentration differences of the analyte were
determined using both detection techniques. Concentration differences of the analyte play a significant role in
determination of detection limit of the analyte. These conjugation strategies will play a crucial role in improvement of
the sensitivity of our custom-built optical systems such as the surface plasmon resonance (SPR) system, the DNA
hybridization biosensor and the immunosensor. Subsequent studies will include studies of the binding affinity and
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ABSTRACT

An optical biosensor is a compact analytical device formed by a bio-recognition sensing element integrated to an optical
transducer system which translates a signal into a readable outcome that is measured by the detector. The target analyte
interacts with an immobile bio-recognition element giving rise to a signal proportionate to the concentration of a
measured analyte. Optical biosensors offer great advantages over conventional analytical techniques. Specifically, they
can provide multiple capabilities such as user-friendly operation, real-time analysis, rapid response, high sensitivity and
specificity, portability, label-free detection and cost-effectiveness. As a result, they possess suitable features critical for
point-of-care diagnostics. In this study, a home-build surface plasmon resonance (SPR) optical biosensor device was
used to analyse interactions between the bio-recognition sensing element and an analyte on the biosensing layer. The
transducer consisted of silica dioxide (SiO,) substrate layer where a thin layer of gold was deposited. Mycolic acid
antigens from mycobacterium tuberculosis (bovine strain) were immobilised on the biosensing layer and used as bio-
recognition sensing elements to capture tuberculosis (TB) antibodies (analyte). From our findings, it was realised that the
mycolic acid successfully captured TB antibodies resulting in a detectable signal which paves a way for the development
of the point-of-care device.

Keywords: Optical biosensor, bio-recognition, mycolic acid, mycobacterium tuberculosis, point-of-care.
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2. MATERIALS AND METHODS
2.1 The SPR setup

The home-build SPR setup (figure 1) used in this study was based on the Kretschmann configuration and consisted of a
640 nm coherent cube laser with an average output power of 60 mW. The incident beam was passed through a neutral
density (ND) filter, a half-wave plate and a polarizing beam splitter in order to control the power and also enable
selection of the p-polarisation of the laser beam. The Au-coated biosensing layer containing immobilised bio-recognition
element and an analyte was illuminated by the collimated p-polarized incident beam through the BK7 equilateral glass
prism with the refractive index n = 1.517. The reflected beam was collected using a photodiode and the intensity was
read with a multimeter.

Beam Micrometer rotating stage
blocker

640 nm

Diode Laser Yowavplate

ND filter

Multi-meter

Photodiode

L

Figure 1: A schematic representation of the home-build Kretschmann configuration surface plasmon resonance (SPR)
optical biosensing setup.

2.2 The biosensor chip
2.2.1  Preparation of substrates

Hydrophobic glass slides (Si0,) were activated with piranha solution (H,0,: H,SOy, 7:3 v/v) for 45 minutes at 75°C to
generate Si — OH bonds. Subsequently the glass slides were washed thoroughly with ultrapure water (resistivity of 18
MQ) and blow dried with nitrogen gas. After activation procedure, the activated glass slides were immersed in 1% (3-
Aminopropyl) triethoxysilane (APTES) (Sigma-Aldrich, A3648) in a vertical coplin jar and incubated at room
temperature overnight. Post incubation, the glass slides where washed thoroughly by sonication in absolute ethanol for 5
minutes and followed by sonication in ultrapure water (resistivity of 18 MQ) for 5 minutes. The clean glass slides blown
with nitrogen (N2) gas and further dried at 90°C for 1 hour. Silanized glass slides where used immediately to immobilise
stearic acid (STA) (Sigma-Aldrich, S4745) on the glass surface or stored in a vacuum for future use. Gold slides coated
by electron beam evaporation were used as biosensor chips. The Au chip was washed with absolute ethanol and blow
dried with N, gas prior to incubation with 10 mM cysteamine (Cys) (Sigma-Aldrich, M9768) in absolute ethanol for 18
hours to form Au-Cys monolayer, and followed by covalent attachment of stearic acid (Sigma-Aldrich, S4751) using
carbodiimide coupling chemistry to form an amide bond.
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2.2.2  Mycolic acid monolayer and immobilization of antibodies

Mycolic acids (MAs) from mycobacterium tuberculosis (bovine strain) (Sigma-Aldrich, M4537) TB antigens were
immobilised on STA monolayer by incubating the biosensor chip in a solution of 0.5 mg/ml of MAs in hexane over night
at room temperature. Post incubation the biosensor chip was rinsed thoroughly with I1x phosphate buffered saline (PBS)
(Sigma-Aldrich, D1283) to remove physically adsorbed MA, and subsequently incubated in a solution of 1% bovine
serum albumin (BSA) (Roche Diagnostics, 10711454001) blocking agent in 1x PBS for an hour prior to addition of
primary antibodies. Anti-mycobacterium tuberculosis antibody (Abcam, ab905) prepared in 1x PBS was used as primary
antibody and added on the MA monolayer and incubated overnight. For fluorescence imaging, a secondary fluorescently
labelled goat anti-rabbit IgG H&L (Alexa Fluor) (Abcam, ab150077) was introduced to the primary antibody for 2 hours
prior to microscope imaging. For SPR biosensing, the secondary goar anti-rabbir IgG H&L antibody (Abcam, ab6702)
was conjugated to AuNPs (Sigma-Aldrich, 797707) as detailed below.

OH OH OH OW OH o’r\o o’r\o o’éo o’i“o o’gu ‘ o 0=
.

NHS + LDC
S —_—
APTES STA

MWW

i
i

.’Wv'w.w«x««.

Fluorescence detection{

Figure 2: Schematic representation of the biosensor chip developed in-house for TB diagnosis using immobilised mycolic acid
antigens to capture TB antibodies. Schematic key steps include the following: (1) treatment of hydrophilic silica glass with APTES (3-
Aminopropyl) tricthoxysilane) silane, (2) covalent attachment of STA (stearic acid) and forming amide bonds using NHS (N-
hydroxysuccinimide) and EDC (1-Ethyl-3-(3-dimethylaminopropyl)-carbodiimide), (3) development of a self-assembled monolayer
(SAM) of mycolic acid (MA) through inter-molecular forces existing between STA and MA, (4) addition of 1% bovine serum
albumin (BSA) to prevent non-specific binding of molecules, (5) binding of TB primary antibody to MA, (6) binding of secondary
antibody to primary antibody, (7) fluorescence detection (experiment-1), (8) optical biosensor detection (experiment-2). For optical
detection this steps were performed on Au-coated surface deposited on a glass substrate, and the secondary antibody was
functionalised on AuNPs to enhance refractive index and improved sensitivity of the assay.
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Figure 3: A graphical representation of UV/VIS absorption spectrograph for conjugation of AuNPs to secondary antibody. The red
line represents spectra of AuNPs before conjugation, and the black line rep ful AuNPs conjugation with secondary
antibody.

The spectra illustrate that there was a 12 nm red shift and a drop in the absorption intensity after the conjugation of
AuNPs to the IgG antibody. The AuNPs showed absorption at 650 nm wavelength and the AuNPs-IgG conjugate at 662
nm. AuNPs have unique optical properties that can be easily manipulated compared to bulk gold. These special
characteristics provide a plethora of advantages especially in biosensing and diagnostic imaging. One of the major
attributes is the interchange of light with electrons on its exterior """, The resonance wavelength and bandwidth of the
AuNPs is dependent on the shape, particle size, the refractive index of the surrounding media and also the temperature.
The shift in the AuNPs-IgG conjugate spectra might be as a result of the changes in the dielectric environment
surrounding the AuNPs.

3.2 Fluorescence microscopy

Fluorescence microscopy (figure 4) was performed as proof of concept for the use of MA TB antigens to capture TB
antibodies.
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Control Experiment

Figure 4: Fluorescence images of mycolic acid TB antigens reaction with a primary TB antibody and a fluorescently labelled
secondary antibody. Image A is the control and Image B is the experiment showing green fluorescence.

In image A is a control where primary TB antibody was not added to the biosensor chip and only secondary fluorescently
labelled antibody was added. Following a wash step with Ix PBS, the physically bound secondary antibody was washed
off resulting in no fluorescence detection. However, image B is the experiment where primary TB antibody successfully
attached to the mycolic acid on the surface of the biosensor chip, and subsequent addition of a fluorescently labelled
secondary antibody and washing with Ix PBS resulted in fluorescence detection. This is an indication of a successful
chemical reaction between mycolic acid and TB antibody.

3.3 Scanning Electron Microscopy (SEM) and Energy-dispersive X-ray (EDX) spectroscopy

i. SEM

Mycolic acids TB antigens were immobilised on the STA monolayer through intermolecular forces existing between the
fatty acid long chains of the two structures resulting in a self-assembled monolayer. The illustration is depicted on figure
2
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Figure 5: SEM images of AuNPs and AuNPs-IgG conjugate. Image A (sample 1) is the control where AuNPs where added on a
biosensor chip without primary Tb antibody. After washing with 1x PBS the physically bound AuNPs where removed from the surface
since they had no 1 y binding species. Image B (sample 2) is a picture of successfully attached AuNPs-IgG conjugate.
Sample 3 (image C) and 4 (Image D) are dilutions from sample 2 whereby sample 3 is a 50% dilution of sample 2, and sample 4 is a
50% dilution of sample 3.

Briefly, addition of the primary antibody resulted in a reaction with the MA, and subsequent attachment of the AuNPs-
IgG secondary antibody depicted on figure 5. This is shown by the SEM images of non-uniform distribution of AuNPs
between samples 2 — 4 with occasional aggregation. No AuNPs were visualised in sample 1 due to the lack primary
antibody in the sample to react with the AuNPs-IgG. The morphology of the AuNPs seen on the SEM images shows the
presence of spike nanoantenna-type shapes which is a typical feature of the Nano-Urchins AuNPs used in this study.
Nano-Urchins enhance the plasmonic resonance effect, and thus improve the optical limiting effect.

ii. EDX

EDX with chromium (Cr) coating was used to qualitatively determine the elemental compositions of the AuNPs and the
conjugated AuNPs-IgG samples (figure 6 and 7). The EDX spectra of the four samples showed all the expected
elemental compositions. All samples showed Cr, C, O, Na, Al, Si, Cl, K, Ti with an exception of sample 2 that had
quantifiable value for Au. Sample 3 and 4 which are dilutions of sample 2 contained AuNPs on SEM however the
amounts could not be quantified.
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Figure 6: EDX spectrographs of sample | and 2 as seen on figure 5 above. This assay plays a crucial role in identifying elements
contained on the biosensor chip when an analyte interacts with a bio-recognition element, specifically to identify whether the surface
contains gold (Au). Image A (sample 1) is a spectrograph of the control with corresponding elements percentage values listed on the
table. Au was not detected in sample 1. Image B is a spectrograph of sample 2 (AuNPs-1gG) where Au was detected.
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Figure 7: EDX spectrographs of sample 3 and 4 as depicted on figure 5 above. Image C is a spectrograph of sample 3 and image D is
a spectrograph of sample 4. Even though AuNPs where visualised under SEM on figure 5 for both samples, the amount of Au present
on the surface was not enough to be quantified when during EDX spectroscopy.

3.4 SPR biosensing

Figure 8 shows the results of the SPR biosensing experiments using the home-build Kretschmann optical setup. Here,
five sample reactions where prepared on a biosensor chip coated with primary TB antibody immobilised on a MA
monolayer.
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Figure 8: Surface plasmon res (SPR) bi ing of a bi or chip immobilised with mycolic acid (MA) TB antigens used to

capture primary TB antibodies. A conjugated secondary antibody (AuNPs-1gG) was allowed to chemically react with the immobilised
primary antibody trapped by the MA self-assembled monolayer. SPR angle shift was compare between the control, the conjugated
secondary antibody, and the dilution. Image B is an expanded version of image A.

Figure 8 shows SPR results of the control, the conjugated secondary antibody (AuNPs-IgG), and a 1:1 dilution of the
conjugated AuNPs-IgG. In the control, 1x PBS was added on the biosensor surface containing immobilised primary TB
antibodies. Based on the SPR angle analysis a left shift was observed. The SPR angle for the control, diluted conjugated
AuNPs-IgG and the conjugated AuNPs-IgG was 10.1°, 9.1°, and 7.3° respectively. The SPR angle shift between the
control and the diluted conjugated AuNPs-IgG was 1° and between the control and the conjugated AuNPs-IgG was 2.8°.
The higher SPR angle shift between the control and the conjugated AuNPs-IgG was due to the higher refractive index of
the biosensor chip surface resulting from high concentration of AuNPs. A decline in the SPR angle between the control
and the diluted conjugated AuNPs-IgG was observed. This was due to a reduction in the concentration of AuNPs in the
diluted conjugated AuNPs-IgG, thus reducing the refractive index of the sensing surface.

4. CONCLUSION

In conclusion, the mycolic acid from mycobacterium tuberculosis (bovine strain) antigen was successfully immobilised
on the biosensor chip with the assistance of stearic acid forming a self-assembled monolayer. This MA monolayer
chemically reacted with the anti-mycobacterium tuberculosis primary antibody, thus further reacting with the goar anti-
rabbit 1gG H&L (Alexa Fluor) secondary antibody and produced fluorescence. In addition, it also reacted with the
conjugated goat anti-rabbit IgG H&L and resulted in a red shift and decrease in absorption intensity on UV/VIS
spectroscopy. An SPR angle shift was also realised when the primary antibody reacted with the conjugated secondary
antibody (AuNPs-IgG). The conjugated secondary antibody was captured by the primary antibody and visible on SEM
and EDX spectroscopy. Further optimization of the home-build SPR biosensor device will be implemented for robust
optical biosensor diagnosis of TB for future applications in point-of-care diagnosis. Improving the uniformity of the
sensing surface is also required.
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